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The results from the JT-60U experiments in 2005 and 2006 are reviewed. In this 
experimental campaign, significant progress has been made in development of steady-state 
advanced tokamak scenarios leading to realization of attractive fusion reactors and 
establishment of the physics basis for ITER. Ferritic steel tiles have been installed to reduce 
the toroidal field ripple and reduce fast ion losses. Thus increase of the net NB heating power 
and enhancement of controllability of the toroidal plasma rotation by reduction of the counter 
plasma rotation drive has enabled to expand the high-performance operation limits. High 
normalized beta ( N 4.2) exceeding the no-wall ideal limit has been achieved in high p

ELMy H-mode plasmas with a large volume configuration, in which the wall stabilization and 
the heating power increase by the reduction of the ripple losses is effective. Moreover, the 
experimental result has shown that the critical plasma rotation velocity for stabilization of the 
resistive wall mode is ~ 0.3% of the Alfvén velocity, which is much smaller compared with 
the previous prediction. High normalized beta ( N ~ 2.3) together with high confinement 
(HH98(y,2) ~ 1) has been sustained for 23.1 s, which is significantly longer than the current 
diffusion time ( 12 R), in high p ELMy H-mode plasmas. The experimental result has 
revealed that the duration of the confinement improvement is limited by recycling 
enhancement and density increase owing to decrease in the wall-pumping rate. On the other 
hand, in high-density ELMy H-mode discharges, the density control for ~30 s without the 
wall pumping has been successfully demonstrated by the divertor pumping. Controllability of 
reversed shear plasmas with high bootstrap current fraction has been also investigated to 
establish efficient control of the self-regulating plasmas in fusion reactors. Furthermore, 
physics oriented research have been performed in various aspects. Extension of the injection 
pulse length of the ECRF and N-NB heating to 21 s and development of new diagnostic 
systems with high-temporal high-spatial resolution contributed the successful experiments. 
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1. Introduction 

The JT-60U project has been addressing development of steady-state advanced tokamak 
scenarios leading to realization of attractive fusion reactors and establishment of the physics 
basis for ITER. In the experimental campaign in 2005 and 2006, significant progress has 
been made in development of steady-state high-  operation towards JT-60SA and DEMO [1]. 
Ferritic steel tiles have been installed to reduce the toroidal field ripple and reduce fast ion 
losses. Thus increase of the net neutral beam (NB) heating power and enhancement of 
controllability of the toroidal plasma rotation by reduction of the counter plasma rotation 
drive has enabled to expand the high-performance operation limits, highlighted by 
achievement of a high normalized beta ( N) exceeding the no-wall ideal limit and long 
sustainment of a high- N together with high confinement. An integrated research project 
focusing on the plasma rotation covering transport, stability, pedestal, and steady-state 
operation has been promoted by taking advantage of the various neutral beam injection (NBI), 
such as perpendicular and co- and counter-tangential injection. Controllability of advanced 
tokamak plasmas with high bootstrap current fraction has been also investigated to establish 
efficient control of the self-regulating plasmas in fusion reactors. Another key issue for the 
steady-sate operation in future devices is particle control under wall saturation. The recycling 
and density control under wall saturation has been successfully demonstrated by the divertor 
pumping in long-pulse high-density ELMy H-mode discharges. Furthermore, physics oriented 
research that would lead to better predictive capability and optimization of plasma 
performance in future, have been performed in various aspects.  

It should be stressed that the substantial achievement owes much to significant progress 
in performance of the heating devices, such as extension of the heating duration of 
negative-ion-based (NBI) and electron cyclotron range of frequency (ECRF). New diagnostic 
systems have also provided reliable data with high-temporal and high-spatial resolution. In 
addition, newly developed techniques of advanced plasma control have been successfully 
utilized.

For development of the physics basis for the burning plasmas in ITER, contribution to 
International Tokamak Physics Activity (ITPA) is also an important aspect of the JT-60U 
research. Most of research items in this experimental campaign have contributed to the ITPA 
topics, such as the transport physics, confinement database and modeling, edge pedestal 
physics, scrape-off-layer and divertor physics, magneto hydrodynamic (MHD), steady state 
operation, and diagnostics. Domestic collaboration with universities and National Institute for 
Fusion Science (NIFS) has been promoted, since the JT-60U tokamak was assigned as a core 
national device for fusion research by the Nuclear Fusion Working Group of the Special 
Committee on Basic Issues of the Subdivision on Science in the Science Council in January, 
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2003. The experiment was successfully planned by the theme leaders and the co-leaders for 
the sub-themes including professionals of universities and NIFS*.

Reference 
[1] Takenaga, H. and the JT-60 Team, Nucl. Fusion 47, S563 (2007).   

* Theme Leaders:  
 Y. Kamada, H. Kubo, and Y. Miura1).
 1) until March, 2006. 
Co-Leaders for Sub-Themes:  
 S. Ide and Y. Takase1) for Extension of Operation Regime and Improvement of 
 Performance,  
 H. Takenaga and K. Ida2) for Transport,  
 N. Oyama and T. Mizuuchi3) for Pedestal,  
 M. Takechi and K. Toi2) for MHD and Energetic Particle,  
 N. Asakura and N. Ohno4) for Divertor and SOL,  
 K. Masaki and T. Tanabe5) for Plasma Material Interaction.  
 1) The University of Tokyo, 2) National Institute for Fusion Science,  
 3) Kyoto University, 4) Nagoya University, 5) Kyushu University. 
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2. Overview of Experimental Results 

2.1 Extension of Operation Regimes 
Owing to the installation of ferritic steel tiles (FSTs), which cover ~10% of the 

vacuum vessel surface, net heating power increased. This increased flexibility in heating and 
input torque controls. As the result, sustained duration of N=2.3 has been extended to 28.6s 
by eliminating the neoclassical tearing modes (NTMs). In this plasma, a peaked pressure 
profile without NTMs and detectable sawteeth was kept throughout the discharge. The 
improved core confinement provided high NHH>2.2 with a bootstrap current fraction of 

40% sustained for 23.1s (~12 R) at q95~3.3, which gives a high G-factor (larger than 0.2). 
These long-pulse plasmas are possible candidates for the ITER hybrid operation scenario. 
The increase in the net heating power allowed us to explore higher N regime. Towards the 
high N regime, the resistive wall mode (RWM) is limiting the access. It was found that 
RWM can be suppressed by rotating a plasma in toroidal direction. By increased NB 
deposition power, suppressing RWM and raising ideal wall limit by controlling plasma 
profile, we successfully achieved high N ~ 4.2 exceeding ideal limit at li < 1.2 and Vp > 
70m3 ( N ~ 3.4 w/o FST) . A large bootstrap current fraction (fBS~75%) is required for the 
concept of steady-state fusion tokamak reactor. By utilizing the real time control logic, a 
large fBS ~ 70% was sustained for ~ 8 s and a high confinement enhancement factor over the 
H-mode scaling HH98y2 ~ 1.8 was obtained. In the later 3 s of this plasma, the q profile 
becomes flat in the core region due to the penetration of the inductive current with keeping 
the good ITB. The profile of the internal loop voltage evaluated from the equilibrium 
reconstruction using MSE measurement is flattened in time, indicating the plasma 
approached the stationary condition. Further large fBS ~ 100% or even higher has also been 
achieved. A loop voltage profile of nearly zero or slightly negative across the cross section 
was maintained for 0.2 s in a discharge with constant OH primary current. In this discharge, 
of the total Ip of 543 kA, the calculated beam driven current was ~35 kA and the inductive 
current was ~5 kA. In the newly implemented constant plasma surface flux feedback mode, 
which ensures no net flux input to the plasma, a steady Ip ramp up at a rate of 10 kA/s was 
achieved for 0.5 s. These results provide evidence of bootstrap overdrive.

2.2 Transport in Core Plasmas 
A dynamic change in the current profile (qmin value and its location) was induced by a 

change in the pressure profile in the RS plasmas with the high bootstrap current fraction of 
70%. The ITB radius moved in the wake of the qmin location. These observations indicated a 
strong linkage between the pressure and current profiles. Further reduction of the transport 
was induced by the external perturbations such as a pellet or electron cyclotron (EC) wave 
injection after the strong ITB formation in the RS plasmas. After the pellet injection, the 
O-mode reflectometer signal was drastically reduced, indicating reduction of the density 
fluctuations with a wave number of the order of 1 cm-1. The ion thermal diffusivity and the 
effective particle diffusivity decreased by one order of magnitude. However, the electron 
thermal diffusivity remained constant. The transient electron heat transport analysis also 
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indicated decoupling of the electron heat transport and the measured density fluctuations. 
After the EC wave injection, when no reduction of the O-mode reflectometer signal was 
observed, the electron thermal diffusivity decreased by a factor of ~2-3, while decreases in the 
ion thermal diffusivity and the effective particle diffusivity were small. In the weak shear 
plasmas, the EC wave injection entailed a degradation of the Ti-ITB. This degradation became 
smaller for a higher plasma current and was less sensitive to the EC deposition (on- or 
off-axis). The scaling for the energy confinement inside the ITB in RS plasmas was studied 
through the modeling on the 1.5D transport simulation. It was found that the scaling is 
equivalent to a saturation value of the core poloidal beta due to the MHD equilibrium. Effects 
of low central fuelling on the ne and Ti-ITBs were investigated in RS plasmas. Similar ne and 
Ti-ITBs were observed with both low and high central fuelling rate. The density profile was 
also less sensitive to the particle source distribution in the ELMy H-mode plasmas. On the 
other hand, the density peaking factor increased with decreasing the collisionality. High Z 
impurity transport was also investigated in RS plasmas. Several lines for Xe XLI and XLII 
were newly identified. Soft X-ray emission profiles indicated that the accumulation of the Xe 
ions is larger than that of C, Ne and Ar ions. The less ctr-rotation with perp-NBs was 
observed in the large volume configuration by installing the FSTs as a consequence of the 
reduction in the ripple losses in the peripheral region. The method of the transient momentum 
transport analysis was developed for the estimation of the toroidal momentum transport 
coefficients, where perturbation of the ctr-rotation was introduced by the modulated perp-NB 
injection through the ripple losses. The toroidal momentum diffusivity  was estimated to be 
2-25 m2/s at r/a ~ 0.6 in the L-mode plasmas, which was comparable to the ion thermal 
diffusivity. The convection velocity Vconv was in the range form 0 to -12 m/s at r/a ~ 0.6. The 
toroidal rotation profile in the core region was almost reproduced by using the evaluated 
and Vconv in the case with a small pressure gradient. In the case with a large pressure gradient, 
the measured toroidal rotation profile was shifted toward ctr-direction from the reproduced 
one, which could be explained by the effect of the spontaneous rotation.

2.3 H-mode Confinement and Pedestal 
Since the performance of ELMy H-mode plasmas can be determined by the 

performance of pedestal, it is important to understand what physics determines the pedestal 
performance for the better prediction of pedestal plasmas in ITER. In addition to this, 
mitigation of instantaneous ELM heat load should be established to achieve required lifetime 
of divertor target plates in ITER. To address these issues, various experiments have been 
performed. Effects of toroidal field ripple on the pedestal performance and ELM 
characteristics were investigated by comparing with and without ferritic steel tiles (FSTs) 
using various plasma configurations including JET/JT-60U similarity configuration. As a 
co-toroidal rotation increased, the pedestal pressure tends to increase except for JET/JT-60U 
similarity configuration. Especially in large plasma configuration where toroidal field ripple 
without FSTs was large (~2%), improvement of the pedestal pressure was observed even at 
fixed toroidal rotation indicating distinct effect of toroidal field ripple. As for the size of type 
I ELMs, on the other hand, normalized ELM size to the pedestal stored energy ( WELM/Wped)
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decreased with increasing counter rotation in all configurations. The fact that there was a 
systematic difference in the variation of WELM/Wped as a function of toroidal rotation 
indicated that the plasma configuration itself, such as the plasma shape, aspect ratio and other 
hidden parameters, is one of the important parameters to determine the ELM characteristics 
rather than the toroidal field ripple. ELM frequency dependence in grassy ELM regime 
( >0.5 and q95>6) was investigated in terms of the toroidal rotation at the pedestal and total 
poloidal beta ( p). As the counter rotation increased, the ELM frequency clearly increased up 
to ~1400 Hz independent of p from 0.84 to 1.88. Even in the no-rotating plasma with 
balanced-NBIs similar to ITER condition, higher ELM frequency of ~400 Hz has been 
observed without large energy loss (less than 1% of pedestal stored energy). QH-mode 
experiment as an inter-machine experiment with DIII-D was performed to understand the 
mechanism of QH mode transition with co-NBIs. The new CXRS system revealed that 
similar depth of Er well of ~40kV/m was observed both in ELMy phase (just before an ELM) 
and QH phase in JT-60U in contrast to DIII-D, where deeper Er well of ~100kV/m has been 
observed. By making use of recent improvement of edge diagnostics with fast time resolution, 
studies of ELM dynamics have been progressed. Just after a current ramp up, a higher 
pedestal pressure could be achieved together with larger type I ELMs, which may relate to 
the improvement of edge stability.

2.4 MHD Instability and High-energy Ions 
Growth of an NTM with poloidal mode number m = 3 and toroidal mode number n =

2 has been suppressed by ECCD inside the sawtooth inversion radius in the co-direction. 
Stabilization of an m/n = 2/1 NTM by ECCD at the mode rational surface has been 
demonstrated with a small ratio of the current density driven by the electron cyclotron wave 
to the local bootstrap current density (~0.5).  An m/n = 2/1 NTM can be completely 
stabilized with the misalignment of the ECCD location less than about half of the full island 
width, and that the m/n = 2/1 NTM is destabilized with the misalignment comparable to the 
full island width. 
 To clarify the effect of the plasma-wall separation on the stability of the resistive wall 
modes (RWM), current-driven RWM experiments in the ohmic plasmas have been 
performed. The plasma-wall separation was systematically changed, and it is found that the 
growth rates became smaller with decreasing the plasma-wall separation. Additionally, the 
observed growth rates have been compared with the AEOLUS-FT code. The dependence of 
the observed growth rate on the wall position is in qualitative agreement with these numerical 
results.  The plasma rotation necessary for stabilization of RWMs is investigated by 
controlling the toroidal plasma rotation with external momentum input by injection of 
tangential neutral beams.  The observed threshold is 0.3% of the Alfven velocity and much 
smaller than the previous experimental results obtained with magnetic braking.  This low 
critical rotation has a very weak dependence as the ideal wall limit is approached. 
 In order to investigate radial transport of energetic ions due to TAE and RSAE modes, 
line-integrated neutron emission profile, changes in energy distribution and flux of the charge 
exchange (CX) neutral particle are measured and compared with the calculated value by a 
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classical theory using a transport code TOPICS.  The results indicate that radial transport of 
energetic ions is induced by the resonance interaction between energetic ions and AEs. 
 The design work of ferritic insertion was carried out aiming at effective, machine-safe, 
and short-term installation.  In the design work, the enhanced confinement of energetic ions 
and absence of the large heat flux on the first wall has been assessed for the NB ions using 
the fully three dimensional magnetic field orbit-following Monte-Carlo code. The loss power 
ratio to the injected NB power is reduced by larger than 10 % in a large volume plasma. 
 Spontaneously excited waves in the ion cyclotron range of frequency (ICRF) are 
experimentally observed. The uctuations in ICRF are driven by the presence of non-thermal 
ion distribution in magnetically conned plasmas. Two types of magnetic uctuations are 
detected: one is due to high-energy D ions from neutral beam (NB) injections and the other is 
due to fusion products (Fops) of 3 He and T ions. The spatial structures of the excited modes 
in the poloidal and toroidal directions have been firstly measured. 

2.5 Plasma Control and Operation 
Real-time control of plasma shape and position was successfully demonstrated with 

the ferritic steel tiles (FSTs) using the CCS code newly developed with consideration of the 
magnetic field produced by the FSTs. The effect of the magnetic field by the FSTs was very 
small, less than 0.5% of the field without the FSTs, in a plasma region. On the other hand, 
the effect on some magnetic sensors was large, about 10%, and should be taken into account 
for the precise shape and position control. The real-time current profile control system was 
modified to control the minimum value of the safety factor (qmin) using the LH power. The 
real-time qmin control was successfully demonstrated in self-regulated plasmas, where the 
pressure and current profiles are linked through the bootstrap current and the transport 
properties. The change in the total current profile induced by the off-axis NBCD was 
spatially localized at about r/a = 0.65-0.8, which was outward shifted from the calculation by 
~0.2a. Real-time feedback control of Ti profile was also developed with a filter charge 
exchange recombination spectroscopy system. The central Ti was controlled to the reference 
using the NB power within a difference of ~ 0.5 keV. The value of Ti was also controlled 
by changing the combination of the core and edge NB heating power. In the Ti

reference

ramp-down phase from -6.9 to -2.8 keV/m ( =0.26-0.65), Ti was almost controlled to the 
reference. In the Ti

reference re-ramp up phase, however, Ti did not recover up to the 
reference due to the occurrence of the MHD instabilities. The burning plasma simulation 
scheme was developed using two NB groups, where one simulates -particle heating and the 
other simulates external heating. The NB power for the simulation of -particle heating (P )
was controlled proportionally to the measured DD neutron yield rate. On the other hand, the 
NB power for the simulation of external heating (Pex) was determined with a feedback 
control system against the stored energy. Oscillation of Pex was larger in the RS plasmas than 
that in the ELMy H-mode plasmas to control the stored energy constant. Numerical analysis 
using the TOPICS code indicated that the linkage between the thermal diffusivity and the 
heating power triggers the larger oscillation. For the improvement of the burning plasma 
simulation scheme, P  was calculated with consideration of temperature dependence of DT 
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fusion reaction rate using real-time measurements of line averaged electron density and ion 
temperature. When temperature dependence of the fusion reaction rate was assumed to be 
proportional to Ti

2 as in the range of Ti = 10-25 keV, density dependence of the simulated 
fusion gain stronger than square of density was observed due to change in a confinement 
improvement factor and/or a pressure profile. The plasma current of 17 kA was obtained in 
the ECH start-up experiment with the vertical field from outboard VT coil and VR coil. 
Although there was no clear closed flux surface, the current position was significantly apart 
from the outboard wall. Plasma images suggested that while the discharge took place at the 
ECR layer, the plasma expanded quickly toward the lower field side and at the same time an 
initial current appeared. The current locations were always far from the ECR layer. High 
densities exceeding the Greenwald limit by a factor of 1.7 was obtained with high internal 
inductances of i  as high as 2.8. In addition to the extension of the operational regime 
limited by disruptions, confinement performance remains as good as an H89PL factor of 1.5 
even above the Greenwald limit.

2.6 Divertor and SOL Plasmas 
Wall saturation and fuel retention has been investigated in 30s long pulse ELMy 

H-mode discharges under the high (300 C) and medium (150 C) baking temperatures. Wall 
saturation (outgassing) was observed after a few discharges, and the outgas rate was 
correlated with an increase in the tile surface temperature near the outer strike point. Prompt 
response of the outgas flux was also observed when the divertor-pumping flux was increased 
by opening the shutter of the divertor cryopumps. On the other hand, in high density 
discharges, wall-pumping was observed over the long pulse. Sustainment of the high density 
ELMy H-mode plasma with large radiation loss, using argon gas seeding, was tried under the 
wall saturated condition. 
 Studies of ELM plasma propagation both at high-field-side (HFS) and low-field-side 
(LFS) SOLs have been progressed by three Mach probe measurements. ELM propagation to 
the LFS first wall was faster than the parallel convection time to the outer divertor, 
suggesting part of ELM plasma loading to the first wall. Deposition image of ELM filaments 
to outer baffle was measured with new fast TV camera. In the HFS SOL, large plasma flux 
was transported only in narrow region near separatrix. Reversal of the parallel plasma flow 
was widely observed at HFS after the ELM deposition. Fast measurements of low ionization 
spectral lines such as three He I as well as D  at the LFS divertor showed that dynamic in Te , 

ne, and recycled neutrals. Statistical analysis was applied to L- and H-mode SOL plasma 
fluctuations. 
 Measurement of the absolute intensities of C IV lines emitted from radiation peak at 
the X-point MARFE, using 2-dimential spectrometer system, could determine the population 
density ratio of the C3+ excited levels. Line-radiation power from the C3+ ionizing 
corresponded to large (60%) compared to that of the volume recombination, while the 
recombination of C4+ is a main process to produce C3+. Two-dimensional structure of the 
volume recombination of deuterium, i.e. D+ and e-, was also investigated in the detached 
divertor. Two-dimensionally distributions of the deuterium Balmer-series line emissivities 

JAEA-Review  2008-045

−　�　−



were reconstructed with a tomography technique. Emissivity ratio of Balmer-series lines 
determined the volume recombination as well as ionization process in the inner and outer 
divertors. By the local gas puffing, CH4, CD4, C2H4 and C2H6 loss events per CH, CD and C2

photon were measured carefully to determine the chemical sputtering yield. 
The integration code “SONIC” has been developed and examined to simulate the 

SOL and divertor plasmas. SOLDOR and NEUT2D codes have been applied to analysis of 
L-mode plasma with the X-point MARFE. Transport of carbon ions generated at the private 
dome is enhanced in the private plasma, causing the large radiation peaking near the X-point. 
The pumping capability was also evaluated through the simulation.

2.7 Plasma Facing Materials 
Poloidal profiles of erosion/deposition in the divertor region were quite non-uniform 

with heavy deposition in the inner divertor and the outer dome wing, while the outer divertor 
and the inner dome wing were erosion dominant regions. The asymmetry of the 
erosion/deposition was simulated using EDDY code. Long-term net deposition of carbon in 
the divertor region is 0.55 kg. About 60 % of the net deposition originated from the erosion 
in the divertor area, while remaining 40% should be attributed to the erosion at the first wall 
(main chamber).  
 The (H+D)/C ratios of the plasma facing wall tiles were not very much high: it was ~ 
0.07 at a maximum in the divertor samples except for the deposition on the dome outer wing 
tile, which was ~ 0.13. Redeposited layers of ~2µm thick were found at the 
plasma-shadowed area underneath the dome with low vessel temperature of ~420 K. The 
hydrogen retention in the layers was ~0.8 in (H+D)/C. 
 The carbon transport generated on the outer divertor region has been investigated 
using the 13CH4 gas puffing in JT-60. On the surface of the inner and outer dome tiles, the 
13C areal density rapidly decreased towards the dome-top. This result indicates the 13C flux to 
the dome-wing tiles surface decreases toward the dome top and/or the 13C deposited near the 
dome top is re-eroded. The poloidal distribution of the 13C areal density on the inner divertor 
tiles had a peak at a little outboard side of the inner strike point. It might be caused by a 
transport through the private flux region. In the outer divertor region, 13C was deposited only 
in the down-stream direction indicating 13C ion particles were transported to down-stream by 
a plasma flow.  
 Erosion/deposition of the tungsten tiles and its migration was studied. On the inner 
divertor tile, tungsten was mainly deposited around the inner strike position. This suggests 
that tungsten transport from the outer divertor to inner divertor is common phenomenon for 
divertor tokamaks. By comparing deposition profiles of tungsten with 13C, puffed as 13CH4

from the outer divertor position, deposition profiles showed that the ratio of tungsten 
deposition to 13C deposition was higher on the outer wing tile than the inner divertor tile by 
about an order of magnitude at the same toroidal section. 

2.8 Diagnostics 
New diagnostic systems, such as modulation charge exchange recombination 
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spectroscopy (Modulation CXRS), beam emission spectroscopy (BES), two-dimensional 
visible spectroscopic measurement system for divertor plasmas, and fast visible TV camera, 
have provided reliable data with high-temporal and high-spatial resolution. In addition, 
substantial development of components for advanced diagnostic systems in future, such as 
Thomson scattering diagnostics using Fourier transform spectroscopy, collective Thomson 
scattering diagnostics, and Zeeman polarimetry, has been made. 
 A new technique using the charge exchange spectroscopy system with space 
modulation optics has successfully obtained the first and second derivative of ion 
temperature profile. By setting the frame rate of the CCD detector at 200 Hz and the 
modulation frequency at 10 Hz, the radial profile of the ion temperature with 310 points is 
obtained every 50 ms.   For the Thomson scattering diagnostics, a high performance phase 
conjugate mirror based on stimulated Brillouin scattering has been applied to improve the 
performance and a prototype high-throughput polarization interferometer has been developed 
to demonstrate the utility of Fourier transform spectroscopy. Flash analog-to-digital 
converters have been applied to the stilbene neuron detectors, and improvement in the 
neutron count rate up to ~106  counts/s has been demonstrated. The motional Stark effect 
diagnostic system has been modified to measure density fluctuation profile, together with the 
pitch angle of the magnetic field, as a BES diagnostics by fast sampling (0.5-1 MHz) of the 
photo-multiplier signals. For divertor study, a wide-spectral-band spectrometer with 92 view 
channels (vertically 60 channels, horizontally 32 channels) with a spatial resolution of ~1 cm 
has provided two-dimensional distribution of deuterium and carbon emission with an 
improved tomography technique. A fast visible TV camera has been installed to observe 
trajectories and velocities of dusts in the main chamber and divertor. For collective Thomson 
scattering diagnostics to observe confined -particles in future burning plasmas, a 
transversely excited atmospheric (TEA) CO2 laser has been developed and a high pulse 
energy of 17 J with a high repetition rate of 15 Hz has been achieved in a single-mode 
operation. For measurement of the edge current profile, a Zeeman polarimetry using a 
lithium beam has been under development. The prototype lithium ion gun has demonstrated a 
large current extraction over 10 mA. A new ion gun has been designed to improve the beam 
divergence and transport. For study of fast frequency MHD events in long pulse discharges, a
new data acquisition system with a fast sampling rate has been successfully employed for 
measurements of various fluctuations obtained through magnetic probes, BES and so on.  

2.9 Heating Systems 
Extension of injection pulse length has been one of most important issues for both 

ECRF and N-NB heating and current drive systems. In this campaign, large efforts have been 
done to extend the injection pulse length in each systems. As the result, injection of 21 s is 
achieved in both systems. In the ECRF development, controls of the anode voltage and the 
heater succeeded to avoid decrease of the beam current which led to termination of oscillation, 
then to achieve 21 s injection. In the N-NB development, clarifying operational ranges for a 
stable voltage holding capability and an allowable grid power loading brought the success of 
21 s injection. 
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3. Extension of Operation Regimes 

3.1 Improved Performance in Long-Pulse ELMy H-mode Plasmas 
with Internal Transport Barrier [1]

N. Oyama, A. Isayama, T. Suzuki, Y. Koide, H. Takenaga, S. Ide, T. Nakano, N. Asakura, 
H. Kubo, M. Takechi, Y. Sakamoto, Y. Kamada, H. Urano, M. Yoshida, K. Tsuzuki, 

G. Matsunaga, C. Gormezano and the JT-60 Team 

 In JT-60U, the advanced tokamak (AT) plasma regime for the realization of a 
steady-state tokamak fusion reactor has been investigated. Further pursuit of long sustainment 
of high performance plasmas has been limited by the loss of fast ions due to the toroidal field 
ripple from the viewpoint of the available net heating power and controllability of the toroidal 
rotation profile due to the formation of an inward electric field. In order to reduce the toroidal 
field ripple, ferritic steel tiles (FSTs), which cover ~10% of the vacuum vessel surface, have 
been installed inside the JT-60U vacuum vessel on the low field side. 
 After the installation of FSTs, fast ion losses have been reduced by 1/2~1/3 at 1.6T. The 
increase in the absorbed power at the same injection power can reduce the required number of 
NB units to sustain a given N. The slower increment of the divertor temperature due to the 
lower heating power could keep the lower recycling level and edge density longer than in the 
previous long-pulse experiments. As the edge temperature decreased by increasing the edge 
density due to higher recycling, core Ti including inside ITB region degraded. Therefore, a 
higher edge temperature is essential in keeping the peaked pressure/temperature profile and 
the long-sustainment of a lower recycling with FSTs contributes to the improvement of 
thermal plasma confinement. In addition to this, lower fast ion losses reduced the effective 
torque for ctr-rotation and increase the flexibility of torque input by increasing the available 
combination of tangential NB units. The fact that co-rotation provides better quality of Te-ITB
also contributes to the improvement of thermal plasma confinement. In these long-pulse 
plasmas, these two mechanisms related to the reduction of fast ion losses are equally 
important for the improved performance. 
 Making use of these advantages to sustain good ITBs, sustained duration of N=2.3 has 
been extended to 28.6s. In this plasma, a peaked pressure profile without NTMs and 
detectable sawteeth was kept throughout the discharge. The improved core confinement 
provided high NHH>2.2 with bootstrap current fraction of 40% sustained for 23.1s (~12 R)
at q95~3.3, which gives high G-factor (larger than 0.2). Therefore, these long-pulse plasmas 
are possible candidates for the ITER hybrid operation scenario. 

Reference
[1] Oyama, N., et al., in Fusion Energy 2006 (Proc. 21st Int. Conf. Chengdu, 2006) 
   IAEA-CN-149/EX/1-3, submitted to Nuclear Fusion. 
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3.2 Achievement of the High Beta Plasma  
by Stabilization of Resistive Wall Mode [1] 

M. Takechi, G. Matsunaga, T. Ozeki, N. Aiba, G. Kurita, A. Isayama, Y. Koide, Y. Sakamoto, 
T. Fujita Y. Kamada and the JT-60 team 

To realize the economical fusion reactor the achievement of high beta plasmas is important 
because the fusion output power is proportion to square of the normalized beta N.     
However the resistive wall mode (RWM), which has the slow growth time equivalent to the 
time constant of the wall, restrict the achievable beta. The RWM can be suppressed by the 
plasma rotation and the active magnetic feedback control. 
  Ferritic steel tiles (FSTs) are installed inside the JT-60U vacuum vessel to reduce the 
toroidal field ripple.  Monte-Carlo simulations considering fully 3-D magnetic field structure 
using the F3D OFMC code indicate that total absorbed power increases by ~30% at BT = 2 T 
for the large volume configuration close to the wall.  By increased NB deposition power, 
suppressing RWM and raising ideal wall limit by controlling plasma profile, we successfully 
achieved high N ~ 4.2 exceeding ideal limit at li < 1.2 and Vp > 70m3 ( N ~ 3.4 w/o FST) . 

The experiment for high N has been mainly performed on the plasma with the clearance 
between plasma surface and first wall at low field mid-plane of 20 cm, which is equivalent to 
the ratio of diameter of first wall to that of plasma of 1.2.  The PNB of 20 MW and the NNB 
of 3MW were injected simultaneously into the plasma of Ip=0.9MA/ and Bt= 1.58T.  The 
shear of q was week and qmin ~ 1.1 and q95 ~ 3.5.  Achieved beta is restricted by the n=1 
MHD instability.  The main poloidal mode number of the n=1 mode was m=3 and has a 
ballooning structure. The mode amplitude increases with growth time of 1/  ~ 1 ms. 
Frequency of the mode of f ~ 5 kHz is corresponding to the rotation of 100 km/s at plasma 
inner region.  The MHD stability has been calculated by MARG2D code for the plasma with 

N ~ 3.8 because we measured Ti, Te, ne and q profile of this plasma.  Calculated no-wall 
beta limit is N ~ 3.1 and ideal wall limit is N ~ 3.9 for the plasma with wall at d/a=1.2.
Therefore the beta of the plasma has seemed to reach to ideal wall limit.  The dominate 
poloidal component was m=1 due to low qmin ~ 1.1 and large pressure gradient of internal 
transport barrier.  The observed growth time of the n=1 mode 1/  ~ 1 ms is much faster than 
the skin time of the first wall of 10 ms.  This also indicates that the plasma reaches to the 
ideal wall limit. The achievable beta limited by MHD instability decrease as confinement 
decrease.  Calculated critical beta decreases in the region qmin < 1.1 and dominant fourier 
component of the mode is m=1. The bootstrap current fraction of these plasmas was 0.5 and 
bootstrap current was large at inner region of r/a = ~0.2-0.5 and peripheral region due to ITB 
and ETB.  It is seemed that better confinement raises the ideal wall limit by increasing qmin

because the large inner bootstrap current raises the qmin.  The experimental minimum q for 
high beta case was qmin ~ 1.08.  The critical beta is also affected by the peripheral plasma 
current.  Therefore, we have performed the small current rump down before NB injection to 
scrape the peripheral current. By this procedure, we achieved highest beta N ~ 4.2. 

Reference
[1] Takechi, M., et al., to be submitted to NF. 
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3.3 Long Sustainment of Large Bootstrap Current Fraction Plasmas  
by Introducing New Real Time Control Logic [1]

Y. Sakamoto, H. Takenaga, T. Suzuki, S. Ide, T. Fujita, M. Takechi, N. Oyama 

Large bootstrap current fraction (fBS~75%) is required for the concept of steady-state 
fusion tokamak reactor. In previous experiments in JT-60U, the long sustainment of the 
reversed magnetic shear plasma with large fBS~75% for 7.4s was demonstrated under nearly 
full non-inductive current drive condition by the control of the pressure gradient at the ITB 
through the control of the toroidal rotation profile to avoid disruption at qmin ~ 4 [2], where 
the injection timing of the tangential neutral beam (tang-NB) was controlled by pre-program 
setting. Since the timing of qmin being integer depends on the time evolution of the plasma 
current profile, it is difficult to adjust the timing of the rotation control as the pre-programmed 
setting with good reproducibility. 

One of the subjects for avoidance of the collapse and the disruption with good 
reproducibility is how to set up the timing to apply the toroidal rotation control at qmin being 
integer. Recently the real time control system of q profile had been developed in JT-60U. This 
system calculates q profile in real time including the value of qmin and the location of qmin

( qmin) using the motional Stark effect (MSE) diagnostic. The real time control logic for the 
avoidance of collapses at qmin being integer by the control of the toroidal rotation has newly 
been installed in JT-60U. In the new real time control logic, the injection timing of the 
tang-NB can be controlled based on the real time detection of qmin using MSE diagnostic. The 
range of qmin and the control period are used to determine the injection timing of co-NBs or 
ctr-NBs as the setting parameter. For example, ctr-NB is turned off for 0.5 s when the value of 
the real time detected qmin is in the range of 3.8 to 4.2. 

By utilizing the above real time control logic, large fBS ~ 70% was sustained for ~ 8 s and 
high confinement enhancement factor over the H-mode scaling HH98y2 ~ 1.8 was obtained. In 
the later 3 s of this plasma, q profile becomes flat in the core region due to the penetration of 
the inductive current with keeping the good ITB. The profile of the internal loop voltage 
evaluated from the equilibrium reconstruction using MSE measurement is flattened in time, 
indicating the plasma approached the stationary condition. The large fBS phase is terminated 
by the major collapse even at the value of qmin being not integer. MHD analysis using 
MARG2D code indicates that the collapse is attributed to ideal beta limit. Pressure profile 
control is required even after the current profile approaches the stationary condition to 
demonstrate the longer sustainment of large fBS plasmas. 
References 
[1] Y. Sakamoto et al., Nucl. Fusion 47 (2007) 1506.  
[2] Y. Sakamoto et al., Nucl. Fusion 45 (2005) 574. 
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3.4  Evolution of Bootstrap-Sustained Discharge 

Y. Takase1), H. Nuga1), S. Ide, JT-60 Team 

1) The University of Tokyo 

A large improvement in the cost of electricity of a fusion power plant can be achieved by 
increasing the fraction of self-generated plasma current (i.e., bootstrap current fraction, fBS = 
IBS/Ip). Furthermore, if it were possible to achieve fBS > 1 (i.e., bootstrap overdrive), this can 
be used for Ip ramp-up. In this case the requirement for external current drive (CD) can be 
reduced substantially, and elimination of the CD system may even be possible eventually.  

A self-sustained state driven by IBS was achieved in JT-60U. A loop voltage profile of 
nearly zero or slightly negative across the cross section was maintained for 0.2 s in a 
discharge with constant OH primary current. In this discharge, of the total Ip of 543 kA, the 
calculated beam driven current was 35 kA and the inductive current was 5 kA. In the newly 
implemented constant plasma surface flux feedback mode, which ensures no net flux input to 
the plasma, a steady Ip rampup at a rate of 10 kA/s was achieved for 0.5 s. These results 
provide evidence of bootstrap overdrive. Repetitive cycles of  collapse and self-recovery 
were often observed in such a self-driven plasma. In discharges without  collapses, the 
duration of self-driven state was limited by a slow degradation of ITB. A more sophisticated 
control of the pressure profile and/or current profile would be necessary to maintain the 
self-sustained state in steady state. Extension of these results to higher Ip (lower q), and a 
more complete characterization of the controllability of such plasmas, including approach to a 
steady state, remain topics of further research. Since ST reactors can operate at high q of 
around 10, bootstrap-dominated operation assisted by a small amount of external current drive 
may be utilized by developing appropriate control methods. 

[1] Y. Takase, et al., 21st IAEA Fusion Energy Conf. (Chengdu, China, 16-21 October 2006) 
IAEA-CN-149/EX/1-4. 
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4. Transport in Core Plasmas 

4.1 Response of Large Bootstrap Current Plasma [1] 
Y. Sakamoto, H. Takenaga, T. Suzuki, S. Ide, T. Fujita 

A large bootstrap current fraction (fBS) plasma can be characterized as a self-regulating 
system because the pressure, current and rotation profiles are linked each other as follows: 
The pressure profile affects the current profile through the self-generated bootstrap current, 
where the total current profile is almost determined by the pressure profile with the increase 
in the bootstrap current fraction. And also, the current profile determines the magnetic shear 
profile, which affects strength of ITB. Furthermore, the pressure profile affects the rotation 
profile through the self-generated spontaneous rotation and the rotation profile affects the 
pressure profile through transport in the ITB region. 

The dynamic change in the current profile, especially qmin, was observed in the series of 
large fBS experiments, where the degradation of ITB was observed by the ctr-NB turning on 
while the recovery of ITB by the ctr-NB turning off. The increase in qmin was quickly 
observed just after the recovery of the ITB, while the decrease just after the degradation of the 
ITB. Since the increase in the ion temperature gradient at the ITB that locates around qmin

generates the bootstrap current locally, q profile near qmin is flattened and qmin increases. The 
response of qmin to the change in the ion temperature gradient at the ITB is investigated in the 
plasmas with fBS~70% and ~50%. The data for fBS~70% come from the discharge with 
Ip~0.8MA, while those for fBS~50% come from the other reversed magnetic shear discharge 
with Ip~1MA. In both cases, the values of qmin are ~4. The strong response is found in the 
large fBS~70% plasmas compared with that in the fBS~50% plasmas. The reason for the 
difference of the response of the qmin to the change in the ion temperature gradient is 
considered as follows. In the case of fBS~70%, q profile is almost determined by the bootstrap 
current profile. Therefore the change in the bootstrap current modifies q profile directly. In 
the case of fBS~50%, on the other hand, the inductive current also contributes to the off-axis 
current for the formation of the reversed magnetic shear configuration transiently. Therefore 
the change in q profile with fBS~50% is smaller than that with fBS~70%.

Since the disruption is frequently occurred at qmin being integer, it is necessary to 
maintain qmin in the self-regulating system by the external current drive for the compensation 
for the change in the bootstrap current. 

Reference
[1] Y. Sakamoto et al., Nucl. Fusion 47 (2007) 1506.  
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4.2 Temporal Variation of Density Fluctuation and Transport  
in Reversed Shear Plasmas [1] 

H. Takenaga, N. Oyama, L. G. Bruskin1), A. Mase1), T. Takizuka, T. Fujita 

1) Art, Science and Technology Center for Cooperative Research, Kyushu University,  

Many types of fluctuation with various spatial scales exist in plasmas and enhance the 
transport from the neoclassical level. The anomalous turbulent heat transport for ion and 
electron channels and also the anomalous turbulent particle transport could be dominated by 
different types of fluctuation with different spatial scale such as ion temperature gradient 
(ITG) mode, trapped electron mode (TEM) and electron temperature gradient (ETG) mode. 
Investigation of the relation between the fluctuation and the electron and ion heat transport 
and the particle transport in the region of internal transport barrier (ITB) is important for 
understanding dominant fluctuation for each transport element. This paper focuses on the 
relationship between the fluctuation and the transport when further reduction of the transport 
was induced by the external perturbations such as a pellet or electron cyclotron (EC) wave 
injection after the strong ITB formation in the reversed shear plasmas.  

After the pellet injection (Ip=2.2 MA, BT=4.3 T and q95=3.8), the O-mode reflectometer 
signal drastically decreased in the frequency ranges of |f| > 200 kHz and 50 kHz > |f| > 20 kHz, 
indicating reduction of the electron density fluctuation level. The density fluctuation level was 
estimated to be 1-2% before and 0.4-0.5% after the pellet injection, respectively, using the 
O-mode reflectometer signal and simulation results based on the analytical solution of 
time-dependent 2D full-wave equation. The ion thermal diffusivity decreased by one order of 
magnitude and reached the neoclassical level. The effective particle diffusivity also decreased 
by one order of magnitude, but the electron thermal diffusivity remained constant. After EC 
wave injection (Ip=1.3 MA, BT=3.7 T and q95=4.9), when no reduction of the O-mode 
reflectometer signal was observed, the electron thermal diffusivity decreased by a factor of 
~2-3, while decreases in the ion thermal diffusivity and the effective particle diffusivity are 
small. These results indicated that the ion heat transport and the particle transport were 
coupled with the measured density fluctuation, but the electron heat transport was decoupled. 
The wave number of the measured density fluctuation was estimated to be order of 1 cm-1 in 
the pellet case, which is consistent with the spatial scale of ITG and/or TEM. The electron 
heat transport in the strong ITB region seems to be insensitive to such fluctuation modes and 
to be dominated by other fluctuation mode with a smaller spatial scale such as ETG. 

Reference 
[1] H. Takenaga et al., Plasma Phys. Control. Fusion 48 (2006) A401. 
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4.3 Observation on Decoupling of Electron Heat Transport and Long-spatial-scale 
Density Fluctuations in a Reversed Shear Plasma [1] 

H. Takenaga, N. Oyama, A. Isayama, T. Takizuka, T. Fujita 

In the reversed shear plasma, suppression of long-spatial-scale density fluctuations with 
a wave number of the order of 1 cm-1 was observed in the ITB region, after a cold pulse was 
induced by the shallow pellet injection at the plasma edge. As discussed in the previous 
section, the particle and power balance analysis with fully recovered temperature profiles after 
the cold pulse propagation indicated that the particle and ion heat transport is coupled with the 
long-spatial-scale density fluctuations, while the electron heat transport is not coupled with 
them. In this section, transient response of the electron heat transport during the cold pulse 
propagation is investigated for better understanding of relation between the electron heat 
transport and the long-spatial-scale density fluctuations.  

The edge electron temperature (Te) at r/a ~ 0.85 was sharply dropped by the ablation of 
pellet cloud at t = 6.32 s. The cold pulse induced by the pellet ablation propagated into the 
ITB region. When the cold pulse propagated to the position of r/a = 0.54 in the ITB region at 
t = 6.325 s, integrated power of high frequency component (|f| > 200 kHz) of the O-mode 
reflectometer signal was drastically reduced with a fast time scale (< 5 ms), indicating 
reduction of the density fluctuation. At this timing, Te outside the ITB (r/a = 0.64-0.85) was 
decreased by the cold pulse propagation, while Te in the inner ITB portion (r/a < 0.54) was 
not changed due to slower propagation speed of the cold pulse in the ITB region. Thus, Te

gradient became large in the outer ITB portion (r/a = 0.54-0.64). The value of Te at r/a = 0.54 
largely decreased after the density fluctuation reduction, and the ITB structure seems to be 
destroyed in the outer ITB portion at t = 6.35 s.  

In order to reproduce the time evolution of Te by the 1-D transient transport calculation, 
Te and Te  dependence of electron thermal diffusivity ( e) was introduced as follows, 

The values of  and  are summarized in Table 1. Strong and weak negative Te dependence 
was assumed in the outer ITB portion (r/a = 0.54-0.62) and outside the ITB (r/a > 0.63), 
respectively. Furthermore, in the inner ITB portion (r/a = 0.3-0.5), it was assumed that e is 
inversely proportional to Te . In this case, the value of e decreased in the inner ITB portion 
around the layer for the density fluctuation measurement during the cold pulse propagation. 
However, it was slower (~ 15 ms) than the reduction of the density fluctuation level (< 5 ms). 
In the outer ITB portion, e transiently increased. 
These results indicated decoupling of the electron 
heat transport and the long-spatial-scale density 
fluctuations as well as the results of the power 
balance analysis. 

Reference 
[1] H. Takenaga et al., Plasma Phys. Control. Fusion 49 (2007) 525. 

r/a 0.00-
0.29

0.30-
0.50

0.51-
0.53 

0.54-
0.62 

0.63-
1.0 

0 0 0 -2.3 -0.5
0 -1 0 0 0 

Table 1  and  used in the 1-D transient 
transport calculation.

e(r, t) e(r, t 0ms) Te(r, t)
Te(r, t 0ms)

Te(r, t)
Te(r, t 0ms)
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4.4 Dynamic Transport Study of the Plasmas with Transport Improvement  
in LHD and JT-60U [1] 

K. Ida1), Y. Sakamoto, S. Inagaki2), H. Takenaga, A. Isayama, R. Sakamoto1), K. Tanaka1),
S. Ide, T. Fujita, H. Funaba1), S. Kubo1), M. Yoshinuma1), T. Shimozuma1), Y. Takeiri1),
K. Ikeda1), C. Michael1), T. Tokuzawa1), LHD experimental group and the JT-60 Team 

1) National Institute for Fusion Science  
2) Research Institute for Applied Mechanics, Kyushu University 

The concept of a profile transition has been employed in order to understand the 
formation and dynamics of a self-sustained radial profile in inhomogeneous plasmas. The 
transitions in the profiles in H-mode plasmas are caused by the S-curve property (cusp-type 
catastrophe) in the gradient-flux relation, showing a feature analogous to the first-order phase 
transition. The slow transition to the improved transport mode [2], which is often observed in 
other types of improved modes or internal transport barrier (ITB) plasmas, is categorized as a 
type of second-order transition in contrast to a first-order transition such as the L/H transition. 
Transport analysis during the transient phase of heating (a dynamic transport study) is applied 
to plasmas with internal transport barriers (ITBs) in the Large Helical Device (LHD) heliotron 
and in the JT-60U tokamak. In the dynamic transport study 1) a slow transition between two 
transport branches is observed, 2) the time of the transition from the L-mode plasma to the 
ITB plasma is clearly determined by the onset of flattening of the temperature profile in the 
core region and 3) a spontaneous phase transition from a weak, wide ITB to a strong, narrow 
ITB and back-transition are observed both in LHD and JT-60U [1]. 

The time scale of the slow transition between two transport branches is on the order of 
the energy confinement time. The time scale of the transition from the L-mode plasma to the 
ITB mode plasma is also on the order of the energy confinement time, which make it difficult 
to specify the starting time of the TB formation. In a strong ITB, the flattening of the 
temperature in the core region is often observed. This flattening starts in the early phase of the 
ITB formation not in the later time of the ITB when the electron temperature becomes high. 
Therefore the flattening is considered to be due to the localization of improved transport 
during the formation of the ITB. The flattening of the core region of the ITB transition and 
the back-transition between a wide ITB and a narrow ITB suggest the strong interaction of 
turbulent transport in space, where turbulence suppression at certain locations in the plasma 
causes the enhancement of turbulence and thermal diffusivity nearby. Because of this 
mechanism, the ITB is naturally localized in space and the location and width of the ITB can 
change by itself without a significant change in the magnetic structure. This behaviour also 
indicates that there are multi meta-stable states in the transport and the spontaneous transition 
between these meta-stable states occurs on a transport time scale.  

References 
[1] K. Ida et al., submitted to Phys. Rev. Lett.
[2] K. Ida et al., Phys. Rev. Lett. 96 (2006) 125006. 
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4.5 Studies on Impact of Electron Cyclotron Wave Injection  

on the Internal Transport Barriers [1, 2]

S. Ide, H. Takenaga, A. Isayama, Y. Sakamoto, M. Yoshida and C. Gormezano 

It has been observed that injection of the electron cyclotron range of frequency (ECRF) 
entails a degradation of the ion temperature internal transport barrier (Ti ITB). Since electron 
heating will be dominant in a fusion plasma, similar phenomenon could occur. In order to 
clarify the effect of ECRF injection on the Ti ITB in a weak shear plasma, systematic studies 
have been carried out in JT-60U. 

It is shown that the effect increases as the injected EC power (PEC) increases. It is also 
shown that the effect becomes smaller for a higher plasma current (Ip). However, it is found 
that the safety factor and the magnetic shear profiles are not different very much in the ITB 
region. On the other hand, it is also shown that the EC current drive is not responsible for this 
phenomenon. These results suggest that the poloidal magnetic field and/or the magnetic shear 
in the ITB region are not the keys for this effect. It seems that EC injection affects the toroidal 
rotation (Vt) and presumably the radial electric field (Er) profiles. With ECRF injection, the Vt

profile is flattened no matter the direction the target Vt profile peaks. This indicates that EC 
injection influences the background structure, the Er profile or the ITB structure, directly. 
Moreover, it is shown that the effect on the Ti ITB is less sensitive to the EC deposition. 
Degradation of the Ti ITB occurs for both on- or off-axis deposition. Within the time 
resolution of 5 ms, no clear delay was observed in both Ti and Vt signal in the ITB region. 
This indicates that ECRF is acting on a certain background structure which has a semi-global 
nature. This work would contribute to identify the operational region where the Ti ITB 
degradation can be avoided when ECRF is utilized neo-classical tearing mode (NTM) 
suppression. However on the other hand, this effect can be utilized for ITB control. Smooth 
and continuous dependence without hysteresis on PEC is preferable for control and 
insensitivity to deposition do not require the precision linked to spatial control. ECRF can be 
a more realistic tool than others such as the Vt profile control in a burning plasma. A 
fundamental physics mechanism which plays the main role in this phenomenon is not clear 
yet. It is not clear even if this is intrinsic to ECRF or not. Detailed comparison with other 
electron heating schemes, such as negative ion source NB injection or lower hybrid wave 
heating, would be necessary in future work. 

References 
[1] S. Ide et al., Fusion Energy 2006 (Proc. of 21st Int. Conf. Chengdu, 2006), 

IAEA-CN-149/EX/P1-5 and http://www-naweb.iaea.org/napc/physics/fec/fec2006/papers/ex_p1-5.pdf.
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4.6 Physics of Strong Internal Transport Barriers in Reversed Shear Plasmas [1] 
N. Hayashi, T. Takizuka, Y. Sakamoto, T. Fujita, Y. Kamada, S. Ide and Y. Koide 

Improved confinement with the formation of internal transport barriers (ITBs) is 
beneficial for the steady-state operation of ITER and advanced tokamak reactors. The ITB 
formation has been observed in many tokamaks with the reversed-shear (RS) configuration. 
The RS plasma is one of the attractive candidates for the advanced tokamak reactor because 
of its compatibility with the large bootstrap current produced by the ITB. The physical 
mechanism of the ITB structure in the RS plasma has not fully been understood yet. The 
improved performance with the ITB was surveyed in multi-machine comparisons. In JT-60U, 
there are typically two kinds of ITB profiles: box type and parabolic type. On the basis of 
JT-60U experimental database of the box-type ITB, two scalings for the narrow ITB width 
and the stored energy inside the ITB, Wcore, have been developed. The former scaling shows 
that the ITB width is proportional to the ion poloidal gyroradius at the ITB center. The latter 
scaling is equivalent to a condition for the core poloidal beta, p,core=4 0Wcore/(3VcoreBp,f

2), i.e., 
f p,core  0.25 where Vcore is the volume inside the ITB, Bp,f is the poloidal magnetic field at 

the outer midplane ITB foot and f is the inverse aspect ratio at the ITB foot. The scalings 
were reproduced by the 1.5 dimensional (1.5D) transport simulation with a transport model 
where the anomalous transport is sharply reduced below the neoclassical-level in the RS 
region.

In this paper, the physics of strong ITBs in JT-60U RS plasmas has been studied 
through the modeling on the 1.5D transport simulation. We modify artificially physical 
models in the 1.5D transport code and compare simulation results with experimental ones. 
Key physics to produce the above scalings are identified. As for the scaling for the narrow 
ITB width proportional to the ion poloidal gyroradius, the following three physics are 
important: (1) the sharp reduction of the anomalous transport below the neoclassical level in 
the RS region, (2) the autonomous formation of pressure and current profiles through the 
neoclassical transport and the bootstrap current, and (3) the large difference between the 
neoclassical transport and the anomalous transport in the normal-shear region. As for the 
scaling for the stored energy inside the ITB, the value of 0.25 is found to be a saturation value 
due to the MHD equilibrium. The value of f p,core reaches the saturation value, when the 
box-type ITB is formed in the strong RS plasma with the large asymmetry of the poloidal 
magnetic field, regardless of details of the transport and the non-inductively driven current. In 
other words, as the asymmetry of the poloidal magnetic field increases, both Bp,f and Wcore

increases so that f p,core= 0.25. 
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4.7 Effects of Low Central Fuelling on Density and Ion Temperature Profiles  
in Reversed Shear Plasmas [1] 

H. Takenaga, S. Ide, Y. Sakamoto, T. Fujita and the JT-60 Team 

It is crucial issue for prediction of fusion performance in an advanced steady state 
tokamak reactor whether a density internal transport barrier (ne-ITB) can be formed with low 
central fuelling or not. In ELMy H-mode plasmas, tokamak experiments have shown that a 
density peaking factor increases with decreasing effective collisionality due to anomalous 
inward pinch driven by drift wave instabilities such as ITG/TEM [2]. On the other hand, in 
advanced scenarios such as reversed shear (RS) plasmas, mechanisms for determining the 
density profile are not understood well. It is expected that the anomalous inward pinch can 
play less important role in the ITB region, where anomalous transport is reduced by 
suppressing instabilities. Also, investigation of correlation between ne-ITB and an ion 
temperature ITB (Ti-ITB) is important, because the large density gradient can assist formation 
of Ti-ITB through suppression of ITG. 

Effects of low central fuelling on ne- and Ti-ITBs have been investigated using negative 
ion based neutral beam injection (N-NBI) and electron cyclotron heating (ECH) in RS 
plasmas. Strong ne- and Ti-ITBs were maintained, when central fuelling was decreased by 
switching positive ion based neutral beam injection (P-NBI) to ECH after the strong ITB 
formation. The effective electron diffusivity defined by considering only diffusion term was 
smaller in the low central fuelling case than that in the high central fuelling case at the same 
range of the ion thermal diffusivity. The outward diffusive flux could be almost balanced with 
the inward convective flux and small unbalance between these two fluxes corresponds to the 
flux produced by the central fuelling. Therefore, the central fuelling might have only small 
effects on the density profile. Similar ne- and Ti-ITBs were formed for the low and high 
central fuelling cases during the plasma current ramp-up phase. In the low central fuelling 
case, N-NBI and ECH were used in addition to small heating power from P-NBI for 
diagnostics. In the high central fuelling case, P-NBI was only used. An anomalous inward 
pinch could be still important with suppressed instabilities in these discharges, because ne-
and Ti-ITBs were not so strong. Possibility for the formation of the strong ne- and Ti-ITBs
with ion thermal transport reduced to the neoclassical level and role of anomalous inward 
pinch in such strong ITB region are future issues. Strong correlation between the density 
gradient and the ion temperature gradient was observed, when the density gradient in the ITB 
region was increased by stopping gas-puffing and decreased by L-H transition. However, their 
causality was not well understood yet. These results support that the ne- and Ti-ITBs can be 
formed under reactor relevant conditions. 
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4.8 Comparisons of Density Profiles in JT-60U Tokamak and LHD Helical Plasmas  
with Low Collisionality [1] 

H. Takenaga, K. Tanaka1), K. Muraoka2), H. Urano, N. Oyama, Y. Kamada, M. Yokoyama1),
H. Yamada1), T. Tokuzawa1) and I. Yamada1)

1) National Institute for Fusion Science 2) Chubu University 

In order to understand particle transport systematically in toroidal plasmas, electron 
density profiles were compared in JT-60U tokamak and LHD helical plasmas with low 
collisionality. Comparative studies between tokamak and helical plasmas may help expand the 
understanding of both common physics in toroidal systems and unique physics depending on 
each magnetic configuration. The neoclassical particle transport in a low collisionality regime 
is significantly different for tokamak and helical plasmas. In non-axisymmetric helical 
plasmas, the 1/  regime exists, where neoclassical transport is enhanced as being proportional 
to 1/  (  is collisionality) from the level of axisymmetric tokamak plasmas due to the 
presence of helical ripples [2]. On the other hand, anomalous transport in both plasmas seems 
to be related to common physics. Gyrokinetic analyses showed that the quasilinear particle 
flux driven by drift wave instabilities, such as ion temperature gradient mode and trapped 
electron mode, exhibits weak dependence on the magnetic configuration [3]. Note that scaling 
studies indicated that these plasmas have the same weak gyro-Bohm like global energy 
confinement feature. 

In the ELMy H-mode plasmas on JT-60U, the density peaking factor increased with 
decreasing collisionality. Dependence of the density peaking factor on the effective 
collisionality, which provides an estimate of the growth rate of drift wave instabilities, was 
consistent with the interpretation that anomalous inward pinch driven by turbulent transport 
significantly affects the density peaking. The density peaking factor correlated with the ion 
temperature peaking factor rather than with the electron temperature peaking factor in the case 
of ion dominant heating. In addition, the toroidal momentum input (or toroidal rotation 
velocity) affected the density peaking factor, while the particle source distribution was less 
sensitive on determination of the density peaking factor. In LHD plasmas, the density peaking 
factor decreased with decreasing electron-ion collision frequencies normalized by the 
collisionality for an upper boundary of the 1/  region, *h, for the magnetic axes of 3.6, 3.75 
and 3.9 m. This result indicated that neoclassical transport enhanced by helical ripples largely 
affects the density profile in LHD plasmas, while this collisionality dependence was less 
pronounced for the LHD plasmas having small effective helical ripples at the magnetic axis of 
3.5 m ( *h  1). For the LHD data analyzed here, neoclassical transport is smaller for more 
inwardly shifted magnetic configuration [2]. Thus, density profiles in LHD plasmas tended to 
approach those in JT-60U as the contribution of neoclassical transport is reduced, namely by 
moving the magnetic axis more inward. 
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4.9 Study of Highly Ionized Xe Spectra in Reversed Shear Plasmas [1] 

H. Kubo, A. Sasaki, K. Moribayashi, S. Higashijima, H. Takenaga,  
K. Shimizu, T. Nakano, A. Whiteford1), T. Sugie

1) Univ. of Strathclyde 

In next-step fusion reactors such as ITER, tungsten is a candidate material for the 
plasma facing components. However, high-Z elements such as tungsten radiate more 
efficiently than low-Z elements and their accumulation is a concern for improved 
confinement plasmas. On the other hand, radiation loss power enhancement is useful for 
mitigating the severe problem of concentrated power loading of the divertor plates, and 
controlled impurity gas injection is an effective technique for the radiation loss power 
enhancement. In some tokamaks, Xe has been injected to study high-Z impurity behavior or 
to enhance radiation loss power. For such studies, analysis of vacuum ultra-violet spectra 
from highly ionized Xe atoms is essential. However, little investigation has been performed 
on these spectra.  

In JT-60U, Xe has been injected into reversed shear plasmas with internal transport 
barriers (ITB) to study high-Z impurity transport. Spectra of highly ionized Xe atoms with 
3s-3p and 3p-3d transitions were observed in a wavelength range of 4 - 16 nm and analyzed 
using relativistic atomic structure codes, a collisional radiative model, and an impurity 
transport code. The observed spectra were compared with spectra calculated for Xe 
XXXVII-XLV 3s-3p and 3p-3d transitions. Several lines for Xe XLI and XLII have been 
newly identified. However, the calculation could not explain some strong line emission. The 
Xe XLII 3s2 3p 2P3/2 - 3s2 3d 2D5/2 line was strong comparably to the 3s2 3p 2P1/2 - 3s2 3d 2D3/2

line, although the calculation showed that the former should be much weaker than the latter 
for heavy species such as Xe.  

Soft X-ray emission profiles have also been analyzed to investigate the Xe ions 
accumulated inside the ITB. The analysis indicated that the Xe ions accumulated inside the 
ITB. Considering previous investigation on C, Ne and Ar ion transport, this result showed that 
accumulation was large for high-Z impurities. Control of high-Z impurity behavior in 
improved confinement plasmas with ITBs is an important issue. 
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4.10 Study of Impurity Injection Scenario in Burning Plasmas [1] 

H. Takenaga, H. Kubo, Y. Kamada, Y. Miura, Y. Kishimoto, T. Ozeki 

In a fusion reactor, reduction of heat load localized to the divertor plates is essential for 
a steady-state operation. Impurity injection is considered for dispersing the localized heat load 
to wide area by radiation losses from the injected seed impurities. In order to significantly 
disperse the heat load to the wide area, enhancement of the radiation loss power is necessary 
not only in the divertor plasma but also in the main and SOL plasmas. In the A-SSTR2 design, 
the radiation loss power is set to be 400 MW (about 45% of the heating power) in the main 
and SOL plasmas. On the other hand, it is necessary to suppress enhancement of the radiation 
loss power in the core plasma caused by strong accumulation of the injected seed impurity. 
The enhancement of the radiation loss power in the core plasma reduces the effective heating 
power, which requires higher confinement to sustain a burning condition. The peaked density 
profile raises the concern of impurity accumulation, although it has an advantage for higher 
fusion output even with the low edge density.  

Required confinement and edge density for satisfying the fusion output of 4 GW and 
the radiation loss power of 400 MW in the main and SOL plasmas were estimated using the 
A-SSTR2 design parameters for various impurity accumulation levels and density profiles. 
The analysis using the 1-D transport code TOPICS/IMPACT indicated that the argon density 
profile twice as peaked as the electron density profile can yield acceptable radiation profile 
even with a peaked density profile. The required effective confinement improvement factor 
over the IPB98(y,2) scaling (HHy2

eff) slightly increased from 1.4 with the flat density profile 
to 1.5 with the peaked electron density profile at ne(r/a=0)/ne(r/a=0.7) ~ 3. Here, an effective 
heating power calculated by subtracting the radiation loss power inside the position of 
r/a = 0.9 from the total heating power was used for the estimation of HHy2

eff. At the same time, 
required edge density can be reduced below the Greenwald density. This result suggested 
advantage of the peaked density profile in a burning plasma. When the argon density profile 
was determined by neoclassical transport, the radiation loss in the core plasma intensively 
increased with the peaked density profile, which requires higher HHy2

eff of 1.9 at 
ne(r/a=0)/ne(r/a=0.7) ~ 3. In the JT-60U ITB plasmas with a weak magnetic shear, Ar density 
profile is more peaked by a factor of 2 than the electron density profile. In JT-60U reversed 
shear plasmas, impurity accumulation is larger than that in the weak shear plasmas, but is 
smaller than the neoclassical prediction. These analyses indicated that the impurity injection 
scenario could be applicable to a burning plasma with the density peaking. 
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4.11 Effects of Ripple Loss of Fast Ions on Toroidal Rotation [1]

M. Yoshida, Y. Koide, H. Takenaga, H. Urano, N. Oyama, K. Kamiya,  
Y. Sakamoto, Y. Kamada and the JT-60 Team 

 It is now widely recognized that the plasma rotation profile plays the critical roles in 
determining transport and MHD stability in tokamak plasmas. In particular in operating the 
self-regulating systems, such as burning high beta plasmas, we need integrated plasma control 
schemes including rotation profile from the edge pedestal to the core plasma regimes. 
Towards this goal, we have to construct the physics basis on driving mechanism of plasma 
rotation and on momentum transport. In JT-60U, near-perpendicular neutral beam 
(PERP-NB) heated plasmas exhibit a CTR rotation in the toroidal [2]. An inward electric field 
induced by a ripple loss of fast ions was considered as a candidate for the CTR rotation in the 
peripheral region. In order to reduce the toroidal field ripple, ferritic steel tiles (FSTs) have 
been installed inside the JT-60U vacuum vessel on the low field side. 
 In this report, effects of the ripple loss of fast ions on the toroidal rotation velocity (Vt)
are investigated by using data with and without FSTs. The reduction in CTR rotation with 
PERP-NB injection has been obtained by inserting FSTs. The ratio of ripple loss power to the 
input power on this discharge (IP=1.23 MA, BT=2.6 T, q95=4.1, Vol.=77 m3) reduces by 
installing FSTs from ~4% to ~1% for CO-NBs and from ~30% to ~10% for PERP-NBs, 
respectively. The magnitude of CTR rotation increases with increasing the ripple loss power 
in the peripheral region. The CTR rotation with PERP-NBs reduces by installing FSTs as a 
consequence of the reduction in the ripple losses. The driving mechanism of CTR rotation and 
the location of the driving source with PERP-NBI are investigated using OFMC code and a 
beam perturbation experiment (IP=0.87 MA, BT=3.8 T, q95=8.2, Vol.=72 m3). Location of the 
driving source of CTR rotation is recognized in the peripheral region (0.7<r/a<0.9) and agrees 
with the region where fast ion losses mainly take place. The toroidal rotation profile in the 
core region is also discussed from the viewpoint of a moment transport by means of data from 
the beam perturbation experiment. The toroidal momentum diffusivity and the convection 
velocity Vconv in the core region (0.2<r/a<0.65) are evaluated from the transient momentum 
transport analysis using the radial profiles of the amplitude of the modulated part of Vt (Vt0)
and of the phase delay of Vt0. The toroidal momentum diffusivity  is comparable to the ion 
thermal diffusivity  and Vconv is about -5 m/s (inward) at r/a~0.5 in this plasma. In addition, Vt

profile in the core region can be almost reproduced by  and Vconv.
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4.12 Momentum Transport and Toroidal Rotation Profile in L-mode plasmas [1]

M. Yoshida, Y. Koide, H. Takenaga, H. Urano, N. Oyama, K. Kamiya,  
Y. Sakamoto, G. Matsunaga, Y. Kamada and the JT-60 Team 

 Burning plasmas in ITER and fusion reactors are highly self-regulating governed by 
strong linkages among pressure, current and rotation profiles. In addition, recent tokamak 
studies have been emphasizing that the plasma rotation profile plays essential roles in 
determining confinement and stability. In order to understand and control the plasma rotation 
profile, the construction of physics based momentum transport and those effects on rotation 
profiles are required. Concerning toroidal momentum transport, most of the previous works 
evaluated the diffusive term utilizing the steady state momentum balance equation. However, 
it is recognized that the measured toroidal rotation velocity (Vt) profiles cannot be explained 
by the momentum transport coefficient evaluated by the steady state equation. 
 In this paper, parameter dependence of the toroidal momentum diffusivity ( ) and the 
convection velocity (Vconv), and the relation between  and heat diffusivity ( i) are 
systematically investigated in typical JT-60 L-mode plasmas using the transient analysis by 
using the momentum source modulation [2]. Even in the L-mode regime, these plasmas stay 
in a low collisionallity and small Lamore radius regime with pol*~0.03-0.06 and 

*~0.07-0.26. Experiments have been carried out to investigate the momentum transport as 
the absorbed power is varied from 2.4 to 10.7 MW under otherwise similar conditions (Ip=1.5
MA, BT=3.8 T, q95=4.2, =0.3, Vol.=74 m3). The momentum diffusivity increases with 
increasing the heating power, and the shape of  is nearly identical. The inward Vconv exists 
and has maximum value at r/a~0.6. The momentum diffusivity at r/a=0.6 roughly scaled 
linearly with heating power in this data set. The momentum diffusivity increases with 
increasing i, and a dependence of / i on N is observed. We also investigate Ip dependence 
on  and Vconv. During this Ip scan (Ip=0.87, 1.5, 1.77 MA), one CO tangential NB and one 
PERP-NB are injected with a similar absorbed power PABS=3.3-4 MW and other plasma 
parameters were BT=3.8-4.1 T, =0.3 and ne =1.3-1.9x1019 m-3. The inverse  at r/a=0.6
increases linearly with Ip. Such improvement of the momentum confinement is identified by 
steady toroidal momentum profiles. It is also found that toroidal rotation velocity profiles in 
the case with and without external torque input can be almost reproduced by  and Vconv

estimated from the transient momentum transport analysis at low  ( N<0.4).
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4.13 Observation of Spontaneous Toroidal Rotation with Large Pressure Gradient [1]

M. Yoshida, Y. Kamada, H. Takenaga, Y. Sakamoto, H. Urano,  
N. Oyama, G. Matsunaga, and the JT-60 Team 

 The toroidal rotation velocity (Vt) profile is determined by momentum transport, the 
external momentum source and the spontaneously induced plasma rotation. It is important to 
separately evaluate contributions of the spontaneous rotation and the external induced rotation, 
and to understand the mechanism responsible for the generation of spontaneous rotation. 
Although the worldwide progress in understanding the physics of momentum transport and 
rotation has been made experimentally and theoretically, the characteristics of the rotation 
profile including the spontaneous term is not yet sufficiently understood. This is due mainly 
to an experimental difficulty in separating the non-diffusive term and the spontaneous term. 
 In this paper, we have identified the spontaneous rotation, which is not determined by 
the momentum transport coefficients and the external momentum input. The momentum 
transport coefficients can be obtained separately as the toroidal momentum diffusivity ( )
and the convection velocity (Vconv) from the transient momentum transport analysis and the Vt

profile is calculated using these coefficients, the external torque and the boundary condition 
of Vt. From this approach, we have identified roles of external induced rotation and the 
spontaneous rotation on the measured Vt profiles. The heating power scan is performed both 
in L-mode (Ip=1.5 MA, BT=3.8 T, q95=4.2, ~0.3, ~1.3-1.4) and in H-mode plasmas (Ip=1.2
MA, BT=2.8 T, ~0.33, ~1.4) in order to investigate the effect of plasma pressure on the 
spontaneous rotation. The absorbed power (PABS) is varied over the range 2.4 MW<PABS<11
MW for the L-mode plasma discharges, and 4.8 MW<PABS<10 MW for the H-mode 
discharges. Although the measured Vt agrees with the calculation in the region 0.45<r/a<0.65,
the measured Vt deviates from the calculated one in the CTR-direction in the core region 
0.2<r/a<0.45. The difference in Vt is observed in the region where such large pressure 
gradients are measured. A good correlation between the difference in Vt (i.e.
Vt(calculation)-Vt(measurement)) and the pressure gradient is found during the heating power 
scan: Vt increases with increasing pressure gradient in all cases including L-mode, H-mode, 
CO-, and CTR-rotating plasmas. These results indicate that the local pressure gradient plays 
the role of the local value of spontaneous rotation velocity. 
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4.14 Response of Toroidal Rotation Velocity to Electron Cyclotron Wave and Lower 
Hybrid Wave Injection [1] 

Y. Sakamoto, S. Ide, M. Yoshida, Y. Koide, T. Fujita, H. Takenaga 

In tokamak plasmas, toroidal rotation velocity and its shear (or radial electric field (Er)
shear) play an important role for stability and transport. In present tokamak devices, the 
toroidal rotation velocity profile can be easily controlled by toroidal momentum input from 
neutral beams (NBs). In contrast, the control of toroidal rotation velocity profile by NBs will 
be difficult in a burning plasma. Therefore the development of other actuators to control 
toroidal rotation velocity profile is important for the control of a burning plasma. The study of 
spontaneous toroidal rotation velocity under the no/low direct toroidal momentum input is one 
of the issues towards a fusion reactor. 

Toroidal rotation profile under the pure electron heating such as the combined heating 
of EC and LH was investigated in JT-60U reversed magnetic shear plasmas. In order to 
evaluate the toroidal rotation profile in pure electron heating phase, the first CXRS spectrum 
after 16.7 ms from the start of perp-NB injection is analyzed. In the experiments, Ip, BT and 
q95 are 1.2 MA, 3.6T and 6.2 for the fundamental EC central injection, and the line averaged 
electron density is ~0.4 x1019 m-3, and the working gas is hydrogen. In the case of EC 
injection only, where EC power of 1.5MW, the peaked electron temperature profile with 12 
keV at the centre and the flat toroidal rotation profile in the co-direction were observed. In the 
case of the combined heating of LH and EC where the injected powers of LH and EC are 
~2MW and 1.5MW respectively, on the other hand, the higher electron temperature of 17 keV 
with box-type strong ITB with higher co-rotation was observed. In these plasmas, positive Er

profiles are formed, which may cause the toroidal rotation velocity in the co-direction, and the 
Er in the combined heating case is significantly larger than that in the EC injection case.  

The strong correlation between the toroidal rotation velocity near the centre and the 
stored energy of the plasma was obtained, which is similar to that obtained in other devices 
with ICRF heated plasmas. Furthermore the strong correlation is found in the relation between 
the toroidal rotation velocity and the soft X-ray signal from the divertor plate that is sensitive 
to photons in the energy range of 2-14 keV. These results suggested that the observed 
spontaneous toroidal rotation velocity in the co-direction is cased by the formation of positive 
Er due to the direct loss of energetic electrons produced by EC and LH injection.  

Furthermore the short pulse off-axis EC injection experiment shows that the 
perturbation of toroidal rotation velocity towards co-direction (or reduced counter-rotation) 
propagates to the centre with increasing its amplitude, suggesting inward pinch in momentum 
transport. 

Reference
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5. H-mode Confinement and Pedestal

5.1 H-mode Pedestal Structure in the Variation of Toroidal Rotation and

Toroidal Field Ripple [1]

H. Urano, N. Oyama, K. Kamiya, Y. Koide, H. Takenaga, T. Takizuka, M. Yoshida,

Y. Kamada and the JT-60 Team

The edge pedestal structure characterized by the formation of the H-mode edge

transport barrier (ETB) is known to determine the boundary condition of the heat/particle

transport in the plasma core as well as the characteristics of ELMs. In the current ITER

design, the toroidal field (TF) ripple δr is estimated as ∼ 1% without ferritic steel tiles

(FSTs). It is presumed that in the peripheral region an inward electric field is pro-

duced by the losses of fast ions due to TF ripple, which drive toroidal rotation VT in

the ctr-direction.

In this study, comparing between the plasmas before and after the installation

of FSTs, the effects of the TF ripple on the edge pedestal properties were examined

in JT-60U. In addition, conducting the power scans for a variation of the toroidal

momentum sources, the characteristics of the H-mode pedestal structure depending on

toroidal rotation were also investigated.

By the reduction of toroidal field (TF) ripple with FSTs, the spatial profile of VT

became less counter particularly in case where co-NBI was used in the large volume

configuration with a large TF ripple of ∼ 2%. In this case, the plasma pressure was

raised in whole plasma. At the plasma edge, higher pedestal temperature was obtained

with the growth of pedestal width. However, the effect of FSTs became less significant

in the small volume configuration with a small TF ripple of ∼ 0.4% where the pedestal

pressure and the energy confinement were not clearly improved.

As the VT became less counter at the pedestal, ELM frequency fELM was reduced

and ELM energy loss ΔWELM was increased. In the case of VT in relatively co-direction,

ELM affected area of the electron temperature profiles extends radially more inward

than those for the case of VT in ctr-direction. In addition, the inter-ELM transport

loss is reduced and the pedestal pressure pped is weakly raised. The effect of FSTs

appeared clearly in the large volume configuration where pped is raised even at a given

VT at the pedestal while pped is not changed by FSTs in the small volume configuration,

suggesting that the reduction of TF ripple, the magnitude of which can affect the VT

profile, plays a role in increasing of pped. For increased pped due to the edge toroidal

rotation in co-direction and the reduction of TF ripple, the spatial width of H-mode

pedestal became wider.
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5.2 Roles of Edge Toroidal Rotation, Toroidal Field Ripple and Configuration  
on ELM Characteristics [1-4] 

K. Kamiya, H. Urano, N. Oyama, and Y. Kamada 

1. Introduction 
High confinement mode (H-mode) operation having an Edge Localized Mode 

(ELM) is considered as the reference inductive operational scenario for ITER (e.g., a ratio of 
the fusion power to the additional heating power, QDT=10). One of the most remarkable 
phenomena in the H-mode plasmas having Type-I ELMs (so-called, “Type-I” ELMy H-mode) 
is the large and periodic power and particles directed toward the divertor and/or the first-wall, 
which is normally observed for the best performing H-mode in many tokamaks. For the ITER 
reference inductive scenario in ELMy H-mode operation, periodic ELM crash and recovery 
have a potential for controlling plasma density and impurity (He ash and light/heavy metals) 
accumulation in the plasma core, which is essential for a steady state operation, though ELMs 
induced energy and particle losses can potentially limit the divertor’s lifetime (e.g., an 
acceptable divertor lifetime could be realized only by an upper limit of ELM energy loss 
normalized by pedestal stored energy, WELM/Wped~5-6%). The goal of this research area is to 
understand the roles of the toroidal rotation at the plasma edge, toroidal field ripple 
(TF-ripple), and configuration in ELM energy loss. The physics which determines the edge 
processes, such as ELM characteristics, may offer a key to develop an operational scenario in 
future devices. This paper presents a systematic study of the Type-I ELM characteristics in 
tangential co-, balanced-, and counter-NBI plus perpendicular NBI-heated plasmas with 
various configurations. In this study, the ELM characteristics are related to the change in the 
toroidal rotation at the plasma edge, TF-ripple, and plasma configuration. 

2. Effects of toroidal field ripple on ELMs 
It is well known that a significant VT,ped in the direction counter to the plasma 

current has been observed as an offset toroidal rotation in the peripheral region even in the 
co-NBI (+ perp.) heated discharge at a given heating power crossing the separatrix, PSEP 
(=PABS-PRAD-dW/dt; here, PABS is the absorbed power, PRAD radiation loss power, and dW/dt 
the increasing rate of the total stored energy in the plasma.), which is related to the losses of 
fast ions due to perpendicular NBI and the formation of negative Er. From the results 
described above, it is suggested that the effect of the resultant toroidal rotation at the plasma 
edge caused by the losses of the fast ions due to the TF-ripple on ELMs is also an interesting 
edge phenomenon, which may also provide a controllable parameter for ELM mitigation. 
 TF-ripple scan experiments were preformed on configurations having TF-ripples at 
the plasma edge, ripple, of ~0.4% (small VP~50 m3), ~1.0% (middle VP~65 m3), and ~2% 
(large VP~75 m3) under the condition of the IP=1.0 MA (small), 1.1 MA (middle), and 1.2 MA 
(large) at a fixed BT=2.6 at a ne/nGW~0.4-0.5, scanning combinations of tangential NBI and 
heating power of perpendicular NBI. The magnetic equilibrium with / ~0.24/1.59,
~0.35/1.45 and ~0.33/1.40 for the discharges of the small, middle, and large VP configurations, 
respectively, are shown in Fig.1 (Left). It is noted that the q95 at each configuration is almost 
the same value of ~4 due to an increased IP in the case of a larger plasma volume (or surface 
area).

JAEA-Review  2008-045

−　��　−



 2

Fig. 1 (Left) The magnetic equilibrium with / ~0.24/1.59, ~0.35/1.45, and ~0.33/1.40 for discharges 
of small VP~50 m3 (solid line), middle VP~65 m3 (dotted line), and large VP~75 m3 (chained line) 
configurations, respectively. The contours of toroidal field ripples ripple of 0.4% (small VP~50 m3),
1.0% (middle VP~65 m3), and 2% (large VP~75 m3) are also shown. (Right) Poloidal cross-sectional 
view of JT-60U, comparing pre- (solid line) and post-FSTs (dotted line) campaigns for “large” volume 
plasmas (VP~75 m3). The locations of the FSTs are also shown. 

 Figure 2 (a) shows a dependence of the WELM/Wped on the VT,ped under a PSEP~5-6 
MW at each configuration. A reason for the narrower dynamic range toward the co-direction 
in the VT,ped for the larger volume configuration is due to an offset toroidal rotation towards 
the counter-direction at the edge plasma region due to larger losses of fast ions from 
perpendicular NBI. As shown in Fig.2 (b), the power fraction lost by fast ions is less than 15% 
in the configuration having small plasma volume, while it is more than 30% in the 
configuration having a large plasma volume. Also, the power fraction lost by fast ions in the 
configuration having a middle plasma volume is intermediate between them. Here, the power 
fraction lost by fast ions is defined as (Porbit+Pripple+PCX)/(PNBI-PST), which is the sum of the 
powers of the orbit loss, Porbit, ripple loss, Pripple, and charge exchange loss, PCX, normalized 
by the NBI power, PNBI, from which shine-through power, PST, is subtracted. 

The most important point in Fig.2 (a) is a systematic difference in the WELM/Wped

(in other words, offset WELM/Wped) varying from ~9% (small-volume), ~6% 
(middle-volume), and ~4% (large-volume) at a given VT,ped~-50 km/s, suggesting important 
roles of other parameters in determining the edge stability, such as TF-ripple (or losses of fast 
ions) and plasma configuration. It should be noted that the pedestal pressure and/or polodal 
beta tends to decrease when plasma volume increases. However, the decrease in WELM is 
larger than that seen in Wped, and hence WELM/Wped decreases when plasma volume or ripple
increases. 
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Fig. 2. (a) ELM energy loss normalized by the pedestal stored energy, WELM/Wped, plotted against 
toroidal rotation at the top of the pedestal, VT,ped, and (b) the VT,ped plotted against the power fraction 
lost by fast ions in the tangential co- (full circles), balanced- (full triangles), and counter- (full 
squares) plus perpendicular-NBI heated plasmas at a PSEP~5-6 MW for the configurations having 
toroidal field ripples of ripple~0.4% (red; small VP~50 m3), 1.0% (blue; middle VP~65 m3), and 2% 
(green; large VP~75 m3), respectively. The power fraction lost by fast ions are defined as 
(Porbit+Pripple+PCX)/(PNBI-PST), which is the sum of the powers of the orbit loss, Porbit, ripple loss, Pripple,
and charge exchange loss, PCX, normalized by the NBI power, PNBI, from which shine-through power, 
PST, is subtracted. 

3. Effects of reduced TF-ripple on ELMs 
Recent experiments run on JT-60U have successfully demonstrated a reduction of 

the toridal field ripple after the installation of Ferritic Steel Tiles (FSTs) inside the vacuum 
vessel. One of the advantages of H-mode studies on JT-60U is that a comparison between the 
pre- and the post-FSTs campaigns makes it possible to clarify the effects of reduced TF-ripple 
on ELMs and the pedestal under the matched plasma configurations as shown in Fig.1 (Right), 
eliminating uncertainties in the shaping effect. 

An enhanced VT,ped into the co-direction due to reduced losses of fast ions from 
perp.-NBI is clearly observed after the installation of FSTs only at the large VP configurations 
(~75 m3) shown in Fig.1 (Right), and the pped tends to increase with VT,ped. The result from the 
calculation using the Fully Three-Dimensional magnetic field Orbit-Following Monte-Carlo 
(F3D OFMC) code shows that the power fraction lost by fast ions is reduced from 30-40% in 
the pre-FSTs campaign to 15-20% in the post-FSTs campaign in the configuration having 
large plasma volume with co-tangential plus perpendicular-NBI discharges. Furthermore, 
compared to the pre- and the post-FSTs campaigns, a higher pped is obtained in the case with 
FSTs even at a given VT,ped, again. The extended width of the H-mode pedestal with enhanced 
VT,ped into the co-direction and a reduced TF ripple are also demonstrated after installation of 
FSTs only at the large VP configurations so far. These experimental results are obtained by a 
systematic comparison between the pre- and the post-FSTs campaigns at a matched plasma 
shape with almost the same wall conditions, eliminating uncertainties regarding both the 
shaping effect and neutral recycling. So far, no significant enhanced pedestal performances, 
such as higher pedestal height and/or wider pedestal width, have been achieved in other 
configurations (e.g., small and middle volume cases). 
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A comparison of the pre- and post-FSTs 
campaigns shows that they share a similarity 
regarding the dependence of WELM/Wped on VT,ped
as shown in Fig.3. This is because both ELM 
energy loss WELM and pedestal stored energy 
Wped increase accoring to the enhanced VT,ped
toward the co-direction, and hence, dependences 
of the normalized ELM energy loss WELM/Wped
on VT,ped remain unchanged even after FSTs 
installation. So, it is suggested that the role of 
“configuration” is more important than ripple in 
the appearance of small Type-I ELM in large 
volume plasma, and the TF-ripple itself and/or 
losses of fast ions may not be directly related to 
the normalized ELM energy loss, WELM/Wped.

4. Summary 
Recent experimental studies are 

presented regarding ELMy H-mode plasma having 
Type-I ELMs in the JT-60U. No remarkable effect 
of reduced toridal field ripple due to the installation 
of Ferritic Steel Tile (FSTs) inside the vacuum 
vessel on the JT-60U on ELMs for large volume 
plasma is seen in the ELM energy loss normalized 
by the pedestal stored energy, WELM/Wped. In a comparison of the pre- and the post-FSTs 
campaigns, the similar dependences of the WELM/Wped on the VT,ped was seen. It is due to the 
increase in both WELM and Wped according to the enhanced VT,ped in the co-direction, suggest 
that plasma configuration plays a more important role than ripple in the appearance of small 
Type-I ELM in large volume plasma. The TF-ripple itself and/or losses of fast ions may not 
directly affect the normalized ELM energy loss, WELM/Wped.
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[4] Kamiya K., et al., Plasma and Fusion Research 2, 005 (2007).

Fig. 3 A comparison of pre- and post-FSTs 
campaigns in terms of ELM energy loss 
normalized by the stored energy in the 
pedestal region, WELM/Wped, plotted against 
the toroidal rotation at the top of the 
pedestal, VT,ped, in the tangential co- (circles), 
balanced- (triangles), and counter- (squares) 
plus perpendicular-NBI heated plasmas at 
PSEP~5 MW for the configuration having 
large plasma volume (VP~75 m3).
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5.3 Effect of Toroidal Field Ripple in JET/JT-60U Similarity Experiments 

N. Oyama, G. Saibene1), V. Parail2), H. Urano, J. Lönnroth3), Y. Kamada  
1) EFDA Close Support Unit – Garching 
2) Euratom/UKAEA Fusion Association 

3) Association Euratom-Tekes, Helsinki University of Technology, Finland. 

1. Introduction 
   Inter-machine comparison is a very powerful tool to identify the physics mechanism 
determining the plasma behavior, as well as a way to validate the physics assumptions at the 
basis of physics based scalings used for the prediction of the plasma parameters of ITER. In 
2003-2004 experimental campaign, successful identity experiments were performed in both 
devices aimed at the comparison of the plasma pedestal characteristics and ELM behavior in 
the two devices. The experimental results indicated that the observed differences between JET 
and JT-60U H-mode pedestal in matched shape plasmas may be due to toroidal field ripple (see 
Fig. 1) and/or resultant differences in toroidal rotation [1], because the analysis shows that 
MHD stability of both tokamaks is similar and probably cannot explain the observed difference 
in ELMy H-mode performance [2]. In this experimental campaign, therefore, the pedestal 
performance and ELM characteristics with reduced ripple using Ferritic Steel Tiles (FSTs) are 
compared with previous experiments without FSTs. 

2. Experimental Result 
2.1 Effect of toroidal field ripple using matched plasma configuration 
 The toroidal magnetic field of 3.1T in previous experiments was determined so as to 
match non-dimensional parameters between two devices at 1.08MA and 1.8MA. However, 
only small reduction of toroidal field ripple can be expected at 3.1T. Therefore, the toroidal 

��

��

��� ��� ���

Fig. 1. (a) and (b) Plasma configuration for similarity experiments with ripple amplitude in JT-60U 
(a) and JET (b). Linear (log) scale is used for JT-60U (JET). (c) Comparison of "quasi" ripple well 
structure between JT-60U plasmas without (gray) and with (black) FSTs. 
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magnetic field of 2.2T at 1.08MA was selected from view points of the availability of edge 
diagnostics in JET and of the level of ripple reduction. Figure 1(c) shows the comparison of 
"quasi" ripple well structure [3] evaluated at a section where the maximum local ripple exists in 
the case with FSTs. The required injection power to achieve the given absorbed power of 
~8.5MW was reduced from 14.1MW without FSTs to 11.9MW with FSTs, which corresponds 
to the reduction of the loss power fraction (Ploss/Pinj) from 39% to 29%. Since the reduction of 
fast ion losses mitigated the formation of an inward electric field, which causes the toroidal 
rotation in the direction counter to the plasma current (ctr-rotation), plasmas with FSTs can 
rotate in the co-direction. In these operational conditions, NBI power scan and density scan 
were performed to investigate the effect of toroidal field ripple and toroidal rotation. 
 The value of electron density and temperature at the top of the pedestal are compared in 
Fig. 2. In this figure, only the data from type I ELMy H-mode plasmas are plotted. When we 
applied a constant gas puffing of 7Pa m3/s, a degradation 
of pedestal pressure was observed together with a 
change of ELM characteristic, where ELM type was 
changed to mixture of type I ELM and type III ELM. 
The variation of the data and achievable pressure were 
similar in both cases with and without FSTs. In the 
previous experiments, an improvement of pedestal 
performance was observed, when perpendicular NBIs 
were replaced with N-NBI, as shown by diamonds in Fig. 
2. We had considered that a reduction of fast ion losses 
and consequent reduced ctr-rotation were possible 
candidates to explain the improved pedestal pressure at 
the time. After installation of FSTs, smaller ctr-rotation 
than previous experiments was obtained in some 
plasmas. However, no clear improvement was observed 
as shown in Fig. 2. 
 The achieved total pedestal pressure (pped)
including ion pressure as a function of the toroidal 
rotation frequency (VT) measured at the top of Ti

pedestal is plotted in Fig. 3. The achievable pped of about 
5kPa was similar between the plasma with and without 
FSTs except for the plasma with N-NBI, and no clear 
dependence on VT was observed so far. The H-mode 
performance, HH factor, was also similar in plasmas with 
and without FSTs. Therefore, a dependence of HH factor 
on pedestal pressure was similar. 
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Fig. 3. Comparison of total 
pedestal pressure as a function of 
toroidal rotation frequency 
measured at Ti pedestal between 
plasmas with and without FSTs. 
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Fig. 2. Comparison of electron 
density and temperature at 
pedestal between plasmas with and 
without FSTs together with 
corresponding JET data. 
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 In contrast to pedestal and H-mode performance, remarkable changes in ELM 
characteristic were observed after the installation of FSTs. Although the pedestal stored energy 
was similar as shown in Fig. 3, the ELM energy loss ( WELM) became 1.5-2.5 times higher. On 
the other hand, the reduction of the ELM frequency (fELM) was smaller than the increase in the 

WELM. Therefore, the ELM loss power (PELM=fELM WELM) became larger as shown in Fig. 
4(a). As for the fELM, it is noted that ELM frequency dependence (fELM/Psep) follows the other 
H-mode experiments [4, 5] as shown in Fig. 4(b). This result suggests that a change in ELM 
frequency dependence is related to the change in the edge toroidal rotation. 

2.2 Effect of local ripple well region near Xp

 There is a local ripple well region near Xp even after the installation of FSTs as shown in 
Fig. 1(c), because FSTs were only installed from midplane to the top of the plasma. The effect 
of local ripple well region was also investigated, because the ASCOT simulation including an 
effect of ripple induced thermal ion losses indicates that a ripple near Xp has significant 
contribution to the thermal ion confinement [6]. In the 
experiment, pedestal performance between high and low Xp

configurations was compared using the same plasma parameters 
in Sec. 2.1. A high Xp configuration was obtained by shifting 
plasma configuration up by 14cm as shown in Fig. 5. 
 Achieved plasma profiles are compared in Fig. 6. No 
considerable difference between two configurations was 
observed. Time evolution of Wdia during the power scan was 
also similar. The ELM frequency of ~80Hz in the low Xp

configuration was higher than that of ~60Hz in the high Xp

configuration. The main reason of different ELM frequency was 
considered due to higher recycling level in the low Xp

�����������

�����������

Fig. 5. plasma shape in 
high and low Xp
configurations.
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Fig. 4. (a) ELM loss power as a function of power through the separatrix. (b) Normalized 
ELM frequency as a function of toroidal rotation frequency at the top of pedestal. 
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configuration, because the difference in toroidal rotation was not so large and edge profiles 
were similar. These experimental observations indicate that the effect of local ripple well near 
Xp on the pedestal performance is small. In addition to this, ELM frequency seems to be more 
sensitive to the recycling level than pedestal parameters. 

3. Summary and Discussion 
 Effects of toroidal field ripple on pedestal performance and ELM characteristics were 
investigated by comparing plasmas with and without FSTs using JET/JT-60U similarity 
configuration. Although the reduction of fast ion losses and consequent reduced counter plasma 
rotation were achieved, no significant improvement of pedestal performance has been observed. 
On the other hand, a change in ELM size, which resulting in higher PELM/Psep, was clearly 
observed. The ELM frequency dependence on the toroidal rotation was similar to that observed 
in the dedicated H-mode experiments with large plasma configuration. The effect of local 
ripple well region near Xp was also investigated using upper shifted plasma configuration. The 
comparison of plasma profiles between high and low Xp configuration revealed that the effect 
of the local ripple well near Xp on the pedestal performance was small (at least in case without 
gas puffing). In order to understand effects of toroidal field ripple and/or toroidal rotation, more 
experiments and analysis will be needed to connect other experimental results, because the 
improvement of pedestal pressure was observed when the ctr-rotation became small in other 
H-mode experiments [4]. In addition to this, the reason of the improvement of the pedestal 
performance and ELM characteristics using N-NBI should also be understood in future 
experiments. 
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5.4 ELM Frequency Dependence on Toroidal Rotation in the Grassy ELM Regime [1] 

N. Oyama, Y. Kamada, A. Isayama, H. Urano, Y. Koide,  
Y. Sakamoto, M. Takechi, N. Asakura and the JT-60 Team 

The grassy ELM regime found in JT-60U is one of small ELM regimes in a 
low-collisionality region. The grassy ELMs are characterized by a high frequency and 
localized periodic collapse at the edge. So far, the safety factor (q95), triangularity (), poloidal 
beta (p) and edge toroidal rotation have been found to be important plasma parameters in 
determining access to the grassy ELM regime. Although the grassy ELM regime seems to be a 
common small ELM regime in tokamaks, further investigation is needed in order to 
understand the effect of toroidal rotation on the access to the grassy ELM regime, so that the 
applicability to ITER can be discussed, because the ASTRA code predicts a small toroidal 
rotation frequency of 0.26 kHz for ITER in the fusion gain of 10 standard scenario. 
 In an attempt to investigate the effect of the toroidal rotation on ELM characteristics in 
JT-60U, systematic scans in the level of toroidal rotation and p were performed in high q95

(>6) and high  (>0.53) plasmas by varying the combination of tangential and perpendicular 
NBIs. As ctr-rotation increased, the ELM frequency clearly increased up to ~1400 Hz 
independently of p in the range 0.84 < p < 1.88 at  > 0.53. Even in plasmas with zero 
rotation and balanced NBIs, a higher ELM frequency of ~400 Hz compared with that in 
typical type I ELMs has been observed without large ELM energy loss (WELM). When the 
plasma rotation frequency becomes higher than ~1 kHz in co-direction, on the other hand, 
type I ELMs with frequency of ~20 Hz have been observed. In a series of toroidal rotation 
scans, no degradation in the pedestal pressure was observed. In the grassy ELM regime, 
WELM was estimated to be several kJ based on the fast drop in the edge temperature, and its 
ratio to the pedestal stored energy to be less than 1%. The small WELM in the grassy ELM 
regime was characterized by the narrow radial extent of the collapse of the temperature 
pedestal. Likewise, the ELM-affected area seemed to be constant within the spatial resolution 
of the diagnostics in the grassy ELM regime for a range of ELM frequencies from ~200 Hz to 
~1400 Hz. 
 Comparing the response to a change in the toroidal rotation frequency between the high 
plasmas (>0.53) and configurations with slightly lower  (~0.43) shows that higher  seems 
to increase the threshold of toroidal rotation frequency where there is a transition from the 
grassy ELM regime to the type I ELM regime. The requirement of toroidal rotation frequency 
for access to the grassy ELM regime may be less stringent in highly shaped plasmas. In other 
words, high  plasmas may have a wider operation window in the toroidal rotation. 

Reference 
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6. MHD Instability and High-Energy Ions 

6.1 Control of Growth of Neoclassical Tearing Mode  
by Central Co-ECCD [1, 2] 

A. Isayama, N. Oyama, H. Urano, T. Suzuki, M. Takechi, S. Ide, Y. Kamada, T. Ozeki,  
K. Nagasaki1), and the JT-60 team 

1) Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan 

In a fusion reactor such as ITER, plasma operation with a high fraction of bootstrap 
current is expected to reduce the need for externally driven current. In such plasmas, however, 
neoclassical tearing modes (NTMs) would be excited. Since NTMs degrade plasma 
performance and sometimes cause a disruption, it is critically important to establish a scenario 
to control the NTMs. In JT-60U, stabilization of an m/n=3/2 NTM was previously 
demonstrated by identifying the mode location and optimizing the injection angle of electron 
cyclotron (EC) wave. Here, m and n are the poloidal and toroidal mode numbers, respectively. 
In this operational scenario, the EC wave was deposited at the center of the island.  

As another scenario, we investigated the possibility of the control of a 3/2 NTM by 
electron cyclotron current drive (ECCD) in the same direction as the existing plasma current 
(co-ECCD). Since co-ECCD decreases the safety factor in the central regime, the scale length 
of current profile will decrease at the mode rational surface, which will act to stabilize the 
NTM according to the modified Rutherford equation. In addition, since co-ECCD will 
enhance sawtooth oscillations as previously demonstrated in JT-60U [2], some stabilizing or 
destabilizing effects on an NTM are expected.  

In experiments, behaviors of a 3/2 NTM for no ECCD, 2-unit ECCD, and 4-unit ECCD 
were compared. Plasma parameters were as follows: plasma current Ip=1.5 MA, toroidal field 
Bt= 3.7 T, safety factor at 95% of flux surface q95=3.9. Without ECCD, a 3/2 NTM appeared 
with ~20 MW neutral beam injection at N~1.6 ( p=1.2), and no sawteeth was observed 
throughout the discharge. For 2-unit ECCD (EC-driven current IEC~70 kA), sawteeth 
appeared soon after ECCD, and a 3/2 NTM appeared at similar time as no ECCD case. While 
the growth rate of the 3/2 NTM for the 2-unit ECCD was twice as large as that for no-ECCD, 
the mode amplitude saturated at similar level. For 4-unit ECCD (IEC~130 kA), the growth of a 
3/2 NTM was suppressed and the mode amplitude was kept ~1/5 of the other cases. The mode 
amplitude was kept low even after the EC wave was turned off, and sustained for more than 
10 times energy confinement time. In both 2-unit ECCD and 4-unit ECCD cases, the 3/2 
NTM was not triggered by a sawtooth crash. Frequency spectrum of magnetic perturbations 
for the 4-unit ECCD showed that the mode frequency of the 3/2 NTM was modulated by a 
sawtooth crash while such a modulation was not observed for the 2-unit ECCD case. This 
suggests that a sawtooth crash could affect the 3/2 NTM. The value of N for the 4-unit was 
6% higher than that for the 2-unit ECCD case, showing that it can be another candidate for 
NTM control. 
References 
 [1] Isayama, A., et al., Plasma Fusion Res. 1, 030 (2006).  
 [2] Isayama, A., et al., Proc. 21st IAEA Fusion Energy Conference, EX/4-1Ra (2006); 

submitted to Nuclear Fusion. 
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6.2 Stabilization of an m/n=2/1 Neoclassical Tearing Mode  
by Electron Cyclotron Current Drive [1] 

A. Isayama, N. Oyama, H. Urano, T. Suzuki, M. Takechi, N. Hayashi, K. Nagasaki1),
Y. Kamada, S. Ide, T. Ozeki and the JT-60 team 

1) Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan 

Suppression of NTMs is important to obtain and sustain a high-beta plasma. In previous 
JT-60U experiments, an m/n=3/2 NTM was completely stabilized by using a real-time NTM 
stabilization system, where the detection of the mode location and the optimization of the 
injection angle of EC wave were performed in real time. Also, preemptive NTM stabilization, 
where EC wave was injected to the anticipated mode location before the mode onset, was 
shown effective. In addition, a high-beta plasma with the normalized N~3 was sustained for 
5 times longer than the energy confinement time by suppressing NTMs.  

Stabilization of an m/n=2/1 NTM by ECCD at the mode rational surface was performed. 
In particular, effect of ECCD location on stabilization was investigated in detail. Complete 
stabilization was achieved when the misalignment of ECCD location was less than about half 
of the full island width (~5 cm) . Also the mode amplitude was found to increase when the 
misalignment was comparable to the island width. After the finer tuning of the ECCD 
location, a 2/1 NTM has been completely stabilized only with one gyrotron (~0.6 MW). The 
ratio of the EC-driven current density to the bootstrap current density at the mode rational 
surface, jEC/jBS, which is a measure of the efficiency of NTM stabilization, was as low as 
~0.5.

Simulation of the stabilization of an m/n=2/1 NTM was performed using the TOPICS 
code combined with the modified Rutherford equation. The coefficients in the modified 
Rutherford equation were determined by comparing with experimental results. The TOPICS 
simulations were found to well reproduce the stabilization and destabilization of a 2/1 NTM 
observed in JT-60U experiments with the same set of coefficients in the modified Rutherford 
equation. The TOPICS simulations also predicts that ECCD width has a strong effect on 
NTM stabilization. 

Reference
[1] Isayama, A., et al., Proc. 21st IAEA Fusion Energy Conference, EX/4-1Ra (2006); 
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6.3 Effect of Plasma-Wall Separation on the Stability of Resistive Wall Modes [1]

G. Matsunaga, M. Takechi, G. Kurita, T. Ozeki, Y. Kamada and JT-60 Team

For fusion reactor with an economically attractiveness, a resistive wall mode (RWM)
that could limit β-value must be stabilized. The RWM is an instability of which growth time is
slower to the order of the wall skin time due to the finite resistivity of the wall. It is predicted
that the RWM stability, in particular the growth rate, strongly depends on the plasma-wall
separation. Therefore, to clarify the effect of the plasma-wall separation on the RWM stability,
we have performed current-driven RWM experiments in the JT-60U ohmic plasmas. In ohmic
discharges, since a MHD stability is determined by only q-profile, the behavior of the MHD
instability can be purely interpreted. In the experiment, the plasma was placed near the outer
wall, and the plasma current was ramped up so as to destabilize the current-driven RWM. When
the edge safety factor qeff, which is q-value at about 97% of minor radius, was just below 3, a
thermal collapse occurred due to an instability with a clear m/n = 3/1 mode structure. The
growth time of this instability is about 10 ms which is the order of the skin time of the JT-60U
wall τw = 10 ms. Therefore, the instability has been identified as a current-driven RWM.

To investigate the effects of the plasma-wall separation on the RWM, the plasma-wall
separation was changed from shot to shot, and the clearance feedback control was utilized to
keep the plasma-wall separation constant in a shot. In consequence, it is found that the growth
rates has the strong dependence on the wall position. Thus, the growth rate became smaller
with decreasing the plasma-wall separation. Additionally, the observed growth rates have been
compared with the AEOLUS-FT code, which is based on the resistive MHD equations with a
resistive wall, and the model of the RWM dispersion relation. According to the AEOLUS-FT
calculations, an m/n = 3/1 kink mode and an m/n = 2/1 tearing mode are unstable together
under these experimental conditions. The dependence of the observed growth rate on the wall
position is in qualitative agreement with an m/n = 3/1 kink branch, in contrast, it is quite
different from an m/n = 2/1 tearing branch. However, in this comparison, the absolute value
of the observed growth rates is about a factor 10 smaller than the dispersion relation with
τw = 10 ms. Taking into account the time scale of the equilibrium evolution, the observed
growth rate could be smaller than a liner growth rate [2]. Actually, the reevaluated growth
rates are consistent with the RWM dispersion relation with τw = 10 ms. This point is required
to investigate in future work.

References
[1] G. Matsunaga et al., Plasma Phys. Control. Fusion 49, 95 (2007)
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6.4 Identification of a Low Plasma-Rotation Threshold  
for Stabilization of the Resistive-Wall Mode [1]

M. Takechi, G. Matsunaga, N. Aiba, T. Fujita, T. Ozeki, Y. Koide,  
Y. Sakamoto, G. Kurita, A. Isayama, Y. Kamada, and the JT-60 team 

  To realize an economical fusion reactor, stabilization of the low-n kink-ballooning mode is 
necessary.  The growth rate of the external kink-ballooning mode can be reduced with a 
close-fitting conducting wall, and the resulting mode, the so-called resistive-wall mode 
(RWM), has a growth time corresponding to the time constant of the relaxation of the wall 
current.  There are two different procedures for stabilizing RWM.  The first is the feedback 
control stabilization using externally applied non-axisymmetric magnetic fields with coils in 
order to compensate for the diffusion of flux.  The second is stabilization of RWM by 
toroidal plasma rotation.  Both theories and experiments imply that the critical rotation 
velocity is around 1%–2% of the Alfven velocity.   The most significant problem in the 
previous experiment is that investigation of the critical rotation is performed with magnetic 
braking by adding an asymmetric magnetic field, the so-called error field.  It has been 
pointed out that the error field plays a very important role in the destabilization of RWM and 
should be substantially reduced near the limit for the ideal mode without a wall, the so-called 
“no-wall limit”.  Since RWM stability itself is affected by the error field, which is the origin 
of magnetic braking, we should not use magnetic braking in the investigation of critical 
rotation.   
  For investigating the critical rotation, we employ a weak reversed magnetic shear plasma 
with Ip = 0.9 MA and Bt = 1.58 T.  Internal inductance of this plasma is decreased to li = 0.8 
to decrease the no-wall limit. The clearance between the plasma surface and the first wall on 
the outer midplane is 0 = 20 cm, which is equivalent to a ratio of the radius of the first wall 
to the plasma minor radius of d/a = 1.2.  A very low rotation threshold was obtained in the 
JT-60U in an investigation of the critical rotation for stabilizing RWM by controlling the 
toroidal plasma rotation with changing the combination of tangential neutral beams (NBs) 
without magnetic braking. The observed critical rotation is Vt ~20 km/s and corresponds to 
0.3% of the Alfven velocity at the q=2 surface, much smaller than the previous prediction 
with magnetic braking. This low critical rotation does not increase as beta increases toward 
the ideal wall limit.  Also an ITER relevant low rotation (~0.4% of the Alfven velocity) 
stabilization of RWM is demonstrated for 50 times the skin time of the first wall.  These 
results indicate that for large plasmas such as in future fusion reactors with low rotation, the 
requirement of the additional feedback control system for stabilizing RWM is much reduced. 
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6.5 Confinement Degradation and Transport of Energetic Ions  
due to RSAEs and TAEs in Weak Shear Plasmas [1] 

M. Ishikawa, M. Takechi, K. Shinohara, G. Matsunaga, Y. Kusama, A. Fukuyama1), V. A. 
Krasilnikov2), Yu. Kashuck2), T. Nishitani, A. Morioka, M. Isobe3), M. Sasao4) and JT-60 team

1) Kyoto University, 2) TRINITI (Russia), 3) NIFS, 4) Tohoku Univ. 

Alpha particles play an important role in the plasma heating in burning plasmas. 
However, a high alpha particle pressure gradient can induce Magnetohydrodynamics (MHD) 
instabilities such as Alfvén Eigenmodes (AEs) (toroidicity-induced AEs (TAEs)) or Energetic 
particle modes (EPMs). These MHD instabilities can cause enhanced transport of alpha particles 
from the core region of the plasma, which could degrade the performance of burning plasmas. 
Moreover, lost alpha particles could also damage the first walls. Thus, the understanding of alpha 
particle transport due to these instabilities is the important research issue for ITER. Then, several 
kinds of AEs and EPMs have been predicted theoretically and observed experimentally and their 
effects on energetic ions have been studied in several Tokamak, ST and Helical devices. Recently, 
another type of AEs, whose frequency largely sweep with the time scale of a few hundreds 
millisecond and then saturate as the minimum value of the safety factor (qmin) decreases, have 
been extensively studied. These frequency behavior can be explained by reversed-shear induced 
AEs (RSAEs) [2] and its transition to TAEs. In the previous studies in JT-60U, confinement 
degradation of energetic ions due to these AEs has been confirmed from the measurements of the 
total neutron rate. However, since the measured total neutron rate is a volume-integrated value, it 
has not been known how energetic ions are transported in the plasma and/or lost.  

In the present work, in order to investigate radial transport of energetic ions due to 
these modes, line-integrated neutron emission profile are measured using a large neutron 
collimator array [3] and compared with the calculated value by a classical theory using a transport 
code TOPICS. As a result, it is found that energetic ions are transported from core region of the 
plasma due to these AEs for the first time. Further, changes in energy distribution and flux of the 
charge exchange (CX) neutral particle are measured [4] in order to investigate energetic ion 
transport in the velocity space. The changes in energy distribution of CX neutral fluxes suggest 
the radial transport is due to the resonance interaction between energetic ions and AEs. Thus, the 
results of the measurements of neutron emission profile and CX neutral particle flux indicate that 
radial transport of energetic ions is induced by the resonance interaction between energetic ions 
and AEs. 
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6.6 Orbit Following Calculation of Energetic Ions in the Design of Ferritic Insertion [1]

K. Shinohara, Y. Suzuki, S. Sakurai, K. Masaki, T. Fujita, and Y. Miura

The toroidal field (TF) ripple induces loss of energetic ions due to local mirror trapping

(ripple trapped loss) and/or due to luck of symmetry of banana orbit (banana diffusion). Such

enhanced transport of the energetic ions reduces the efficiency of the heating and current

drive. To avoid such enhanced transport due to the ripple induced loss, installation of ferritic

steel was proposed. The first experiment was carried out on JFT-2M to investigate the

reduction of energetic ion loss by using ferritic steel. And the reduction of NB ion loss and

the compatibility of ferritic steel with high performance plasmas were demonstrated [2, 3].

Through the valuable experience and results on ferritic insert experiments on JFT-2M,

ferritic insertion on JT-60U was decided. The TF ripple reduction by the ferritic insertion is

expected to contribute to the steady-state high-beta plasmas research, because the reduction

of energetic ion loss brings: 1) enhancement of the heating and current drive “effective”

efficiency, 2) extended pulse length of RF injection due to the reduced heat flux on antennas

and improved coupling between antennas and a plasma with a smaller gap, 3) availability of

wall stabilization without losing heating power, and 4) possibility of enhanced availability of

the rotation control to improve the MHD stability and transport.

The design work was carried out aiming at effective, machine-safe, and short-term

installation. In the design work, the enhanced confinement of energetic ions and absence of

the large heat flux on the first wall has been assessed for the NB ions (two co- tangential, two

counter-tangential, seven perpendicular positive ion-based neutral beams and one

co-tangential negative ion-based neutral beam) by using the Fully three Dimensional

magnetic field Orbit-Following Monte-Carlo code, which was developed under the ferritic

insert program in JFT-2M. We investigated several configurations of ferritic insertion. In the

final design, the loss power ratio to the injected NB power is reduced by larger than 10 % in

a large volume plasma.
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AEs (RSAEs) [2] and its transition to TAEs. In the previous studies in JT-60U, confinement 
degradation of energetic ions due to these AEs has been confirmed from the measurements of the 
total neutron rate. However, since the measured total neutron rate is a volume-integrated value, it 
has not been known how energetic ions are transported in the plasma and/or lost.  

In the present work, in order to investigate radial transport of energetic ions due to 
these modes, line-integrated neutron emission profile are measured using a large neutron 
collimator array [3] and compared with the calculated value by a classical theory using a transport 
code TOPICS. As a result, it is found that energetic ions are transported from core region of the 
plasma due to these AEs for the first time. Further, changes in energy distribution and flux of the 
charge exchange (CX) neutral particle are measured [4] in order to investigate energetic ion 
transport in the velocity space. The changes in energy distribution of CX neutral fluxes suggest 
the radial transport is due to the resonance interaction between energetic ions and AEs. Thus, the 
results of the measurements of neutron emission profile and CX neutral particle flux indicate that 
radial transport of energetic ions is induced by the resonance interaction between energetic ions 
and AEs. 
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6.7 Observation of Spontaneously Excited Waves in the Ion Cyclotron Frequency Range [1]

M. Ichimura1), H. Higaki2), S. Kakimoto1), Y. Yamaguchi1), K. Nemoto1), M. Katano1),
M. Ishikawa, S. Moriyama, T. Suzuki

1) University of Tsukuba, 2) Hiroshima University 

In magnetically confined plasmas, fluctuations in the ion cyclotron range of frequency 
(ICRF) may be driven by the presence of non-thermal ion distribution.  In burning plasma 
experiments on JET and TFTR, ion cyclotron emissions (ICEs) have been observed in the ion 
cyclotron frequency and its higher harmonic regions [2,3].  Two types of magnetic 
fluctuations are detected on JT-60U: one is due to high energy D ions from neutral beam 
(NB) injections and the other is due to fusion products (FPs) of 3He and T ions.  FP-ICEs 
will become a significant diagnostic tool for fusion reactions.  The precise study of the 
excitation mechanism is important for future burning plasma experiments. 

On JT-60U, deuterium NBs (positive ion based P-NBs and negative ion based N-NB) are 
used to realize the high performance operation.  ICRF antennas are used as pick up loops for 
detecting the electrostatic and/or electromagnetic fluctuations.  Two sets of ICRF antennas, 
which are installed with the distance of 1.67 m, are used in this experiment.    Sharp 
frequency peaks that correspond to the fundamental and 2nd harmonic cyclotron frequencies 
of 3He ion near the outer midplane edge of the plasma appear when the tangential P-NBs 
(80keV, 4MW) are injected.  After perpendicular P-NBs (80keV, 8MW) are injected, 
relatively broad peaks due to D ions are detected.  A peak with the lowest frequency appears 
after tangential N-NB (450keV, 3MW) is injected, which is considered to be due to T ions.  
The amplitude of peaks due to 3He ions becomes small when the density increases, even if the 
emission of neutrons becomes large.  On the other hand, the amplitude of the peak due to T 
ions appears when the emission of fusion neutrons becomes large enough.  The wave 
excitation mechanism will be related not only to the fusion reaction but also to the plasma 
parameters.  By using two antenna straps arrayed in the toroidal direction, the toroidal mode 
structure can be determined.  Fluctuations due to D ions have almost no phase difference 
between two straps, that is, small k// and will behave as electrostatic waves.  On the other 
hand, peaks due to FP-ions have finite phase differences and different wave numbers in the 
toroidal direction.  The wave number of the modes due to 3He and T ions is estimated to be 
around 3 and 10 m-1, respectively, which is determined from the measurement of phase 
differences among three different straps.  It is observed that peaks due to FP-ions are 
sometimes split into doublet shape as observed in JET burning experiments.  The phase 
differences of both peaks are measured and indicate that the two waves are traveling in both 
toroidal directions.  

The first measurement of the toroidal wave numbers of ICEs has been done. 
Experimental results support the excitation of the magnetoacoustic cyclotron instability is the 
possible origin of FP-ICEs. 
References 
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7. Plasma Control and Operational Limit 

7.1 Plasma Shape Calculation in a Magnetic Environment with Ferritic Steel Tiles [1, 2] 

K. Shinohara, S. Sakurai, K. Tsuzuki1), Y. Suzuki, O. Naito, K. Kurihara, T. Suzuki, Y. Koide 

1) The Institute of Applied Energy 

A precise plasma control on a large tokamak is one of the most important issues to 
avoid a crucial damage caused by large plasma current and TF strength. In particular, a 
plasma shape has a strong connection to energy confinement performance, and stability as 
well as safe operation. Since the reconstruction of a plasma shape and equilibrium is based on 
magnetic measurements, its accuracy depends on how the magnetic field only from a plasma 
can be detected by excluding the other components of magnetic fields.  

For the 2005-2006 experimental campaign, we have installed the ferritic steel tiles 
(FSTs) with high magnetism in order to improve the confinement of energetic beam ions [3]. 
Under such an environment with the FSTs, the sensors additionally pick up the total magnetic 
field including the field produced by the FSTs. The magnetic field by the FSTs is a 
consequence of the non-linear interactions between the FSTs and the plasma, and between the 
FSTs and the poloidal field coils. The real-time control could be difficult if the non-linearity 
were strong. The strength of the non-linearity had been marginal on the preliminary rough 
estimation. 

In the JT-60U, the code for the real-time plasma position and shape control is based on 
the Cauchy Condition Surface (CCS) method. Considerations on the available computational 
resources in real-time control suggested that we should revise the code using the following 
simple model. The FST influence on the sensors is evaluated in the model expressed by the 
functions as shown in Eq. 1, which were newly formulated through the numerical simulation 
and the fitting of the numerical results. 

        (1), 
where fe is a magnetic flux by the FSTs, Bfe is a magnetic field by the FSTs, i  is the group 
number (The FSTs are divided into four groups in the poloidal direction, considering 
computing resources). j  is the index of a mesh point at the plasma region and each magnetic 
sensor, t  is a calculation interval of the CCS control system, Xi  shows the representative 
position of the group i  and Bext  is the external magnetic field at each group due to plasma 
current and poloidal field coils, which is derived from CCS calculation results on one time 
slice, t , before the present time. 

Using the modified CCS code, we evaluated the effect of the FSTs on the JT-60U. It 
came to be understood that the FST effect of the magnetic field is very small less than 0.5 % 
of the field without the FSTs, on a plasma region. This implies that the non-linearity is so 
small in average that the iterative time to converge the FST magnetism effect is acceptable for 
a real-time control. The effect, however, on some specific magnetic sensors is still large, 
approximately 10 %, and should be taken into account in the calculation for the precise 
position control, because the distance between the FSTs and magnetic sensor is rather close.  

The real-time plasma shape control has been successfully carried out by employing this 
new version of CCS code under the environment with the FSTs on the actual plasma 
operation.
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7.2 Real-time Control of Current Profile in High-beta Plasmas [1] 

T. Suzuki, S. Ide, T. Oikawa, T. Fujita, M. Seki, G. Matsunaga, M. Takechi, 
O. Naito, K. Hamamatsu, M. Sueoka

In 2004, real-time control of the safety factor profile q(r) was demonstrated in a low 
-plasma by controlling current drive (CD) location through control of parallel 

refractive-index (N//) of lower-hybrid (LH) waves [2]. The control system was modified for 
application to high-  plasmas, aiming at development of weak magnetic-shear operation, such 
as the ITER hybrid-scenario. Thus, the modified system controls the minimum of the safety 
factor (qmin) that characterizes current profile in the weak-shear plasma. Here, the N// is 
properly selected to drive as much current at appropriate location under limited LH power, 
since the current drive efficiency is a function of the N//. It must be noted that driven current 
becomes small in a high-  plasma, since electron density becomes large due to good 
confinement. Instead of controlling N//, the LH power PLH is controlled to control qmin.
Increase in the off-axis LHCD current with PLH reduces central Ohmic current, since total 
plasma current Ip is fixed. Then the central current density decreases and qmin increases with 
PLH. The real-time control follows the equation dPLH /dt (qmin qmin,ref ) , where qmin,ref is a 
given reference. 

The control was applied to high- p mode plasma (Ip=0.8 MA, Bt=2.5 T, q95=5.9) having 
initial qmin of about 1.2. The normalized beta N was about 1.3-1.6 produced by 11 MW of 
NB heating. After the application of the qmin control, the reference qmin,ref was increased from 
1.3 to 1.7 taking 3 s, then the qmin followed the reference and reached 1.7. When the qmin was 
controlled fixed at 1.7, central electron temperature (r/a<0.3), line averaged electron density 
and stored energy started increasing, which shows formation of an internal transport barrier 
(ITB). The q profile measured by the MSE diagnostic has a reversed shear structure and the 
position of qmin was close to the foot of the ITB. The application of the real-time qmin control 
changed the q profile and lead to the change in confinement. Due to the resulting increase in 
electron temperature and pressure, central Ohmic current and bootstrap current increased, 
leading to decrease in qmin. However, the decrease in qmin was recovered by the increase in 
PLH by the control. The real-time qmin control was demonstrated in such self-regulated plasma, 
where the pressure and current profiles are linked through the bootstrap current. In this 
plasma, the bootstrap current fraction and the non-inductive current fraction were 46 % and 
87 %, respectively. 

Applying the control to another high-  discharge (Ip=0.8MA, Bt=2.4T, q95=5.4, N=1.7) 
with m/n=2/1 neo-classical tearing mode (NTM), qmin was raised above 2 (due to overshoot of 
the control, actually) and the NTM was suppressed, because the resonant rational surface 
(q=2) was eliminated. The stored energy increased by 16 % with the NTM suppressed. This 
elimination of the resonant q surface using the real-time current profile control could be a new 
route to achieve high-  avoiding NTM. 
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7.3 Off-axis NBCD Profile Measurement [1] 

T. Suzuki, S. Ide, T. Oikawa, T. Fujita, M. Ishikawa, O. Naito, K. Hamamatsu

In the development of the advanced tokamak (AT) operation scenario, more emphasis 
has been placed on the optimization and control of current profile using external current 
drivers [1]. Although the on-axis current drive schemes such as on-axis NBCD and ECCD 
have been investigated well, study on the off-axis current drivers is still under way despite of 
their important role in producing weak or reversed magnetic shear for better stability and 
confinement. The most important off-axis current driver will be the off-axis NBCD, since it is 
planned to be used in ITER and JT-60SA in developing the AT operation scenario. Although 
the off-axis NBCD had been successfully used in optimizing the current profile and driving 
current in many high-performance discharges demonstrated in JT-60U, the off-axis driven 
current “profile” has not yet been identified, since the driven current was too small and 
difficult to measure. Here, we investigate the off-axis NBCD, exploiting a newly developed 
analysis technique [2] to evaluate small change in current profile and a newly equipped 
multi-chordal neutron emission profile diagnostic [3], as well as improvement in MSE 
diagnostic itself. 

The off-axis NBCD (about 2MW) was applied in an ELMy H-mode plasma having 
steady current profile at Ip=1.2MA, Bt=3.8T, and high q95=5.4 to avoid sawtooth instability. 
No MHD activity except ELMs was observed. Change in the pressure and the resulting 
bootstrap current was minimized by replacing one perpendicular heating NB with the off-axis 
co-tangential NB for NBCD. Thus, change in the total current profile is attributed to the 
change in the NB driven current. Using the new analysis technique that evaluates temporal 
change in current profile with respect to a reference current profile [2], we found that the 
change in the total current profile by the off-axis NBCD was spatially localized at about 
r/a=0.65-0.8. The loop-voltage-profile analysis confirms that the NBCD current is spatially 
localized at the same location. Moreover, change in the neutron emission profile (by 17%) 
confirms spatially localized increase in the number of the beam ions at about the same 
location. The change in the emitted neutrons is attributed to the beam ions by the off-axis 
NBCD, since estimated thermal ion contribution (th-th) to neutron yield is about 10%. Thus, 
both the current profile and neutron profile measurements confirm the spatially localized 
NBCD current at the same location. The measured NBCD profile was compared with the 
calculation by the ACCOME code. Although the integrated NBCD currents by the 
measurement (106 41 kA) and the calculation (90 kA) agreed with each other, the peak of 
the measured profile is slightly outward shifted than the calculation by about 20% of the 
minor radius. The reason is not understood yet. The same discrepancy between the 
measurement and calculation was observed in another plasma having different plasma current 
(Ip=0.8 MA). The reason of discrepancy in the CD locations in the measurement and the 
calculation will be studied further. 
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7.4 Real-time Measurement and Feedback Control of Ion Temperature  
using Filter CXRS and RTP Systems [1]

M. Yoshida, S. Kobayashi1), H. Takenaga, S. Sakata, Y. Kamada and the JT-60 Team 

1) Institute of Advanced Energy, Kyoto University 

 A real-time feedback control of the pressure profile is essentially important in 
sustaining high performance plasmas. In previous studies on JT-60U, concerning the real-time 
feedback control of plasma parameters, an electron density control has been demonstrated by 
a interferometer with gas-puffing, and an electron temperature control has also been carried 
out by a fast electron cyclotron emission radiometer with neutral beams (NBs). On the other 
hand, a real-time feedback control system for ion temperature (Ti) has not been established 
due to lacks of a high time-resolution diagnostic and a rapid analytical scheme.  
 In this study, a three-filters charge exchange recombination spectroscopy (CXRS) 
system with minimum time resolution of 0.16 ms (maximum: 12 channels) [2] has been 
developed for the real-time measurement and feedback control of Ti profiles. The Ti and 
plasma rotation velocity (Vr) are determined by the ratios of the intensity at the central 
wavelength channel to that of the shorter wavelength channel and to that of the longer 
wavelength channel. We also developed this analytical scheme for rapidly calculating Ti and 
Vr. In order to improve the dynamic range, the passband of each filter used for the fast CXRS 
diagnostic is optimized for the target value of Ti~0.1 - 20 keV and Vr~-400 km/s - +400 km/s. 
In order to demonstrate the local Ti control, the local transport time scale has been estimated 
by a beam perturbation experiment [3]. The time scale of real-time Ti profile control should 
be about 10 ms, and the time resolution of Ti measurement should be about a few ms. 
Real-time processor system has also been improved by utilizing advantage of the filter CXRS 
method. The system accumulates raw data from filter CXRS for 4 ms, and processes them to 
Ti, where the processing time is only 2 ms owing to filter CXRS. Utilizing this filter CXRS 
system, real-time control of the central Ti has been demonstrated in ELMy H-mode plasmas 
(IP=1.2 MA, BT=2.67 T). The number of NB units (U) is determined as, 
U=Ubase+GP T(t)+GD( T(t)- T(t- t))/ t, where Ubase, GP , GD and T in keV represent the 
number of base NB units, proportional gain, differential gain and the difference between the 
reference value of Ti (Tref) and the observed value (Tobs), respectively. The GP value is 
calculated by the relation between U and the central Ti (r/a~0.3). For the control of central Ti,
we adopted Ubase=2, GP=8, and GD=0.4. Using these gains, the central Ti agrees with Tref

within T~0.5 keV (<10% of Tref), where injected units of NB heating were successfully 
controlled in real time.  
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7.5 Real-time Control of Ion Temperature Gradient [1]

S. Kobayashi1), M. Yoshida, H. Takenaga, S. Sakata, Y. Kamada and the JT-60 Team 

1) Institute of Advanced Energy, Kyoto University 

 In fusion plasmas, the real-time feedback control of the pressure gradient is subject not 
only for sustaining the high performance plasma with internal transport barrier (ITB) but also 
for avoiding the disruptive MHD instabilities due to the steep pressure gradient. The real-time 
control of the ion temperature profile is key issue for the control of the pressure gradient in 
the high performance plasmas, since the steep ion temperature gradient has been observed in 
the ITB plasmas. Recently, we developed the high time-resolved measurement system of the 
ion temperature profile and its rapid analytical scheme using the filter charge exchange 
recombination spectroscopy [2]. Utilizing the filter CXRS system to the real-time monitor of 
the ion temperature profile, we carried out the demonstration of the feedback control of the 
ion temperature gradient (grad-Ti) in JT-60U [1]. In order to control grad-Ti, two categories of 
the neutral beam (NB) heating, core and edge heating, were used whose deposition profiles 
have each peak at the core and peripheral regions, respectively. The number of NB units UNB

was determined by the following formula using the difference between the measured ion 
temperature gradient and the reference one T, UNB

k = Gp
k T(t) + Gd

k ( T(t) – T(t- t))/ t,
where Gp

k and Gd
k are the proportional and differential gains. The superscript of “k” denotes 

the species of the core and edge NB heating units. 
 The feedback control experiment of grad-Ti was demonstrated in the ELMy H-mode 
plasmas with ITB (Ip/Bt = 1.0MA/2.27T). The reference value of the temperature gradient 

TREF/ R was pre-programmed to be in the range from -6.9 to -2.8 keV/m at the measurement 
positions between  = 0.26 to 0.65. The maximum NB units for the base, core and edge 
heating was 3 (= 6 MW) each other. We adopted the same proportional gain by 1.2 for core 
and edge heating, that is, the minimum value of the controllable grad-Ti was equivalent to 

0.8keV/m and the total NB unit for core and edge heating was kept constant. The core and 
edge NB heating was controlled in real time according to the difference in grad-Ti. In the 
earlier phase of the discharge, measured gradient TCXR/ R reached to the reference value, 
and TCXR/ R was almost controlled to the reference in the ramp down phase. In the re-ramp 
up phase, however, TCXR/ R did not recover up to the reference due to the occurrence of the 
MHD instabilities. The histeresis-like characteristics of grad-Ti obtained from the transient 
response analysis shows the increase in the central Ti using the additional core heating is 
required to recover the grad-Ti in the case where ITB was degraded. 
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7.6 Burn Control Simulation Experiments [1, 2] 

K. Shimomura1), H. Takenaga, H. Tsutsui1), H. Mimata1), S. Tsuji-Iio1), Y. Miura, 
K. Tani, H. Kubo, Y. Sakamoto, H. Hiratsuka, H. Ichige, I. Yonekawa, M. Sueoka,  

Y. Kawamata, R. Sakamoto2), S. Kobayashi3), R. Shimada1)

1) Tokyo Institute of Technology 2) National Institute for Fusion Science,  
3) Institute of Advanced Energy, Kyoto University 

Burning plasma is in a self-organized state, where plasma pressure and heating power 
are strongly coupled through -particle heating and this coupling could easily cause a thermal 
excursion without burn control. In order to study burn controllability in the self-organized 
state, burn control simulation experiments were conducted in non-burning DD plasmas by 
using a burning plasma simulation scheme. Two neutral beam (NB) groups were used, where 
one simulates -particle heating and the other simulates external heating. The 11 positive-ion 
based NB units were divided into the two groups. The injected NB power was about 2.2 
MW/unit. The number of injected NB units for -particle heating simulation group was 
controlled proportionally to the measured DD neutron yield rate (Sn) using a real-time control 
system. On the other hand, the number of injected NB units for external heating simulation 
group was determined with a feedback control system against the stored energy (W). he
control interval for the NB system is 0.01 s. 

The experiments were conducted in ELMy H-mode plasmas at Ip = 1.0 MA, BT = 2.1 T 
and q95 = 4.1 and reversed shear (RS) plasmas with an internal transport barrier at Ip = 1.0 MA, 
BT = 3.7 T and q95 = 6.8. The values of W and Sn were controlled at nearly constant values in 
both ELMy H-mode and RS plasmas. However, variation of the NB power for the external 
heating simulation was larger in the RS plasmas than that in the ELMy H-mode plasma, 
indicating that larger control margin is necessary for the RS plasmas. In order to understand 
the physical mechanism for the difference between ELMy H-mode and RS plasmas, we 
conducted numerical analysis using the 1.5-dimensional transport code TOPICS. The burning 
plasma simulation scheme was incorporated into the code. The calculation results indicated 
that the larger variation experimentally observed in the RS plasma couldn’t be explained by 
the difference of the thermal diffusivity profiles or their temperature dependence. The linkage 
between the thermal diffusivity and the heating power could trigger the larger variation of the 
NB power for the external heating simulation in the RS plasma. 
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7.7 Response of Fusion Gain to Density in Burning Plasma Simulation [1] 

H. Takenaga, H. Kubo, M. Sueoka, Y. Kawamata, M. Yoshida, S. Kobayashi1),
Y. Sakamoto, S. Tsuji-Iio2), K. Shimomura2), H. Ichige, H. Hiratsuka, R. Sakamoto3),

and Y. Miura 

1) Institute of Advanced Energy, Kyoto University 2) Tokyo Institute of Technology, 
3) National Institute for Fusion Science 

A burning plasma simulation scheme has been developed, in order to experimentally 
introduce the linkage between pressure and heating profiles, similar to the alpha particle 
heating, in the DD non-burning plasmas. In the previous scheme [2, 3], the NB heating power 
proportional to the DD neutron yield rate was injected for the simulation of alpha particle 
heating. In this scheme, dominant fusion reaction process and temperature dependence of the 
neutron yield rate are different from a real DT burning plasma. These differences make 
response of the fusion gain different from response in the real DT burning plasma. For the 
improvement of the burning plasma simulation scheme, the heating power for the simulation 
of alpha particle heating was calculated in real-time as P  ~ 

_
ne

2 f(Ti) using real-time 
measurements of line averaged electron density (

_
ne) and ion temperature (Ti) at r/a~0.3. Here, 

f(Ti) is a function for consideration of the ion temperature dependence of the DT fusion 
reaction rate.  

Response of a simulated fusion gain to the density was investigated in the new scheme 
with constant heating power for the simulation of external heating (Pex), in order to 
understand burn controllability by the fuel density in a fusion reactor. Here, the simulated 
fusion gain was defined as 5P /Pex. When temperature dependence of the fusion reaction rate 
was assumed to be proportional to square of ion temperature as in the range of Ti = 10-20 keV, 
density dependence of the simulated fusion gain stronger than square of density was observed. 
Transport analysis using the 1.5 dimension transport code TOPICS indicated that the strong 
density dependence is induced due to both change in a confinement improvement factor and 
change in a pressure profile. In the scheme used here, density and ion temperature profiles 
were not considered due to the limitation of real-time measurements. However, the density 
and the ion temperature measured with higher weight on its central value were used. 
Therefore, the effects of change in the pressure profile can be considered in the scheme. On 
the other hand, the simulated fusion gain increased proportionally to 

_
ne

2 even with decrease in 
confinement improvement factor after gas-puffing, when the fusion reaction rate was assumed 
not to depend on the ion temperature as in the rage of Ti = 40-100 keV. 
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7.8 Magnetic Flux Constant Control 

H. Takenaga, S. Ide, M. Sueoka, Y. Kawamata, K. Kurihara 

1. Introduction 
JT-60U has demonstrated the discharges with full non-inductive current drive [1] and 

even with bootstrap current over drive [2]. In these discharges, a constant current was 
sometimes applied in the center solenoid coil (F-coil), in order to prevent inductive magnetic 
flux input. The inductive magnetic flux can be also injected by the vertical coils, i.e. VR- and 
VT-coils whose currents were changed for horizontal position control and triangularity control, 
respectively. When plasma beta increases, the VR-coil current should be increased to keep the 
horizontal position constant. This change in the VR-coil current induces the inductive 
magnetic flux. In order to demonstrate the discharges with full non-inductive current drive 
and bootstrap current over drive clearly by preventing the inductive magnetic flux input even 
when plasma beta changes, magnetic flux constant control was introduced. In this control, the 
inductive magnetic flux induced by the vertical coils is cancelled using the F-coil. 

2. Control Logic 
Two kinds of the magnetic flux were prepared for the control. One is the magnetic flux 

measured with the magnetic probe located on the vacuum vessel near the inner midplane (flux 
loop #8). In this case, the magnetic flux at the plasma surface is not exactly constant. The 
other is the surface magnetic flux calculated in real time by Cauchy Condition Surface (CCS) 
method [3]. One of these can be selected for the control.  

The F-coil voltage (VF
Com) is controlled as follows, 

VF
Com (IF

Observed(t) IF
Cancel(t)) RF IF

Cancel(t) GF
DDC[V ],

where IF
Observed is the observed F-coil current in unit of A, IF

cancel is the F-coil current 
necessary for keeping the flux constant in unit of A, RF is the F-coil resistivity in unit of 
and GF

DDC is the gain. The value of IF
Cancel is calculated as follows, 

IF
Cancel(t) ( in or surface

Observed (t) in or surface
Observed (t0)) / in or surface

F -coil [A],

where in or surface
Observed  is the magnetic flux at the inner position (in) measured with the magnetic 

probe or the surface magnetic flux (surface) calculated by CCS and in or surface
F -coil  is the 

magnetic flux produced by the F-coil current of 1 A at the inner position (in) or at the inner 
plasma surface on midplane (surface). t0 denotes the start time of the magnetic flux constant 
control.
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3. Experimental Results 
The magnetic flux constant control was developed in OH discharges. Figure 1 shows 

waveforms of the discharge with the inner magnetic flux constant control. The magnetic flux 
constant control was applied from t =10 s, resulting the decrease in the plasma current. The 
inner magnetic flux was well controlled at constant value as shown in Fig. 1 (b), although the 
outer magnetic flux measured with the magnetic probe (flux loop #2) was slightly varied. The 
VR- and VT-coil currents decreased due to decrease in the plasma current. The F-coil current 
was recharged. The horizontal position moved inward for less than 2 cm. The control 
coefficient for the VR-coil current is not zero in the term related to the difference between 
measurement and reference of the plasma current. However, during the magnetic flux 
constant control, this coefficient set to be zero, because the plasma current was not controlled 
to the reference and consequently there is a large difference. Therefore, the horizontal position 
controllability might become worse. 

The surface magnetic flux constant control was also applied as shown in Fig. 2. The 
magnetic flux constant control was applied from t = 12 s. The plasma current jump was 
observed just after the control started, and then, the plasma current decreased. The surface 
magnetic flux calculated by CCS in real time was well controlled at constant value as shown 
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in Fig. 2 (b). In this case, the VT-coil 
current decreased, while the VR-coil 
current was almost constant. The F-coil 
current was recharged to keep the surface 
magnetic flux constant. The inward shift 
of the horizontal position was about 1 
cm.  

The surface magnetic flux constant 
control was optimized by changing RF

and GF
DDC. The plasma current jump and 

difference of the surface magnetic flux 
from the value at the control start (t = 12 
s) were shown in Fig. 3. These were 
smaller with RF = 3.5 m  (measured 
value) than with RF = 4.2 m  (design 

value). Also, these values decreased with increasing GF
DDC. At GF

DDC = 0.492, the plasma 
current jump and the difference of the surface magnetic flux became smallest. In the case of 
GF

DDC = 1.23, the plasma current was oscillated due to too much higher gain, although the 
plasma current jump and the difference were almost the same as those in the case of 
GF

DDC = 0.492. The values of RF = 3.5 m  and GF
DDC = 0.492 could be optimum values. 

4. Summary 
The magnetic flux constant control was introduced, in order to demonstrate clearly the 

discharges with full non-inductive current drive and bootstrap current over drive. In this 
control, the inductive magnetic flux input by the vertical coils was cancelled using the F-coil. 
The control was demonstrated by using the inner magnetic flux measured by the magnetic 
probe (flux loop #8) or the surface magnetic flux calculated by CCS in real time. The control 
was optimized by changing the coil resistivity and the control gain. The optimization was 
achieved at the coil resistivity of 3.5 m  and the gain of 0.492.

References 
[1] A. Isayama et al., Nucl. Fusion 43 (2003) 1272. 
[2] Y. Takase et al., Fusion Energy 2006 (Proc. 21st Int. Conf. Chengdu, 2006), 

IAEA-CN-149/EX/1-4 and http://www-naweb.iaea.org/napc/physics/fec/fec2006/papers/ex_1-4.pdf.
[3] K. Kurihara, Fusion Eng. Des. 51-52 (2000) 1049. 

-0.3
-0.2
-0.1

0
0.10
0.2
0.3

11.5 12.0 12.5 13.0

su
rf

ac
e (

W
b)

TIME(s)

0.6

0.7

0.8

0.9

1.0

1.1

I p
 (M

A
)

3.5      0.123    (E045419)
3.5      0.246    (E045433)
4.2      0.246    (E045449)
3.5      0.492    (E045450)
3.5      1.230    (E045468)

RF (m )   GF
DDC

(a)

(b)

Fig. 3 (a) Plasma current and (b) difference of surface 
magnetic flux from the value at start of the control 
(t = 12 s).

JAEA-Review  2008-045

−　��　−



7.9 Plasma Current Start-up Experiment by ECH  

T. Maekawa1), H. Tanaka1), M. Uchida1), T. Yoshinaga1), Y. Takase2), S. Ide 

1) Graduate School of Energy Science, Kyoto University  
2) Graduate School of Frontier Sciences, The University of Tokyo 

1. Introduction 
Removal of the central solenoid from a tokamak reactor is an attractive option to 

simplify the central structure of rectors. However, on the other hand, we need alternative 
methods to initiate the discharge and start-up and ramp-up the plasma current. ECH and 
ECCD are potentially attractive candidates for this purpose since plasma initiation and current 
start-up and ramp-up could be realized simultaneously. The requirement is only an injection 
of microwave power from a small launcher remote from the plasma without additional 
structures in the vicinity of the plasma. While a number of experiments in small devices have 
been done and successful [1-3], it is highly required to demonstrate its feasibility for reactors 
in large devices such as JT-60U. 

In this campaign, we have attempted ECH start-up experiment on JT-60U and obtained 
17 kA of plasma current by microwave pulses from four 110 GHz gyrotrons (0.3-0.8 MW for 
each tube and 2-4 seconds duration). This level of current deformed significantly poloidal 
field from the external field, but the field itself was still of open field structure. The 
microwave beams were directed toward the point on the inboard wall crossed with the 
mid-plane as shown in Fig. 1, with an oblique angle (~20 degrees from perpendicular 
direction to the toroidal field at the injection points to the drift direction of the expected 
current carrying electrons) and with the O-mode polarization. With this angle, ~80% of the O 
wave power that remains after passing through the ECR layer is mode converted into X wave 
power upon mirror reflection on the inboard wall. Previous experiments in small devices and 
also theoretical considerations predict that initial plasma current can be generated without 
external induction field if a weak external vertical field is applied [1]. We used VT and VR 
coils for vertical fields and examined various combinations of currents of these coils. 

2. Results and Discussions 
The decay index of vertical field , n= (dBv/dr)(r/Bv), should be in the range 0<n<1.5 

for the plasma loop to be stable for both the positional displacements in vertical and radial 
directions. While, unfortunately any combination of VT and VR currents can not produce 
appropriate vertical fields that fulfill this criterion all the way in the vacuum vessel, we done 
first attempt with the decay index profile (a) in Fig. 2. The three cases of ECR layers at 
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R=2.55m, 2.60m and 2.8m were investigated. The microwave power from three gyrotrons 
was injected with the maximum pulse width of 3 seconds. A current generation was observed 
only when the ECR layer was set to be at R=2.55 m . In this shot the Bv field was initially set 
to be Bv=65 Gauss and then ramped down to 39 Gauss during 1.5 seconds after ECH turned 
on. Amount of pre-filling deuterium before ECH pulse was 0.15 Pa m3 and no gas was 
injected after ECH turned on. A small current seemed to be generated at the onset of ECH. 
The current increased during Bv decreased from 42 Gauss to 39 Gauss. The current looked 
constant during the final 1.5 seconds of ECH pulse, where Bv was kept constant at Bv=39 
Gauss. The generated current and its profile were analyzed by using the flux signals from the 
flux loops 1 to 15 attached the vacuum vessel and displayed in Fig. 1. The obtained current 
was ~7 kA. The current location is significantly shifted from the ECR layer to the lower field 
side (Fig.1(a)). Furthermore it is strongly shifted vertically upward. It is noted that the current 
loop has no positional stability for vertical movement in this location since the Bv decay 
index in this location is negative. Finally, current generation was obtained only when ECR 
layer was set at most inboard side. Although in this case the region of positive Bv decay index 
is most broad around the ECR layer, the observed current location is unstable to the vertical 
displacement.

The result suggested that we need vertical fields that have positive decay indices all the 
way in the vessel. In JT-60U, such a field can be obtained with the outboard VT coils (no 
inboard VT coil) as shown in the case (b) in Fig.2. Therefore, next experiment was done by 
using the Bv fields from the outboard VT coils only (no use of inboad VT coil and VR coil). 
The fields have positive decay index all the way in the vessel. In this case, a current of 18 kA 
was obtained. Its distribution is shown in Fig. 1(b). Although the maximum plasma current is 
increased by 2.5 times compared with the first attempt, the current channel is quite near the 
outboard wall. This bad location suggests lack of the positional stability for the radial 
displacement. This may be due to inappropriate decay index profile of the present Bv fields 
from the VT-out coil currents alone. The decay index quickly increases over 1.5 at R >3.3.  

We searched for some appropriate Bv profiles which meet the positional stabilities for 
both the vertical and horizontal displacements simultaneously. An addition of VR coil fields 
with a very small current was found to improve the decay index as shown in the case (c) in 
Fig.2. The third attempt was done by using this field and the results are shown in Fig.1(c) and 
Fig.3. Almost the same current of ~17kA was obtained. Although there is no clear closed flux 
surface, the current position is significantly apart from the outboard wall. Plasma images 
shown in Fig.3 suggest strong plasma wall interaction at the wall near the ECR layer. The 
images also suggest that while the discharge takes place at the ECR layer, the plasma expands 
quickly toward the lower field side and at the same time an initial current appears.   

The current locations above three cases are always far from the ECR layer. There is a 
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possibility that the wave power is absorbed near the upper hybrid resonance (UHR) layer via 
mode conversion to the electron Bernstein waves from the X-waves reflected from the 
inboard wall and the current is also generated near the UHR layer. However the UHR layer 
seems to be near the ECR layer since the electron density estimated from the tangential 
interferometer chord shown in Fig.3 is quite low. Thus there is no reasonable explanation for 
the location of the current position and the absorption mechanism at the moment. 
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Fig.1 Cross section of JT-60U vacuum vessel and polidal coils, and plasma current profiles 

obtained for the Bv decay indices in figure 2 ((a),(b) and (c) in this figure corresponds to (a), 

(b) and (c) in figure 2, respectively. 
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Fig.2 Radial profiles of decay index of vertical field for shots (a)E45267 (solid line), 

(b)E45808 (dashed line) and (c)E46275 (dotted line). 

Fig.3 Wave forms of E46275 and plasma images from tangential camera. 
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7.10 Interlock of Neutral Beam Injection for Small Dome-separatrix Gap 

H. Takenaga, M. Sueoka, Y. Kawamata, K. Kurihara 

1. Introduction 
Extension of neutral beam (NB) heating duration to 30 s performed in 2003 leads large 

energy input [1]. In 2005-2006 experimental campaign, the long pulse operation was 
performed with a small distance between the pumping duct and strike point to maximize the 
divertor pumping. In order to avoid large heat load to the dome for safety, a new interlock has 
been introduced. In the new interlock, the NB injection is stopped when the gap between the 
dome and the separatrix is smaller than a critical value. 

2. Control Logic 
The gap between the dome and 

the separatrix is calculated in real time 
by Cauchy Condition Surface (CCS) 
method [2]. Three gaps are introduced 
in this interlock. These are the outer 
gap (Gap_out) between the outer dome 
wing and the outer divertor leg, the 
inner gap (Gap_in) between the inner 
dome wing and the inner divertor leg 
and the top gap (Gap_top) between the 
dome top and the X-point. The 
definitions are illustrated in Fig. 1. The 
inner and outer gaps are taken as a minimum value among the gaps calculated at the positions 
on the dome wing with 1 cm interval from the dome top. The gaps are compared with critical 
values every 10 ms. Number of timing, at which the gap becomes smaller than the critical 
value, is counted separately for three gaps. When one of the counted number reaches a certain 
value (typically 10 counts), the NB injection is stopped. Once the NB injection is stopped, the 
NB is not injected for 0.1 s. Then, the NB is injected when all three gaps become larger than 
the critical values. When the number of the NB injection stop reaches 10, the NB is never 
injected through the discharge.   

3. Application to Experiments 
The interlock was demonstrated with the critical value of 2.5 cm for Gap_out, 0.5 cm 

for Gap_in and 2.5 cm for Gap_top. Figure 2 (a) shows calculated Gap_out. The closed 

Fig. 1 Definitions of Gap_out, Gap_in and Gap_top. 
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symbols show the timing at which Gap_out is smaller than the critical value of 2.5 cm. When 
the counted number reached 10 at t = 12.75 s (see Fig. 2 (b)), the NB injection was stopped at 
least for 100 ms as shown in Fig. 2 (b). Then, NB was re-injected at t = 13.15 s, when 
Gap_out became larger than the critical value (see Fig. 2 (c)). At the same time, the counted 
numbers became zero. In this discharge, Gap_in and Gap_top were larger than the critical 
value through the discharge. Although waveform of the injected NB power was delayed from 
waveform of the NB injection command, the interlock correctly worked.  

In the case with Gap_out close to the critical value, the oscillation was sometimes 
observed in Gap_out and the NB injection power as shown in Fig. 3. The vale of Gap_out 
decreased with increasing the plasma beta during the NB injection and Gap_out increased 
with decreasing the plasma beta during OH phase. Consequently, the NB power was 
modulated as shown in Fig. 3. In this case, the number of the NB injection stop was limited to 
10. After the NB was stopped 10 times, the NB injection was not restarted.

4. Summary 
In order to avoid large heat load to the dome, a new interlock has been introduced. In 

the new interlock, the NB injection is stopped when the gap between the dome and the 
separatrix is smaller than the critical value. It is confirmed that the new interlock works 
correctly. 
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7.11 Gas Fuelling from High-field-side in ELMy H-mode Plasmas 

H. Takenaga, Y. Miyo, T. Nishiyama, A. Kaminaga, T. Sasajima, K. Masaki,  
J. Bucalossi1), E. Tsitrone1), J. Gunn1), C. Grisolia1)

1) Association Euratom-CEA, CEA Cadarache, CEA-DSM-DRFC, 

1. Introduction 
In a fusion reactor, high density operation close to the Greenwald density with high 

confinement is essential to achieve a high fusion gain, where efficient and reliable fuelling 
system compatible with the high confinement operation is required. Gas-puffing is widely 
used due to its high reliability, but huge gas-puffing rate owing to its low efficiency is concern 
for confinement degradation and massive tritium retention. For improving the low efficiency, 
pellet injection and supersonic molecular beam injection (SMBI) have been developed. A 
high-field-side (HFS) injection has exhibited an advantage compared with a low-field-side 
(LFS) injection for both pellet injection and SMBI. The HFS pellet injection shows deeper 
deposition than the LFS pellet injection and compatibility with the high confinement at high 
density [1]. For the SMBI in Tore Supra, the tolerable number of particles is higher in the 
HFS injection than in the LFS injection [2]. For the LFS injection, harmful MHD activity is 
triggered (locked modes) above a certain amount of injected particles. In addition, the HFS 
gas-puffing provides the most reliable H-mode access in spherical torus such as MAST [3] 
and NSTX [4]. On the other hand, the effect of the HFS gas-puffing is not investigated much 
in conventional tokamaks. 

In JT-60U, the SMBI system has been installed both on HFS and LFS in collaboration 
with CEA Cadarache [1]. The injector head installed inside the JT-60U vacuum vessel is the 
same as that installed in Tore Supra [2]. However, the vacuum seal material used inside the 
injector head damaged owing to the long baking (~month) at high temperature of 300oC. 
Therefore, the SMBI operation was not available due to the leak of working gas. Gas fuelling 
was only available by opening the valve located outside the vacuum vessel in a short period. 
In order to investigate the effect of the HFS gas fuelling on the confinement degradation, the 
HFS gas fuelling was carried out using the SMBI system. 

2. High-Field-Side Gas Fuelling System 
Figure 1 shows schematic drawing of the SMBI system, which is designed for the 

operation with a frequency of 8-10 Hz and 2 ms duration per pulse. The original SMBI 
operation is as follows. The compressor works for each pulse. A pressure wave produced by 
the compressor travels inside the tube towards the injection head where it accelerates an 
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internal piston inside the injector head that strikes the valve. The valve is closed by a strong 
spring and the impact of the accelerated internal piston shortly open the valve (1-2 ms). Then, 
some fraction of the gas is lost throughout the nozzle due to the valve aperture. The injector 
heads were installed both on HFS at Z = 59.0 cm and LFS at Z = 10.8 cm. The inner diameter 
of the guide tubes is 6 mm and the length of the guide tube is about 10 m for the HFS and 5 m 
for the LHS, respectively.  

After several tests, the problem of the vacuum seal appeared in the injector heads. The 
seal material (Parofluor : V8545-75) was damaged due to the long baking at high temperature 
of 300oC. As a result, the leak was found in both 
injector heads. Therefore, the operation of 
SMBI was not available. Gas fuelling was only 
possible by opening the valve mounted outside 
the vacuum vessel (V2a). First, working gas 
(D2) was filled behind the V2a valve. The V11 
valve was closed before the discharge to avoid 
huge gas injection. The valves of V1a, V1b, V2a 
and V2b are closed for the interlock when the 
vacuum pressure in the JT-60U vacuum vessel 
reaches 0.04 Pa. The number of fuelled particles 
was estimated from the reduction of the pressure 
in the reservoir tank (RT). The pressure in the 
RT was measured with the pressure transmitter 
(PT).

The linkage between the SMBI system 
and the JT-60U control system (ZENKEI) has 

Fig.1 Schematic drawing of the supersonic molecular beam injection system 

Light from
injected gas

HFS LFS

Divertor

Fig. 2 Picture of TV camera viewing inside the 
vacuum vessel during gas fuelling from the 
HFS. 
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not been completed. Therefore, the switch 
for opening the V2a valve was on by hand 
and the open duration was controlled by 
Personal Computer. 

3. Experimental Results 
Figure 2 shows a picture of the TV 

camera viewing inside of the JT-60U 
vacuum vessel tangentially. Emission from 
the gas fuelled from the HFS was observed 
about 1 s after the opening of the V2a valve 
and it can be seen for several seconds. The 
gas was fuelled slowly due to the long guide 
tube. The emission seems to be localized 
outside the separatrix, indicating that a large 
fraction of the fuelled gas was ionized 
outside the separatrix. 

Figure 3 shows waveforms of the 
discharge with the HFS gas fuelling at the 
plasma current of 1.0 MA and the toroidal 
magnetic field of 2.1 T. The HFS gas 

fuelling started around t ~ 6 s. The 
background pressure was set to be 0.18 MPa 
and the V2a valve opened for 200 ms. The 
total particle fuelling rate was estimated to 
be 48 Pam3 in this discharge. The density 
started to increase from t ~ 6.7 s. The line 
averaged electron density normalized by the 
Greenwald density (

_
ne/nGW) increased from 

0.5 at t ~ 6.5 s to 0.58 at t ~ 8.0 s. The stored 
energy decreased with the constant neutral 
beam (NB) heating power of ~ 11.5 MW 
similar to the LFS particle fuelling case 
using the gas-puffing system. The base of 
the D  emission intensity also increased 
from t ~ 6.7 s due to the HFS gas fuelling. 
The ELM frequency increased from ~ 100 
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Hz at t ~ 6.5 s to ~ 160 Hz at t ~ 8.0 s. 
The confinement improvement factor (H89PL) over the ITER89 L-mode power law 

decreased from 1.84 at 
_
ne/nGW = 0.5 (t ~ 6.5 s) to 1.6 at 

_
ne/nGW = 0.58 (t ~ 8.0 s) with the HFS 

gas fuelling. The confinement degradation is similar to that with the normal LFS gas fuelling 
using the gas-puffing system as shown in Fig. 4. The advantage of the HFS gas fueling was 
not observed on the confinement degradation at high density. 

4. Summary 
The HFS gas fuelling was performed using the SMBI system. The confinement 

degradation was observed as well as the LFS gas-puffing. Since the SMBI operation provides 
deeper fuelling, effect of the fuelling profile should be investigated after the seal material will 
be improved for the long baking at high temperature. 
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7.12 Density Limit in Discharges with High Internal Inductance [1] 

H. Yamada1,2), H. Takenaga, T. Suzuki, T. Fujita, T. Takizuka, Y. Kamada, 
N. Asakura, T. Tuda, M. Takechi, G. Matsunaga, Y. Miura 

1) National Institute for Fusion Science  
2) The Graduate University for Advanced Studies, SOKENDAI 

High densities exceeding the Greenwald limit by a factor of 1.7 have been obtained in 
discharges with high internal inductances of i  as high as 2.8. The internal inductance is 
controlled by ramping down the plasma current. In addition to the extension of the operational 
regime limited by disruptions, confinement performance remains as good as an H89PL factor of 
1.5 even above the Greenwald limit. It should be noted that the plasmas studied here is 
L-mode. If the improvement of confinement or stability leading to the higher temperature is 
realized, the density limit in tokamak may be improved as well, in particular, in L-mode 
where the MHD stability limit is less deterministic role to characterize the edge plasma 
parameter than in H-mode. While the earlier work of a high i  study [2] has indicated that 
core confinement improvement due to enhancement of the poloidal field, the additional 
improvement of the tolerance against the high density is turned out to be correlated with high 
edge temperature in this study. The normalized density when the detachment characterized by 
the decrease in a D  signal at the divertor occurs is even higher in the case with higher i .
These comparisons have indicated that the improvement in thermal and particle transport does 
exist in the periphery and the edge in the high i  plasmas, and mitigation of the density limit 
is observed coincidently. Major parametric studies on the effect of heating power on the 
density limit suggest that the density limit does not depend on or is not sensitive to the heating 
power. Nonetheless, the present study suggests the improvement of the edge electron 
temperature in high i  discharges and motivates the effect of heating power on the edge 
temperature in these discharges. Two discharges with the same enhanced i  and different 
heating power (4 and 10 MW) have been compared. In the case with higher heating power, 
the edge temperature can be kept higher for the given density and consequently the discharge 
survives in the higher density regime. This comparison supports the hypothesis that large 
magnetic shear due to high i  provides confinement improvement and consequent high edge 
temperature mitigates the density limit. Although the high i  discharge studied here lies 
outside of the usual parameter space for a steady-state operation of tokamak, demonstration of 
a stable discharge with good confinement beyond the Greenwald limit suggest that the 
magnetic shear at the edge is one key parameter to uncover physical element of the 
operational density limit. 
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8. Divertor and SOL plasmas

8.1 Particle Control in Long-pulse High-density H-mode Plasmas [1, 2]

T. Nakano, H. Kubo, N. Asakura, H. Takenaga, K. Shimizu and H. Kawashima

In order to investigate potential deuterium retention mechanisms, the wall-pumping

rate, evaluated by the particle balance analysis, was investigated for a systematic set of

data. During a 30s-H-mode discharge, the wall-pumping rate decreased with a decay

constant of several seconds ( transient phase ) , and then became constant ( steady-state

phase) .

The transient wall-pumping was ascribed to the recovery of the vessel deuterium

inventory between discharges: the amount of the inventory decreased by releasing deu-

terium and the capacity to retain deuterium recovered due to a decrease of the tile

temperature. The strong correlation between the temperature of the tiles around the

entrance of the divertor and the number of deuterium atoms released between discharges

suggests that the transient wall-pumping is due predominantly to these tiles.

During the steady-state phase, in discharges at a density lower than 80 % of the

Greenwald density nGW
e , the wall-pumping rate was negative, i.e., outgassing. Even

with the outgassing, the constant-density plasmas with the energy confinement and the

ELM activity were maintained. It was found that the outgassing rate correlated with

the increase in the tile temperature around the outer strike point. This is because

the decrease rate of the saturation amount in the carbon material against the material

temperature has an approximately constant gradient [3, 4].

In discharges at a density of 80 % of nGW
e , which were performed later in order, the

wall-pumping rate was positive. To evaluate the co-deposition rate, the hydrocarbon flux

was measured spectroscopically. On the assumption that the ratio of deuterium to carbon

in the deposition layer is 0.05 [5] , the net deposition rate of the hydrocarbon of> 60% is

necessary to explain the positive wall-pumping rate. However, this net deposition rate is

higher than the rate calculated by the local carbon transport simulation code [6]. Hence

it is concluded that the co-deposition of deuterium with carbon does not account for

the positive wall-pumping rate. The net deposition rate should be investigated further

experimentally, for example, by a QMB technique.

Further, the phenomena which suggest the dynamic equilibrium between particle

flux to the wall and particle retention flux were found; under a constant electron density,

controlled by the feed-back control system of the gas-puffing rate, if the divertor-pumping

speed increased, the outgassing-rate increased. For another example, if the gas-puffing

was reduced to reduce the electron density, the outgassing-rate increased. In both the

cases, the particle flux to the wall is considered to decrease, leading to the increase of

the outgassing-rate. In other words, the wall-pumping rate seems to depend on the

particle flux to the wall. This equilibrium have an important influence on a design of
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divertor-pumping systems to control the density. Hence further investigation is needed

in particular by simulation studies which consider this equilibrium.
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8.2 Ar Injection under Wall Saturated Condition 
N. Asakura, T. Nakano, H. Kubo 

1. Introduction
 Reduction of heat loading appropriate for the plasma facing component (PFC) such as the 
divertor is crucial for a fusion reactor. Impurity gas seeding is one of techniques to decrease 
the peak heat flux both in steady-state and transient phases. Power handling by large radiation 
power loss has been studied in the ELMy H-mode plasmas with argon (Ar) gas seeding [1, 2] 
since good confinement (HH 0.85) was obtained up to high density (ne /nGW~0.8-0.9, nGW is
the Greenwald density) and large radiation fraction (Prad/Pabs ~0.7-0.8). On the other hand, 
control of the large radiation in the good energy confinement plasma was not established 
under the wall saturating condition in the long discharges.  
 Experiment to change the Ar puffing rate was 
performed, just after a series of the long pulse 
ELMy H-mode discharges for the particle 
balance study under the wall saturating 
condition [3]. However, experiment proposals 
for sustainment of the high radiation plasma in 
the long pulse discharge were cancelled.  

2. Ar seeding experiment 
  Response of the radiation power against the 
Ar gas seeding was investigated in the Type-I 
ELMy H-mode plasma, as shown in Fig.1, 
where the plasma parameters and equilibrium 
configuration were similar to those for the long 
pulse experiments: Ip = 1.2 MA, Bt = 2.3 T, PNB

= 12MW, target ne  = 1.9x1019 m-3, Rp = 3.40 
m, amid = 0.90 m and the plasma triangularity of 
 = 0.25. The divertor plasma configuration is 

efficient for divertor pumping as shown in Fig. 
2. Density feedback is used to increase just 
before Ar injection as shown in Fig.1 (b), and 
during the Ar injection it is sustained to 
Greenwald fraction (fGW = ne /nGW) of 0.65.  
 Ar gas is injected with a large rate of 1.8 
Pam3/s during t = 6.0 - 6.5 s to produce the 

Fig.1 Time evolutions of (a) NBI power, 
(b) Geenwald fraction of electron density 
and D2 gas puff rate, (c) Ar gas puff rate 
and Ar+14 intensity, (d) radiation power at 
main plasma and divertor, (e) recycling 
fluxes in main plasma and divertor, (f) 
H-factor and total radiation fraction. 

JAEA-Review  2008-045

−　��　−



radiating edge, as shown in Fig.1 (c). Then, it is reduced to a 
small rate of 0.18 Pam3/s (i.e. ~1.0x1019 Ar/s) during t = 6.5 
– 9.0 s, and 0.1 Pam3/s during t = 9.0 - 10.5 s. Just after 
reducing the Ar puff rate (t = 7 s), Ar+14 in the core region is 
saturated. ne  is also increased from 2.0 x1019 to 3.2x1019

m-3, where the density normalized Greenwald density, 
fGW=ne/nGW, corresponds to 0.42 – 0.68, respectively. At the 
same time, enhancement of the radiation power both at the 
main plasma edge, Prad

main, and at the divertor, Prad
div, is 

largely increased, to 4.8 and 4.4 MW, respectively, and total 
radiation fraction of Pr

tot/PNB is increased from 0.4 to 0.8. The 
large radiation plasma is sustained during 4 s (t = 7 – 11 s) until stopping the constant Ar 
puffing (t = 10.5 s). Tile temperature at the outer strike point measure by a thermocouple, 
Twall, increases from 350 to 620 C at the end of the discharge (t = 25s), which is reduced by 

Twall ~ 40 C due to the large radiation loss.  
  During the short sustaining period of the large radiation fraction, relatively high energy 
confinement of H89L = 1.50 (HH ~ 0.85) is maintained, compared to the ELMy H plasma with 
deuterium puffing during t = 12 - 16 s (H89L~1.35 and Prad/Pabs~0.55 at ne/nGW~0.65). At the 
same time, during the Ar injection, ELM characteristics changes from Type-I to Type-III, and 
both steady-state and ELM heat fluxes are decreased. ELM frequency (fELM) is increased to 
300-500 Hz, and ELM energy loss fraction (WELM/Wped) is reduced from 0.06 to 0.02. 

After stopping the Ar puff, Ar+14 in the plasma core and Prad
main are decreased in 1.5 s, 

while large Prad
div is maintained using feedback control of D2 gas puff to sustain fGW = 0.65. 

Type-I ELM activity appears again since power to the SOL, i.e. PSOL (= Pabs – Prad
main), is 

increased from 6.0 to 8.4 MW, while the energy confinement is degraded and the pedestal 
Te

ped (= 0.8 eV) and Ti
ped (= 1.1keV) were not improved. Mechanism to change between the 

Type-1 and Type-III ELMs will be investigated. 

3. Summary
 Power handling by large radiation power loss and its sustainment were studied in the ELMy 
H-mode plasmas on JT-60U with argon (Ar) gas seeding. The large radiation fraction (frad

~0.8) was maintained during the Ar seeding (~4s) in relatively good confinement (HH 0.85)
and high density (ne /n

GW~0.7). At the same time, transient heat loading due to Type-1 ELMs 
was mitigated. Study of sustaining the radiation loss in the good confinement plasma using 
the radiation feedback is postponed as a future work.   
References
[1] Hill K., et al., FEC 2002, Lyon, IAEA-CN-94-EX-P2-03.  
[2] Kubo H., et al., Phys. Plasmas 9 (2002) 2127. 
[3] Nakano T., et al., J. Nucl. Matters. 363-365 (2007) 1315. 

Fig.2 Divertor plasma 
configuration effective for 
the divertor pumping. 
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8.3 Metal Impurity from the Ferritic Steel Tiles

T. Nakano, H. Kubo, N. Asakura, K. Shinohara, Y. Koide,

G. Matsunaga and M. Takechi

1 Introduction

�������

�������

��

��������������

Fig. 1: Location of ferritic steel (
thick curve on the surface of the vac-
uum vessel) and plasma separatrix
of high βN discharges with a dis-
tance between the separatrix and the
surface of the vacuum vessel at the
mid-plane of (DL) 15 cm ( thick
curve ) and 30 cm ( thin curve).

Compared to JET, the toroidal ripple is larger

in JT-60U because the number of the toroidal filed

coils is smaller in JT-60U ( 18 coils ) than in JET

( 32 coils ) and the toroidal field coils are located

closer to the vacuum vessel in JT-60U than in JET.

The toroidal field ripple induces ion loss, in partic-

ular fast ions. It has been reported that the ripple-

induced ion loss is presumably one of the reasons for

lower pedestal pressure in JT-60U than in JET [1].

In order to reduce the toroidal ripple, in 2005, fer-

ritic steel tiles, which contains 8% of Cr and 2% of

W, were installed [2]. However, in discharges aiming

to achieve high βN over the no wall limit, the plasma

configuration is set close to the first wall to utilize

wall stabilization effects. The particle flux to the first

wall and the ferritic steel tiles becomes high, leading

to high impurity generation flux. In the case that

metal such as ferritic steel is used for the first wall

component, significant radiation loss from the metal-

lic ions in the core plasma is one of the concerns.

This report describes impurity contamination with

the ferritic steel tiles and comparison of the plasma

effective charge before and after the ferritic steel in-

stallation.

2 Results: Metal impurity contamination in high βN plasmas

Two discharges with identical auxiliary controllable parameters ( a plasma current:

0.9 MA, a toroidal magnetic field: 1.7 T, a neutral beam heating power: 18 MW, a

plasma triangularity: 3.0, a safety factor at the 95% of flux surface: XX ) except the

plasma separatrix configuration are compared: in one discharge, the distance between

the plasma separatrix and the first wall at the mid-plane (DL) is 15 cm, and in the other

one, 30 cm, as shown in Fig. 1.
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Fig. 2: (a) Spectra from the high βN discharge with a distance be-
tween the plasma separatrix and the surface (DL) of 15 cm (thick
curve) and 30 cm (thin curve).

Figure 2 shows

the spectra observed

from these two dis-

charges. As shown in

the figure, the inten-

sity of O VI at 15 nm

is close in these dis-

charges. However, the

intensities of the metal

lines, for example, W

XLV at 6.09 nm, Cr

XIX at 11.4 nm, Ni

XXVI at 16.5 nm and

Fe XXIV at 19.2 nm,

are significantly higher

in the discharge with

DL=15cm than those in the other discharge with DL=30 cm. In a similar discharge

with DL = 20 cm, the intensities of these metal lines are lower by ∼ 10 − 20% than

those with DL=15cm. From theses results, the distance between the plasma separatrix

and the first wall should be longer than 20 cm in order to suppress the metal impurity

generation in the conditions for the high βN discharges.

3 Results: Plasma effective charge in standard discharges

3.0

2.0

1.0

Z e
ff

321

x1019

3
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ne ( x 10
19

m
-3

)

Fig. 3: Plasma effective charge of OH, L- and H-mode plas-
mas taken from the standard configuration discharges [3] be-
fore and after the ferritic steel installation ( solid and open
symbols, respectively)

In order to estimate the

metal impurity content, a

plasma effective charge (Zeff)

before and after the ferritic

steel installation is compared.

Before the ferritic steel in-

stallation, the database of

the plasma effective charge

had been developed for OH,

L-mode and H-mode plas-

mas with the standard plasma

shape [3]. A discharge with

identical auxiliary controllable

parameters to the above stan-

dard plasma was performed af-

ter the ferritic steel installa-
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tion. As shown in Fig. 3, Zeff of the OH and the L-mode plasmas are in the range

of the database. However, Zeff of the H-mode plasma is beyond the database range. The

metal impurity accumulation is often observed in particular in the case the neutral beam

against the plasma current direction is injected. The mechanism of the high Z impurity

accumulation has not been fully understood. This is also one of the issues for future

fusion devices with metal plasma facing materials such as tungsten.

References

[1] Saibene, G. et al., Nucl. Fusion 47 (2007) 969.

[2] Shinohara, K. et al., Nucl. Fusion 47 (2007) 997.
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8.4 Understanding the SOL Flow in L-mode Plasma on Divertor Tokamaks,  

and Its Influence on the Plasma Transport [1] 

N. Asakura, and ITPA SOL and divertor topical group 
 Recent progress in the SOL plasma flow research was reviewed in 17th PSI conference in 
Hefei, China. Understanding of parallel plasma flow in the scrape-off layers (SOL flow) has 
recently progressed with development of diagnostics such as Mach probes and impurity 
plume to measure the SOL flow pattern over several poloidal locations. From experiment 
results mainly from L-mode plasmas in many divertor tokamaks such as JT-60U, Alcator 
C-Mode, JET, ASDEX-Upgrade, TCV and ToreSupra, all Mach probe measurements showed 
common SOL flow pattern: subsonic plasma flow with parallel Mach number (M//) of 0.2-0.4 
is generated from the Low-Field-Side (LFS) SOL for the ion B drift towards the divertor, 
and M// is increased to 0.5-1 at the High-Field-Side (HFS) SOL and divertor. At the same time, 
radial profile of the SOL flow changes with poloidal location in the SOL. TV camera 
measurement of impurity brightness image, i.e. “plume”, using local impurity gas puff such as 
CH4, N2, He has been developed in C-MOD and DIII-D, and confirmed subsonic plasma flow 
at HFS, LFS and plasma top SOLs, basically similar to the Mach probe results. 
 The SOL flow pattern can be explained mainly by a combination of two driving mechanisms, 
i.e. (1) classical drifts in the flux surfaces (Bt-dependent component) and (2) in-out 
asymmetry in radial diffusion/transport (basically Bt-independent component). In addition to 
(2), effects of (3) HFS divertor detachment and (4) intense gas puffing and divertor pumping, 
were found in recent experiments in JT-60U, thus the fast SOL flow is increased to the sonic 
level at the HFS (in JT-60U and C-MOD). The former mechanism enhances the fast SOL 
flow towards the HFS divertor at the plasma top (in JET and ToreSupra) and LFS SOL for the 
ion B B drift towards the divertor and low density case. Quantitative determinations of 
drifts in the SOL and influence of cross-field diffusion on parallel transport are crucial for 
determination of the multi-dimensional pattern of the fast SOL flow. Implication of these 
models has been recently progressed in plasma fluid simulations such as SOLPS-5, UEDGE, 
EDGE2D: most codes have incorporated drift effects, and asymmetric diffusion was modeled, 
which so far qualitatively explained experimental results. 
  The fast SOL flow plays an essential role in impurity shielding from the main plasma (Puff 
&pump in DIII-D and JT-60U) and carbon deposition profile on the HFS divertor tiles (for 
most carbon wall tokamaks). At the same time, it will influence the performance on core 
plasma such as edge rotation and L-H transition (in C-MOD). All processes (1)-(4) will exist 
in reactor, and quantitative determination of their effects under various plasma conditions 
such as ELMy H-mode and detached divertor are crucial for diveror design and operation. 
Reference
[1] Asakura, N. and ITPA SOL and divertor topical group, J. Nucl. Maters. 363-365 (2007) 41.
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8.5 ELM Propagation Characteristics in Scrape-Off Layer [1] 
N. Asakura, N. Ohno 1), H. Kawashima,G. Matsunaga, N. Oyama,  

T. Nakano, H. Miyoshi 1), S. Takamura 1), Y. Uesugi 2) 

1) Nagoya Univ.,2) Kanazawa Univ
 Radial transport of the ELM plasma in the scrape-off layer (SOL) has been recently studied 
in order to understand heat and particle loading to the first wall as well as the divertor. In 
ELMy H-mode discharges (Ip =1MA, Bt =1.8T, PNB =4.5-5 MW), time scale and radial 
distribution of the ELM plasma propagation were determined both at high-field-side (HFS) 
and low-field-side (LFS) SOL using three reciprocating Mach probes with 500 kHz sampling.    
 After start of large MHD turbulence due to ELM, large and short multi-peaks were found in 
time evolution of plasma flux (js) mostly at LFS midplane, which was enhanced by the factor 
of 10-50 with relatively large floating potential (up to 400 V). Time lag from start of 
magnetic turbulence was increased with the radial distance from the separatrix, and the result 
can be interpreted as radial propagation of the large js peak towards the first wall: the velocity 
was increased from 0.4-1.5 km/s near separatrix to 1.5-3 km/s at the far SOL. ELM 
propagation to plasma facing components ( mid(peak) = 40-80 s) was faster than the parallel 
convection time to the divertor ( //

SOL-LFS ~100 s) and the measured time lags ( //
div(start) 

~100 s and //
div(peak) ~150 s). Radial distribution was characterized by a wide e-folding 

length of 7.5 cm. These large peak fluxes, accompanied by high temperature plasma of a few 
100 eV, will cause local heat and particle loadings to the PFCs.  
  Radial scale of the ELM plasma (filaments) was investigated from duration of the large 
js

mid signals ( tpk
mid), and most tpk

mid was short (4-10 s) over the LFS midplane. 
Corresponding radial scale was 0.3-1.8 cm near separatrix ( rmid < 5 cm) and it was increased 
to be 1 - 4 cm at the far SOL. Local deposition image of particle flux to LFS baffle as well as 
dynamics of the filament-like structure were measured with the fast TV camera viewing LFS 
divertor with 3-6kHz sampling, and the radial scale of 3-5 cm was comparable with the 
filament scale evaluated from the probe measurement.  
 ELM plasma transport was determined at the HFS SOL and divertor. Large plasma flux was 
measured with short delay of 20 s only near separatrix ( rmid < 0.4cm) maybe due to 
conduction and fast electrons. Such fast heat loading to the HFS divertor generated large 
neutral desorption and increased the plasma pressure, then producing the flow reversal over a 
wide SOL region. At the same tine, large and short convective plasma from the LFS SOL was 
transported to the HFS divertor. Such transient convective fluxes affect particle transport at 
the HFS divertor, and it may play an important role in deposition profiles of impurity. 

Reference
[1] Asakura, N., et. al., submitted to Nuclear Fusion 2007.  
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8.6 ELM Propagation at High-Field-Side SOL and Divertor 
N. Asakura, H. Kawashima, G. Matsunaga, N. Oyama, T. Nakano, N. Ohno 1) 

1) Nagoya Univ. 

1. Introduction
 Experimental data on edge and SOL plasma dynamics during ELMs has recently progressed 
by use of time-resolving diagnostics. Evolution of ELM filaments is of great interest 
understanding heat and particle transport from the plasma edge to Plasma Facing Components 
(PFC) such as the divertor and the first wall. Time evolution of the ELM plasma has been 
measured with reciprocating Mach probes at different poloidal locations (i.e., outer midplane, 
divertor null-point, and above the inner baffle) [1, 2], and the sampling system was recently 
improved in order to measure the fast response of the plasma (500 kHz) and those were 
synchronized with the principal fast diagnostics such as D  emission and magnetic coils. 
Especially noteworthy are measurements of filament structures and their transport at the inner 
(high magnetic-field-side, HFS) SOL. 

2. Plasma flow profile in SOL 
 Figure 1 shows radial profiles of ion and electron 
temperatures, electron density and toroidal rotation 
velocity at the plasma edge, which are measured 
between ELMs. The electron temperature, density and 
toroidal component of the parallel plasma flow in the 
SOL are measured by the Mach probes. Here, data 
during transient period (~5ms) in each ELM are 
excluded, and the radial coordinate is mapping to the
LFS midplane. Electron and ion temperatures, 
electron density and toroidal rotation velocity at the 
pedestal top (Te

ped, Ti
ped, ne

ped and vt
ped) are 0.8 - 0.9 

keV, 1.0 - 1.2 keV, 1.4 - 1.6 1019m-3and ~ 28 km/s, 
respectively. The loss fraction of the pedestal stored 
energy, ( WELM/Wped), due to Type-I ELMs is 
evaluated to be 0.09 - 0.12, where Wped

3/2ne
ped(Te

ped + Ti
ped)/Vp

ped, and the plasma volume 
inside the pedestal (Vp

ped) is 70 m3.
 In the SOL, an in-out asymmetry of Te is observed, 
while HFS and LFS ne are comparable. These result 
in a lower plasma pressure at the HFS SOL than that at the LFS SOL. During the 
steady-state period, the plasma flow in the SOL is generally observed from the LFS SOL to 

Fig.1 Radial profiles: (a) ion and 
electron temperatures, (b) electron 
density, (c) toroidal rotation velocity at 
the plasma edge. Radial location is 
mapping to the LFS midplane radius. 
Vertical band show edge pedestal of the 
ion and electron temperature profiles.
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the HFS divertor through the SOL opposite the X-point region [3]. The toroidal component of 
the SOL flow is evaluated as vt

SOL = M//Cs
SOL(Bt/B//), where the Mach number (M//) is 

calculated from the ratio of ion saturation currents at the ion- and electron-sides of the Mach 
probe [4]: M// = 0.4 ln[js

i/js
e], and Cs

SOL is the plasma sound velocity. Here, M// near the 
separatrix is relatively low (0.2 - 0.3) in the LFS midplane and above the HFS baffle, and 
vt

SOL ~ 10 km/s is larger than that measured just inside the separatrix (vt
edge ~ 3 km/s), but 

lower than vt
ped. A subsonic level of M// ~0.45 near the divertor X-point is observed, which 

corresponds to vt
SOL = -20 to -30 km/s.  

3. ELM filament propagation at HFS SOL 
Plasma transport in the HFS SOL plays an 

important role on particle control and impurity 
transport. In particular, the transient plasma transport 
produced by the ELM, i.e. filament structure and the 
dynamics in the HFS SOL, is presented. 
  Figure 2 shows the time evolution of Da brightness 
at the HFS and LFS divertors, B̃p , js at the upstream 
and downstream sides of the HFS Mach probe 
(js

HFS-up and js
HFS-down) and js at the HFS strike point 

(js
div-HFS) during an ELM event. The local distance 

from the separatrix to the Mach probe is 1.1 cm, 
which corresponds to just outside of the separatrix 
mapping to the LFS midplane ( rmid = 0.3 cm). 
Multi-peaks appear only in js

HFS-up with the delay of 
53 s after t0 . The large peak observed on the LFS 
is not seen in js

HFS-down, although js
HFS-down does 

increase after t = 53 s. During the js
HFS increase, js

at the HFS strike-point (js
div-HFS) also increases but again a large peak is not observed.  

  Figure 3 shows an expanded time evolution of the D brightness at the main plasma and the 
HFS divertor, js

HFS-up and js
HFS-down. During the early period of the js

HFS increase ( t = 50 - 250 
s), seven large peaks appear in js

HFS-up at t = 66, 110, 130, 148, 180, 202 and 242 s. The 
peak duration ( tpk

mid) is between 10 and 22 s, which is comparable to those measured at the 
LFS midplane. The separation of the maxima ( p-p

mid) is between 25 and 55 s, which is larger 
than that at the LFS midplane. The peak values of js

HFS-up (js
HFS-up(peak)) are between 5.6 105

and 9.8 105 Am-2, and they are significantly larger than js
HFS-down (~1.2 105 Am-2). Large 

enhancement in js
HFS-up shows that the fast parallel flow towards the HFS divertor is 

associated with the filaments, and the corresponding M//
HFS reaches close to the sonic level 

Fig.2 Time evolutions: (a) D
brightness in LFS/HFS divertors, 
(b) magnetic fluctuations, (c) ion 
saturation currents at the 
up-stream and down-stream sides 
of the HFS Mach probe ( rmid

=0.3 cm) as a function of delay 
from a large B̃p turbulence start.
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(0.7 to 1). Delays of the first to forth js
HFS-up peaks

( t = 68 - 145 s) measured are smaller than the 
characteristic time of the convective transport from 
the LFS midplane to the HFS Mach probe, i.e., 

//
LFS-HFS = Ls

LFS-HFS/Cs
ped = 186 s (Ls

LFS-HFS = 55 
m). On the other hand, delay of the first peak is 
slightly larger than the convection time from the 
HFS midplane to the HFS Mach probe: //

HFS-HFS = 
Ls

HFS-HFS/Cs
ped = 46 s (Ls

HFS-HFS = 12 m). Thus, 
provided that ELM filaments extend to the HFS 
edge and they are ejected into SOL, those delays 
can be explained as convection from the HFS 
midplane to the probe.  
Figure 4 (a) shows the radial distributions of the 

large js
HFS-up peaks (js

HFS(peak)), the maximum 

base-level after appearance of the large peaks 
(js

HFS(base)) and js
HFS-up between ELMs (js

HFS(ss)).
Enhancement factors of js

HFS(peak) are 20 - 50, 
which are comparable to those at the LFS midplane 
(10-50). Large enhancement (30-50) of js

HFS(peak)
is often observed near the separatrix ( rmid < 0.6 
cm). On the other hand, in the outer flux surfaces, 
large js

HFS(peak) values are not observed and 
e-folding length of js

HFS(peak) mapping to the LFS 
midplane is peak

HFS = 3.2 cm, which is about a half 
that at the LFS midplane ( peak

mid = 7.5 cm).   
  The Mach numbers for js

HFS(peak), js
HFS(base)

and js
HFS(ss) are shown in figure 4 (b): M//

HFS(peak),
M//

HFS(base) and M//
HFS(ss). M//

HFS(peak) increases 
from 0.2 - 0.3 away from the separatrix to near 
unity as close to the separatrix: a sonic level of the 
fast SOL flow is observed near the separatrix ( rmid

< 0.8 cm). The delay of js
HFS(peak), HFS(peak), is 

plotted in figure 4 (c). Characteristic times of the 
convective transport from the LFS midplane, 

//
conv(probe-LFS), and from the HFS midplane, 

//
conv(probe-HFS), are also shown, assuming a 

Fig.3 Enlarged time evolutions: (a) 
D  brightness in the main plasma and 
the HFS divertor, (b) js

HFS at 
upstream and downstream sides of 
the HFS Mach probe. Delay of the 
first js

HFS peak, separation and 
duration of these peaks are shown by 

HFS(peak), p-p
HFS and tpk

HFS.

Fig.4 Radial distributions: (a) js
HFS

peaks (thick circles), maximum 
base-level (squares) during ELMs, 
and js

HFS between ELMs (thin 
circles) measured at upstream-side 
of HFS Mach probe, (b) Mach 
numbers for js

HFS(peak), js
HFS(base),

js
HFS(ss),  (c) delay of js

HFS peaks.  
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constant Cs
ped of 2.9 105 m/s along the field lines length varying with the radial position of 

the HFS probe. HFS(peak) is comparable or larger than //
conv(probe-HFS), except in the far 

SOL ( rmid > 2 cm). The ELM filaments are ejected into the HFS SOL, but the radial extent 
of the filament is mostly limited to flux surfaces in the narrow region ( rmid < 1 cm.)  
  After the appearance of the multi-peaks, the flow reversal of the SOL plasma occurs over a 
wide SOL region ( rmid < 4 cm). As a result, the plasma and impurity transport at the HFS 
SOL and divertor is influenced by two transient convective fluxes during the ELM event: one 
is the large, short convective flow caused by the filaments, and another is the flow reversal 
over a wide SOL region, both of which will play an important role in impurity transport. 

4. Discussion and Summary
  Filament size and mode number are investigated from the database of the js

HFS-up peak
duration ( tpk

HFS) and separation of the multi-peaks ( p-p
HFS). p-p

HFS can be determined near 
the separatrix and scattered between 18 and 64 s. Average values are tpk

HFS = 24 s and 
p-p

HFS = 38 s. The poloidal scale of the plasma filament at the HFS SOL is evaluated from 
tpk

HFS by zpk
HFS = tp

HFS vt
ped tan( ), provided that the plasma filament is formed along the 

local field line pitch angle of = 6  at the Mach probe, and that the toroidal rotation at the 
HFS SOL corresponds to vt

ped(HFS) = vt
ped(RHFS/RLFS), where vt

ped ~ 28 km/s, the major radii 
at the HFS and LFS Mach probes are RHFS = 2.7 m and RLFS = 4.3 m. Then, zpk

HFS is 2 – 6 cm 
for tpk

HFS = 10 - 30 s. The toroidal mode number is estimated to be n = 18 - 44 from 
separation time of p-p

HFS = 20 - 50 s. Averaged filament size and mode numbers are 
comparable to those at the LFS SOL, suggesting the filament extends to the HFS SOL at least 
when it is ejected into the SOL. However, n > 20 is too high to understand by conventional 
MHD (peeling-ballooning) model, and thus further study is necessary. 
  In summary, large multi-peaks of the ion saturation current appear during the early period 
of the ELM events ( < 100 s after start of the large magnetic activity) at both the HFS SOL 
and the LFS midplane, which shows that plasma filaments propagate to the first wall and the 
divertor plates. Several filaments appear near separatrix ( rmid < 0.4 cm) of the HFS SOL. At 
the same time, convective transport with M// = 0.5-1 was observed with short propagation 
time to the HFS Mach probe above the baffle ( HFS = 53 s), which is faster than parallel 
convection transport time from the LFS midplane (~186 s). Filaments thus may extend to the 
HFS plasma edge and they are ejected into the HFS SOL, producing fast propagation of the 
filaments to the HFS SOL and divertor. This convection flux causes large neutral desorption 
at the HFS divertor and "flow reversal" over a wide radial range of the HFS SOL.
References
[1]  Asakura N., et al., Plasma Phys. Control. Fusion 44 A313 (2002). 
[2]  Asakura N., et al. J. Nucl. Matter. 337-339 712 (2005). 
[3]  Asakura N. and ITPA SOL and divertor Topical Group J. Nucl.Mater. 363-365 41 (2007). 
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8.7 Transient Response of Divertor Plasma  
during Transition to ELM Free H-Mode Phase [1]

H. Takenaga, N. Oyama, N. Asakura 

LH transition has been associated with a sharp drop of H  or D  emission intensity 
together with increases in edge density and temperature. The H /D  emission intensity is 
considered in relation to the particle transport at the main plasma edge. However, H /D
emission intensity expresses the particle flux to the divertor plates rather than the particle flux 
from the main plasma. The particle flux from the main plasma is much smaller than that to the 
divertor plates in large tokamak devices such as JT-60U, because a large fraction of the 
recycled neutral particles ionizes in the divertor region. Therefore, it is necessary to 
investigate the response of the divertor plasma against the change of the particle and heat 
fluxes from the main plasma in order to understand the key mechanisms determining the 
behavior of the H /D  emission intensity observed in various conditions of the H-mode 
phase. The mm-wave interferometer has been developed for measuring the line-integrated 
electron density at the upper stream of the divertor plasma. The mm-wave interferometer can 
measure the fast response of divertor plasma density, although this device has difficulty in 
covering the entire divertor region. For interpreting the measured results as physical 
mechanisms governing the phenomena in the wide divertor region, comparison with 
numerical simulation results is effective. The 2-D fluid divertor code UEDGE has been 
developed for understanding the heat and particle transport characteristics of the divertor and 
SOL plasmas. 

A drop in divertor plasma density was observed during the transition to the ELM free 
H-mode phase as well as the drop in D  emission intensity. The time scale for the drop in 
divertor plasma density ranged from a few ms to several tens of ms. 2-D fluid divertor code 
simulations using the UEDGE code indicated that the time scale for the divertor plasma 
density drop was ranged from several tens of ms to a hundred ms, when thermal and particle 
diffusivities were instantly reduced in the main plasma edge with a constant recycling 
coefficient. When it was assumed that the recycling coefficient decreased with a decrease in 
heat flux and increased with a decrease in particle flux, the time scale was reduced to a few 
ms in the simulations accompanied by a reduction of edge thermal diffusivity. These results 
indicate that the sharp drop of the divertor plasma density concomitant with the sharp drop of 
the D  emission intensity on a time scale of a few ms can be ascribed to the change of 
plasma-wall interaction depending on the heat flux to the divertor plates. 

Reference 
[1] Takenaga, H. et al., Plasma and Fusion Research, 1 (2006) 046. 
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8.8 Fluctuation Characteristics of the L-mode SOL Plasmas 

N. Ohno1), H. Tanaka1), N. Asakura, S. Takamura2) and Y. Uesugi3)

1) Nagoya University, 2) Aichi Institute of Technology, 3) Kanazawa University 

1. Introduction 
Intermittent convective plasma transport, so-called “plasma blobs” has been observed in 

low-field-side (LFS) scrape off layers (SOLs) of several tokamak devices, which is thought to 
play a key role for cross-field transport. It has strong influence on recycling processes and 
impurity generation from a first wall. Theory predicts that plasma blobs move toward first 
wall at LFS due to ExB drift, where the charge separation in a plasma blob is driven by 
gradient and curvature of magnetic field. Then, it is expected that the property of blobby 
plasma transport is quite different in high-field-side (HFS) SOLs in comparison with that in 
LFS SOL. However, there has been little observation on electrostatic fluctuation in HFS SOL 
so far. It becomes one of the most important issues to reveal an influence of plasma blobs on 
cross-field transport in the HFS SOL. Furthermore, the analysis of the fluctuation property is 
required to understand the generation mechanism of plasma blobs and to predict the 
cross-field transport, including non-locality of transport in the edge plasma turbulence. 
     In this section, detailed comparison between fluctuation characteristics at HFS and LFS 
SOLs will be made in the L mode plasma using reciprocating Langumuir probes[1]. 
Statistical analysis based on probability distribution function (PDF) is employed to describe 
intermittent (non-diffusion) transport in SOL plasma fluctuations[2]. 

2. Statistical analysis based on probability 
distribution function (PDF)
     In the JT-60U, three reciprocating Mach 
probes are installed at LFS mid-plane, HFS and 
just below the X-point as shown in Fig. 1. The
fluctuation property was investigated from fast 
sampling (500kHz) signals of the ion saturation 
current (js) measured at HFS and LFS SOLs. 
Figure 2 shows radial profiles <js> and 
fluctuation level ( js/<js>). js/<js> is 
gradually increased at LFS SOL, while at HFS 
SOL, js/<js> is small (<10%) and decreased 
with r.

Fig. 1 Plasma cross-section and 
location of reciprocating probes in the 
JT-60U.
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   The detailed feature of the 
fluctuation can be in investigated by a 
probabilistic analysis. We have 
analyzed fluctuation property of js based 
on probability distribution function 
(PDF). The PDF is an important 
statistical quantity for turbulence 
research. In order to obtain PDF, we 
construct a histogram of the time 
evolution of js. Figure 3 shows the PDFs 
of js in same radii (3cm < r < 6cm) at 
HFS and LFS SOLs. For fully random 
signal, a PDF has a Gaussian profile 
shown by dashed lines in Fig. 3. The 
PDF at LFS SOL is non-Gaussian 
profile and skewed positively, 
suggesting non-diffusive plasma 
transport (blobby transport) frequently 
occurs at LFS midplane. On the other 
hand, the PDF at HFS SOL is close to 
Gaussian distribution with less coherent 
events. Deviation of PDF from a 
Gaussian profile can be quantitatively 
characterized by skewness 
S=<x3>/<x2>3/2

. Fig. 2(c) shows 
skewness of the PDF at LFS SOL 
becomes maximum around r = 5 cm 
and is positive value in wide radii ( r < 
10 cm). On the other hand, the skewness 
at HFS SOL is smaller than that at LFS 
SOL.
    In order to reveal the typical 
burst’s profile at LFS SOL, conditional 
averaging method was employed. Fig. 
4(a) shows the typical time evolution of 
js at LFS SOL. In this method, large bursts of js with a peak above three times as large as the 
standard deviation of the original signal (dashed line in (a)) are selected and averaged in the 
same time domain. The result indicates that the positive spikes have the common property of 

Fig.3 Log-linear plots of probability 
distribution function (PDF) of js measured at 
LFS and HFS SOLs. 

Fig.2 (a) js profiles measured with LFS 
midplane (circles) and HFS (squares) Mach 
probes in L-mode. (b) fluctuation level of js, (c) 
skewness.
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a rapid increase and slow decay shown in 
Fig. 4(b). This feature is similar to that of 
theoretical prediction for plasma blobs. 
The conditional average of Vf measured 
simultaneously using a probe tip 5 mm 
inside of the probe tip for js shows that Vf

changes from positive to negative with 
respect to <Vf> as a large burst of js

passes by. This result gives the internal 
potential structure of plasma blobs. The 
plasma blob velocity also can be 
estimated by using delayed time between 
the peaks of js and Vf  to be about 425 
m/s. 

3. Scaling Feature of Fluctuation 
     The scaling features of the 
fluctuation can be studied by mean of 
Fourier analysis. Figure 5 shows
spectral density S( f ) of js at HFS and 
LFS SOLs.  There are no peaks in S( f ) . 
The shapes of the spectral density allow 
one to conclude whether the scaling 
behavior of a time series can be described 
by power-law dependences of the type 
S( f ) = f . The power spectrum of the 
turbulent fluctuations quantifies the 
properties of the process. A self-organized 
criticality (SOC) model was proposed to 
analyze non-local plasma transport in 
tokamaks[1], which predicts a power law 
dependence, S( f ) = f  . In LFS SOL, 
scaling sub-range with respect to the 
frequency is clearly observed in Fig. 5. 
Typical value of the scaling exponent  of 
the power spectra in the scaling sub-range 
is 1.3, which is different from the SOC prediction.  

Fig.5 Power spectra of js at LFS and HFS 
SOLs.

Fig.4 (a) Time evolution of js , (b) conditional 
averaging results of js and floating potential Vf

at LFS SOL. 

(a)

(b)
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     We have also analyzed statistics of 
duration-time of js with positive burst events, 
where a positive burst is defined by a positive 
spike with an amplitude above twice of the 
standard deviation of the original signal (dotted 
line in Fig.4(a)). It is found, for the first time, 
that the PDF for the duration time  shows a 
statistical self-similarity fluctuation property 
both at LFS and HFS SOLs as shown in Fig. 6, 
because the logarithmic plot of the PDF gives 
the power factor scaling P( ) = – .
corresponds to a capacity fractal dimension. 
Larger  indicates that the plasma turbulence is 
developed to have finer vortex structure at HFS SOL. On the other hand, coherent structure 
associated with plasma blobs in plasma turbulence could reduce the  in LFS SOL. 

References 
[1] Asakura, N., et al., J. Nucl. Mater.  337-339 (2005) 712-716. 
[2] Miyoshi, H., et. al. 32nd EPS Plasma Physics Conference, Tarragona (2005) P1.045. 

Fig.6  Probability distribution function 
of the duration time of bursts. Power low 
fits are shown by solid and dashed lines. 

JAEA-Review  2008-045

−　��　−



8.9 Temporal Evolutions of Electron Temperature and Density with ELM

in the Divertor Plasma

T. Nakano, N. Asakura, S. Kajita, H. Kawashima, H. Kubo, K. Fujimoto, N. Ohno and

K. Shimizu

1 Introduction
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Fig. 1: (a) a schematic view of the diver-
tor structure, the magnetic configuration,
the viewing chords for He I lines (thin
line) and Dα line (shade) measurement,
and (b) the spectrometer for the He I lines.

ELM ( Edge Localized Mode ) is an in-

termittent heat- and particle-exhausting activ-

ity occurring at the edge of the main plasma

in H-mode discharges. According to the multi-

machine database [1], one type-I ELM pulse ex-

pels 20 % of the plasma stored energy in the

pedestal region, 65 % of the expelled energy

is transported to the divertor, and the diver-

tor plates are exposed for 100− 1000 µs. From

this database, it is predicted in ITER that the

heat load around the strike point is higher than

5 GWm−2 on the assumption that the plasma

stored energy in the pedestal region is 100 MJ,

the exposure duration 500 µs and the exposed

divertor area 5 m2. This heat flux is higher than

that measured in JT-60U by one order [2], and

is high enough for carbon materials used around

the strike points to sublimate. Given that the

ELM exposure duration is 100−1000 µs in JT-

60U [3], the plasma parameters measured at the

frequency of 10 kHz are required to discuss the

temporal evolution of the divertor plasma quan-

titatively. In the present work, with a newly-

employed measurement technique, simultane-

ous measurement of the three He I lines at a

high frequency of 20 kHz, temporal evolutions of the electron temperature and density

are determined.

2 Experimental

Figure 1 (a) shows the viewing chord for the spectroscopic measurement for the He I

lines, which is parallel to the outer divertor plates and passes near the outer strike point.

The emission from the divertor plasma, most of which comes from around the strike
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pointis transmitted through an optical fiber to a spectrometer shown in Fig. 1 (b). In the

spectrometer, 1/3 of the incident light is reflected at the 1/3 mirror, transmits through

the interference filter, and is detected by the absolutely calibrated photo-multiplier. The

central transmission wavelength of the interference filter is 668.0 nm, the transmission

band width 4.6 nm, and the peak transmittance 75 % for He I (2p 1P − 3d 1D : λ =

667.8 nm) line. Similarly, the absolute intensities of He I (2p 3P− 3s 3S : λ = 706.5 nm)

and He I (2p 1P− 3s 1S : λ = 728.1 nm) line are measured. In addition, the intensity of

Dα line is simultaneously measured along a similar viewing chord shown in Fig. 1 (a),

which is on a poloidal cross section 60 degree apart in the toroidally opposite direction

to the plasma current. The intensities of the three He I lines and Dα line are sampled,

respectively, at 20 kHz and 250 kHz with a synchronized clock.

The present measurement was performed with an ELMy H-mode deuterium plasma

with the plasma current of 1.0 MA, the toroidal magnetic field of 1.9 T and the neutral

beam heating power of 20 MW. The electron temperature, the ion temperature and

the electron density at the top of the pedestal were, respectively, 1.0 keV, 1.3 keV and

1.6 × 1019 m−3, the ELM frequency ∼ 120 Hz ( Type-I ELM), the expelled plasma

stored energy ∼ 20 kJ and the plasma stored energy at the pedestal region ∼ 470 kJ.
The waveforms of the Dα and the He I lines shown in, respectively, Fig. 2 (a) and (b)

were obtained by averaging 134 ELMs during a steady-state ELMing phase to reduce

statistical errors. In the averaging operation, the time of t=0 for each ELM was set at

the peak of the Dα line intensity with an intensity of 4.5− 5.5× 1019 ph sr−1m−2s−1. It

is noted that the origin of helium is a working gas for discharge cleaning.

3 Results and discussion

The intensity ratio, He I (728.1 nm) / He I (706.5 nm) is sensitive to electron

temperature, and is not very sensitive to electron density, indicating a good measure

of electron temperature [4]. This sensitivity is due to different electron-impact-energy

dependence of the excitation cross sections to 3s 1S and to 3s 3S from the ground state

of helium. Hence, qualitative change of the electron temperature is valid, even in the

case that the excitation cross sections are averaged with a non-Maxwellian electron

velocity distribution, although absolute temperature may not be correct. In contrast,

the intensity ratio, He I (667.8 nm) / He I (728.1 nm), is sensitive to electron density,

and is not very sensitive to electron temperature, indicating a good measure of electron

density [4]. This is due to l-changing processes ( excitation and de-excitation by electron

impact ) between 3s 1S and 3d 1D ( l : an azimuthal quantum number ) : at low density,

the ratio of the population density of 3s 1S to that of 3d 1D is close to the ratio of

the excitation rates to the respective levels from the ground state, and with increasing

electron density, the ratio becomes close to the ratio of statistical weight of these levels.

These two intensity ratios were calculated with a collisional-radiative model for a
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neutral helium [5]. From comparison of the calculated and the measured intensity ratio,

the electron temperature and density were determined. As shown in Fig. 2 (c), the

electron temperature starts increasing at t = −450 µs from 70 eV, reaches 80 eV, stays

for 150 µs, and then, drops rapidly to 60 eV before it gradually recovers in about 3000 µs.

The electron density also starts increasing at t = −450 µs, continues to increase until

t = −100 µs, and then the constant density phase lasts for 300 µs before it decreases

rapidly, and then, gradually.
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Fig. 2: Waveforms of (a) the intensity of Dα

line, (b) the intensities of He I lines, and (c)
the determined electron temperature and den-
sity. Error bars are shown every 10 data.

The temporal evolutions of the elec-

tron temperature and density are inter-

preted as follows:

I. t = −450 µs: the conductive

power flow and probably also the convec-

tive particle flow from the main plasma

caused by the ELM start reaching the

divertor plasma. It is difficult to deter-

mine whether the increase of the electron

temperature is ascribed to the conductive

power flow or the convective particle flow

because the time resolution of the present

measurement (50 µs) is much lower than

and comparable to, respectively, the con-

ductive (several µs) and the convective

transport time (120 µs) along the field

line from the mid-plane to the outer strike

point. In the case the increase of the

electron temperature is dominated by the

conductive power, the electron tempera-

ture may not be correct due to a possibil-

ity of a non-Maxwellian electron velocity

distribution. In the case the increase of the electron temperature is dominated by the

convective particles, the electron temperature is valid because of shorter electron tem-

perature relaxation time of the divertor plasma and the plasma transported with the

ELM (∼ 10 µs) compared to the transport time from the X-point to the outer strike

point (∼ 20 µs). In any case, the qualitative change is valid as already described.

At the same time, the neutral particles released from the divertor plates start

increasing due to an increase of the divertor plate temperature and also due probably

to the start of the recycling of the incident ions to the divertor plates originating from

the ELMs. Ionization of the released neutrals starts and produces plasma, resulting in

an increase of electron density.

II. t = −400 ∼ 0 µs: the conductive power flow and the convective particle flow
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continue reaching the divertor, indicated by continuously increasing electron temperature

and density.

III. t = 0 ∼ 200 µs: at t = 100 µs, the conductive power flow and the convec-

tive particle flow into the divertor decrease rapidly while the electron energy is being

consumed through the ionization of the neutrals. Thus, the electron temperature drops.

Ionization of neutrals is still occurring and producing electrons. Thus, the electron den-

sity is kept.

IV. t = 200 ∼ 500 µs: with decreasing incident ion flux, the recycling flux decreases,

and then, the ionization flux decreases. Hence the electron production rate decreases,

resulting in a decrease of the electron density.

V. t > 500 µs: with further decreasing incident ion flux, the electron density

decreases, and then becomes constant in 3000 µs. Similarly, the electron temperature

recovers in 3000 µs, resulting from the decrease of electron energy consumption and

probably also from the recovery of the temperature around the pedestal.

4 Summary

The temporal evolutions of the electron temperature and density in the divertor

plasma with ELM were investigated with simultaneous measurement of the three He

I lines with sufficiently high time resolution to discuss the dynamics of the divertor

plasma: the electron temperature starts increasing with increasing Dα intensity from

70 eV, reaches 80 eV, stays for 150 µs, and then, drops rapidly to 60 eV at the peak

of the Dα intensity, before it gradually recovers in about 3000 µs. The increase of the

electron temperature is ascribed to the conductive power and the convective particle flow

into the divertor. Next, the electron temperature decreases due to the consumption of

the electron energy through the ionization of neutrals with decreasing power and particle

flow. Then, the electron temperature gradually increases with decreasing ionization flux.

The electron density also starts increasing with increasing Dα intensity, continues

to increase, and then, becomes constant around the peak of the Dα intensity for 300 µs,

before it decreases rapidly, and then, gradually. The increase of the electron density is

ascribed to an increase of the electron production rate through the ionization of recycled

neutrals, which originates from the particles expelled from the pedestal by the collapse.

The convective particle flow into the divertor decreases, resulting in a decrease of the

recycling flux, a decrease of the ionization flux, and then, a decrease of the plasma pro-

duction rate in the divertor. Consequently, the electron density in the divertor decreases.

Further, the electron density gradually decreases.
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8.10 Revisited : Measurement of Chemical Sputtering Yields

T. Nakano, K. Tsuzuki, S. Higashijima, H. Kubo and N. Asakura

1 Introduction

Carbon materials, in particular, carbon fiber composite materials are widely used

for plasma-facing components such as a divertor plate because of the high thermal shock

resistance, the high thermal conductivity, the high melting point and the low atomic

number. But one of the negative properties of carbon materials is a chemical reac-

tion with hydrogen, resulting in release of hydrocarbons. This erosion is one of the

key factors to determine the lifetime of the carbon divertor plates in ITER. Hence the

chemical sputtering yield has been measured in almost all fusion experimental devices

with carbon divertor plates. However, the sputtering yields determined by a spectro-

scopic measurement technique are substantially different from one another. This dis-

crepancy arises from variety of the emission rates of the CH spectral bands. To re-

duce this variety, the emission rates should be measured at the same device as the

sputtering yield is measured because the emission rates depend on the transport of

the radicals of the sputtered hydrocarbons, which is significantly affected by the di-

vertor geometry. In the present report, the emission rates of CH, CD and C2, origi-

nating from CH4, CD4, C2H4 and C2H6 were measured. With the measured emission

rates, the chemical sputtering yields of CH4, CD4, C2Hy and C2Dy were determined.
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Fig. 1: Cross-sectional view around the
divertor. Viewing chord for the spectro-
scopic measurement, location of the gas-
puff nozzle, and the magnetic configura-
tion are shown. Another viewing chord
and a Langmuir probe are positioned on
different poloidal cross-sections.

2 Experimental

Figure 1 shows the present experimen-

tal set-up for the measurement of the emission

rates. From the gas-puff nozzle at the outer

divertor plate, one species of the following hy-

drocarbons, CH4, CD4, C2H4 and C2H6 every

one pulse was injected into the outer divertor

plasma. The flow rate of the hydrocarbons is

determined from the decrease of the pressure at

the chamber just upstream of the nozzle. Along

the viewing chord on the same poloidal cross-

section of the gas-puff nozzle ( hereafter Vg),

the intensities of the CH and the C2 spectral

bands, originating from the injected hydrocar-
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bons, were measured. Along another viewing chord on a different poloidal cross-section

(hereafter Vb), toroidally apart by ∼ 100 mm, the intensities of the CH and the C2

spectral bands, originating from the intrinsic chemically-sputtered hydrocarbons were

measured. The electron temperature and the ion flux were measured by a Langmuir

probe, which is positioned on a different poloidal cross-section from the gas-puff nozzle.
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Fig. 2: Waveforms of (a) the electron temperature at
the outer strike point, (b) C2H4 injection speed, (c)
the CH intensity measured along the viewing chord on
the same poloidal cross-section of the gas-puff nozzle
(Vg), the CH intensity along the viewing chord on the
different poloidal cross-section (Vb), and the difference
of these two CH intensities.

The present measurement was

performed in an L-mode discharge

with the plasma current of 1.5 MA,

the toroidal magnetic field of 3.6

T, the neutral beam heating power

of 4.4 MW. With a gradual in-

crease of the line-averaged electron

density of the main plasma by the

gas-puffing, the electron tempera-

ture at the outer strike point de-

creases down to 12 eV as shown in

Fig. 2 (a). The C2H4 injection

speed is almost constant as shown in

Fig. 2 (b). Both the CH intensities

measured along the Vg and the Vb

chord increase while the difference

of these two intensities are constant

as shown in Fig. 2 (c). Because this

difference is the net CH emission in-

tensity originating from the injected

C2H4, the ratio of the injected C2H4

flux to the CH emission intensity

originating from the injected C2H4 is evaluated on the assumption that the injected C2H4

is lost by dissociation, ionization and charge transfer processes in the observation volume.

This ratio is referred as to LEPCH
C2H4

, which stands for C2H4 Loss−Events/CH Photon,

Hereafter, the similar expressions for the other injected hydrocarbons are used.

3 Result of the measurement of the CH and the C2 emission rates

From similar experiments, LEPCH
CH4

, LEPCD
CD4

, LEPCH
C2H4

, LEPC2
C2H4

, LEPCH
C2H6

, and

LEPC2
C2H6

were determined. In Fig. 3, these LEP values are shown as a function of the

electron temperature at the outer strike point. As shown in Fig. 3 (a), both LEPCH
CH4

and LEPCD
CD4

decrease with decreasing electron temperature. But the dependence on the
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electron temperature is weaker than LEPCH
CH4

measured in PISCES-A [1]. This is the case

for LEPCH
C2H4

and LEPC2
C2H4

as shown in Figs. 3 (b) and (c), respectively: the LEPCH
C2H4

and LEPC2
C2H4

values determined in the present work indicate very weak dependence

on the electron temperature while those measured in PISCES indicate much stronger

dependence. The dependence of LEPCH
C2H6

and LEPC2
C2H6

on the electron temperature is

stronger compared with LEPCH
C2H4

and LEPC2
C2H4

.
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Fig. 3: (a) LEPCH
CH4
, LEPCD

CD4
, (b) LEPCH

C2H4
,

LEPCH
C2H6

, (c) LEPC2
C2H4

, and LEPC2
C2H6

as a
function of the electron temperature. LEPCH

CH4
,

LEPCH
C2H4

, and LEPC2
C2H4

measured in PISCES-
A [1] are also shown.

It is interesting to compare LEPCH
C2H4

and LEPCH
C2H6

. As shown in Fig. 3 (b),

LEPCH
C2H4

is larger than LEPCH
C2H6

, indi-

cating that the CH emission originating

from LEPCH
C2H6

is stronger than that from

LEPCH
C2H4

. This comparison qualitatively

indicates that the probability of CH radial

production in the break-up chain from

C2H6 is larger than that from C2H4. One

of the reasons for this result is that the

number of CH bonds in C2H6 is larger

than that in C2H4. This is the case

for comparison of LEPC2
C2H4

and LEPC2
C2H6

.

The C2 emission originating from C2H4

is stronger than that from C2H6, showing

the difference of relative ratio of the num-

ber C2 bonds to C2H4 and to C2H6.

4 Result of the chemical sputtering

yield

With the measured LEP values, the

chemical sputtering yields in Ref. [2],

which were evaluated with the LEP val-

ues measured in PISCES-A [1], are re-

vised. Because it is impossible to deter-

mine the ratio of C2H4 sputtering flux

ΓC2H4 to C2H6 sputtering flux ΓC2H6 in

the present work, this ratio is assumed to be α : (1 − α), i.e., ΓC2H4 = α · ΓC2Hy , and

ΓC2H6 = (1−α) ·ΓC2Hy . Then, the measured CH and C2 intensity, respectively Imeasured
CH

and Imeasured
C2

, are expressed as

Imeasured
CH = ICH4

CH + IC2H4
CH + IC2H6

CH
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= ΓCH4/LEPCH4
CH + ΓC2H4/LEPC2H4

CH + ΓC2H6/LEPC2H6
CH

= ΓCH4/LEPCH4
CH + ΓC2Hy

(
α/LEPC2H4

CH + (1− α) /LEPC2H6
CH

)
, (1)

Imeasured
C2

= IC2H4
C2

+ IC2H6
C2

= ΓC2H4/LEPC2H4
C2

+ ΓC2H6/LEPC2H6
C2

= ΓC2Hy

(
α/LEPC2H4

C2
+ (1− α) /LEPC2H6

C2

)
, (2)

where ΓCH4 indicates CH4 sputtering flux. From these equations, ΓCH4 and ΓC2Hy can

be evaluated, and the sputtering yield of CH4 and C2Hy, respectively YCH4 and YC2Hy ,

defined as the ratio of ΓCH4 / Γion and ΓC2Hy / Γion and are determined, where the ion

flux is denoted by Γion.
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Fig. 4: (a) the CH4, the CD4, (b) the C2Hy, the
C2Dy , and (c) the total sputtering yields as a
function of ion flux density at the strike point.

Figure 4 (a) shows the CH4 and the

CD4 sputtering yield at α = 0.5, i.e.,

ΓC2H4 = ΓC2H6 . The bars for the CD4

sputtering yield DO NOT indicate the

statistical error but indicate the possible

range of the CD4 yield, determined by α:

at α = 1, the sum of the second and the

third term of Eq. 1 becomes the smallest

because LEPCH
C2H4

is larger than LEPCH
C2H6

.

Hence ΓCH4 takes the largest value. On

the contrary, at α = 0, ΓCH4 takes the

smallest value. Similarly in Fig. 4 (b),

the C2Hy and the C2Dy yields are shown.

In Fig. 4 (c), the total sputtering yields,

defined as YCH4+2×YC2Hy are shown. The

possible range determined by α is smaller

than the size of the symbols. Hence it is

concluded that the ratio of ΓC2H4 to ΓC2H6

does not have serious influence on the to-

tal sputtering yield.
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8.11 Volume Recombination of C4+ in Detached Divertor Plasmas [1]

T. Nakano, H. Kubo, N. Asakura, K. Shimizu, S. Konoshima, K. Fujimoto,

H. Kawashima and S. Higashijima

In order to investigate the radiation power from C3+ in detached divertor plasmas

with MARFE, C IV lines were measured by a VUV spectrometer and by a visible spec-

trometer simultaneously. When an X-point MARFE was formed, the C IV emissivity

peaked around an X-point. From the absolute intensity of C IV lines emitted from the

peak, the population density ratio of the C3+ excited levels was determined, and then

analyzed with a collisional-radiative model. The result of the analysis indicated that the

population density of the excited levels was composed of the ionizing and the recombin-

ing plasma component with an electron temperature of 6.3 eV and an electron density of

7.8×1020 m−3 ; the levels with n ≤ 4 were dominated by the ionizing plasma component

and the levels with n ≥ 5 by the recombining plasma component.

By using the collisional-radiative model with these evaluated parameters and C IV

brightness, the line-radiation power was evaluated: the line-radiation power from the

ionizing plasma component of C3+ is 60 % of the total radiation power (1.4 MWm−2)

measured by a bolometer with a similar viewing chord. In contrast, the line-radiation

power from the recombining plasma component is only 2 % of the total radiation power.

However, the volume recombination flux of C4+ and e− into C3+ is larger by two orders of

magnitude than the ionization flux of C3+. Hence the ionization state balance between

C3+ and C4+ is dominated by the recombination from C4+ into C3+ rather than the

ionization from C3+ into C4+, which is the case for usual divertor plasma conditions

such as attached plasmas. From this result, the recombination is presumably one of the

sources of C3+. This will be investigated by comparison of the ionization flux of C2+ and

the recombination flux of C4+ into C3+ in near future.

Further, from the population density ratio of the n = 9 level to the n = 7 level, the

distribution of the electron temperature was estimated: the electron temperature was

∼ 10 eV at the edge of the MARFE region, and decreased toward the X-point down to 2

eV. From this spatial gradient of the electron temperature, complicated structures of the

elementary process and the radiation power of C3+ in the MARFE region are suggested:

at the very center of the MARFE region ( Te ∼ 2 eV ), the volume recombination

is dominant and the radiation power is low. At the edge of the MARFE region, the

excitation from the ground state of C3+ to low excited levels such as 3p is significant,

resulting in significant line-radiation. As a result, the radiation power from C3+ has a

hollow profile rather than a peaked profile.

In near future, the two-dimensional distribution of the electron temperature will

be evaluated from the two-dimensional population ratio, for example, the n = 9 level

to the n = 7 level. Then, the two-dimensional distributions of the radiation power and

the ionization/recombination balance are investigated from two dimensional distribution
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of C IV emissivities. For this purpose, improvement of the tomography reconstruction

technique [2] is necessitated. This method will be applicable for carbon ions in other

ionization states and deuterium to investigate the rest of the radiation power (∼ 40 %).
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8.12 Ionizing and Recombining Components of Deuterium Emission 
 in Detached Divertor Plasmas 

K. Fujimoto, T. Nakano, H. Kubo, K. Sawada1), H. Kawashima, K. Shimizu, and N. Asakura 

1) Shinshu University 

1. Introduction 
In tokamak fusion reactor, heat and particle control is essential to prevent damage of the 

plasma facing component. The poloidal divertor is the most promising method for the heat 
and particle control. In detached divertor plasmas, the ionization and recombination occur 
contiguously [1, 2]. The D2 molecules and D atoms released from divertor plates ionize at the 
higher temperature plasma (ionizing plasma, Te > 5 eV). The D+ ions transported to the 
divertor region recombine at the lower temperature plasma (recombining plasma, Te < 1 eV). 
Two-dimensional spectroscopic measurement of the deuterium emission is effective to 
determine the spatial distribution of the ionizing and recombining plasma in a detached 
divertor plasma. 

To investigate the formation mechanism of a detached divertor plasma, the deuterium 
Balmer-series lines in a divertor plasma were measured two-dimensionally. Spatial 
distributions of the deuterium Balmer-series lines emission were reconstructed with 
tomography techniques [3]. The ionizing and recombining components of the deuterium 
Balmer-series lines emission were discussed with the collisional-radiative model. 

2. Two-dimensional Distribution of the Deuterium Balmer-series Lines Emission 
A wide-spectral-band spectrometer with a CCD detector was used to observe 

deuterium Balmer-series lines. As shown in Fig.1, the spectrometer has 92 view channels 
(vertically 60 channels, horizontally 32 channels) with a spatial resolution of ~ 1 cm. From 1 
to 17 channels of the horizontal channels are interrupted by the divertor dome top. The 
spectrometer covers a spectral range of 350 - 800 nm. Since the deuterium Balmer-series lines 
distribute from 360 to 656 nm, they can be measured with the spectrometer simultaneously. 
An ND filter which reduces the D  line emission by ~ 1/10 is installed in the spectrometer to 
obtain the dynamics range of 105.

The deuterium Balmer-series lines were measured in an L-mode plasma. The plasma 
current, the toroidal field, and the NBI heating power were 0.9 MA, 1.2 T, and 3.5 MW, 
respectively. The electron density normalized by the Greenwald density limit was 43 % in the 
inner detached divertor plasma and 65% in the detached divertor plasma. The deuterium 
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Balmer-series lines from D  line 
(n=2-3, where n is the principal 
number, 656.3 nm) to D  line (n=2-10,
379.8 nm) emission were observed 
simultaneously.  

The maximum entropy 
method (MEM) was used as a 
tomography technique [4]. The MEM 
is suitable for reconstructions with a 
small number of projections and well 
used for the plasma analysis [5]. The 
two-dimensional distribution of the 
D  line emission in a discharge with the detached inner divertor plasma and the attached outer 
divertor plasma is shown in Fig.2 (a). In the inner divertor region, the D  line emission is 
stronger above the inner strike point and extends upward along to the inner divertor plates. In 
the outer divertor region, the D  line emission is stronger on the outer divertor plates. The 
horizontal strong emission from just under the X-point to the outer divertor plates is false 
distribution due to the reconstruction error. The peak intensity of the strongly emitted region 
is ~ 2 x 1021 ph/sr/m3/s in the inner divertor region and ~ 3 x 1020 ph/sr/m3/s in the outer 
divertor region. The two-dimensional distribution of the D  line emission in a discharge with 
the detached inner and outer divertor plasmas is shown in Fig.2 (b). In the inner divertor region, 
the D  line emission is stronger above the inner strike point and extends along to the inner 
divertor plates. In the outer divertor region, the D  line emission is stronger around the outer 
divertor plates and the strong emission area spreads. The peak intensity of the strongly 
emitted region is ~ 2 x 1021 ph/sr/m3/s in the inner divertor region and ~ 4 x 1021 ph/sr/m3/s in 
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the outer divertor region. Though the 
D  line emission above the inner 
strike point changes less, that around 
the outer strike point increases by 
more than ten times. 

3. Ionizing and Recombining 
Component in the Inner Detached 
Divertor Plasma 

An emission intensity from 
p-level to q-level, I(p, q), is a 
function of the deuterium atom 
population density at p-level, n(p). 

The population density can be expressed a sum of an ionizing and recombining components. 

pnqpAqpI ,,

innpRnnpRqpA e0e1 1, ,    (1) 

where A(p, q) is the A-coefficient from p-level to q-level, R1(p) is the ionizing population 
coefficient at p-level, R0(p) is the recombining population coefficient at p-level, ne is the 
electron density, ni is the ion density, and n(1) is the atom population density at the ground 
state [6]. The R1(p) and R0(p) are the function of the electron density and electron temperature. 
The first term of eq. (1) is the ionizing component and the second term is the recombining 
component. Figure 3 shows the experimental intensity ratio of the D  (n=2-4, 486.1 nm) line 
to D  line, Iexp(4, 2)/Iexp(3, 2), in the inner detached plasma. The region with high Iexp(4, 
2)/Iexp(3, 2) ratio distributes in the inner 
divertor region along the magnetic field lines. 
As already mentioned in Fig.2 (a), since the 
deuterium emission under the X-point to the 
outer divertor plates is false, the distribution of 
the I(4, 2)/I(3, 2) in that area is not correct. The 
theoretical intensity ratio with the 
collisional-radiative model, Ith(4, 2)/Ith(3, 2), is 
shown in Fig.4. The intensity ratio becomes 
large, when the recombining component of the 
emissions is dominant. The boundary line 
between the pure ionizing and pure 
recombining is 0.14, which is expressed as 
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contour lines in Fig.4.  
In Fig.3, the recombining component is dominant above the inner strike point along to 

the separatrix. Though Iexp(4, 2)/Iexp(3, 2) is ~ 0.1 on the separatrix field line in the inner 
divertor region, it can be explained to be the recombining component with Te < 0.5 eV in 
Fig.4. The ionizing component is dominant on the upper divertor plates in the inner divertor 
region. Consequently, the two-dimensional structure of attached and detached region in the 
partially detached divertor plasma is obtained. On the outer divertor plate, the ionizing 
component is dominant on the D  and D  line emission. The plasma in the outer divertor 
region is attached.  

We have a plan to determine the two-dimensional distribution of the electron 
temperature, the electron density, and the deuterium atom density. The spatial distribution of 
the ionizing and recombining plasma will be studied. 
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8.13 Evaluation of the Electron Distribution Function for Detached Plasma
Y. Sadamoto1), K. Uehara, N. Asakura, H. Kawashima, H. Kubo, 
T. Nakano, H. Takenaga, K. Fujimoto, H. Amemiya2), Y. Saitou3)

1) Department of Physics, Joetsu University of Education, Joetsu, Niigata 943-8512, Japan  
2) Graduate School of Science and Engineering, Chuo University, Bunkyo, Tokyo 112-8551, 
Japan
3) Department of Electrical and Electronic Engineering, Utsunomiya University, Utsunomiya, 

Tochigi 321-8505, Japan 

1. Introduction 
The evaluation of the electron temperature and energy in tokamak boundary plasmas is 

an important issue for estimation of energy flows and particle flows to divertor plates. The 
electron temperature obtained from a semi-logarithmic plot of electron current-voltage 
characteristics for a detached plasma in the JT-60U 
divertor region [1] is larger than that measured with 
the Thomson scattering method for a detached 
plasma in the DIII-D divertor region [2]. There are 
no evaluations of electron distribution functions in 
JT-60U. The purpose of this research is to evaluate 
the electron temperature and energy from electron 
velocity distribution functions of the divertor 
plasma in JT-60U. 

2. Method of the electron velocity distribution 
function
 The electron velocity distribution function f is 
obtained from the numerical first-derivative of the 
smoothed probe current Ip at the probe voltage Vp in 
the basis of the following equation [3]: f(vx) = 
[m/(ne2S)] dIp/dVp with vx = [2e(Vs-Vp)/m]1/2, where 
vx is the velocity perpendicular to the effective probe 
surface S, m is the electron mass, n is the density, e
is the elementary charge, and Vs is the space 
potential. Figures 1 a) and b) show an example of 
probe current-voltage characteristics and its electron 
distribution function, where the horizontal axis 
energy E stands for E = e(Vs-Vp). The electron 
temperature Tep agrees with the value obtained from 

Fig. 1. a) an example of probe 
current- voltage characteristics and 
b) its electron velocity distribution 
function, where the horizontal axis 
stands for E = e(Vs-Vp) = m vx

2/2.
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a semi-logarithmic plot of electron current-voltage 
characteristics. It should be noted that the electron 
distribution function can be evaluated if the probe 
voltage of the single probe can be fully swept up to 
the space potential Vs.

3. Experimental results 
3-1 Transition from an attached plasma to 
a detached plasma 

A divertor plasma and positions of 
Langmuir probes are indicated in Fig. 2. 
Figure 3 shows time histories of the ion saturation 
current Iis and the electron temperature Te evaluated 
from a semi-logarithmic plot of electron 
current-voltage characteristics at the probe A7. The 
ion saturation current and the electron temperature 
rapidly decrease at t ~ 18 s. At the outer strike 
point probe A7, the divertor plasma shifts from an 
attached plasma to a detached plasma at t ~ 18 s.  

3-2 Electron velocity distribution function of the 
attached plasma 

The electron distribution functions at the 
probe A7 are presented in Fig. 4 for the attached 
plasma of t = 14 - 17.5 s. The value of the 
distribution function at E = 0 is normalized to 
unity. The electron distribution function obtained 
experimentally fits the Maxwellian distribution 
function f = exp(-E/Tep) with Tep = 12 eV.  

3-3 Electron velocity distribution function of 
the detached plasma

 When the X-point MARFE and the 
plasma detachment occur at t > 18 s as is shown 
in Figs. 2 and 3, the electron distribution 
functions at the outer strike point probe A7 are 
presented in Fig. 5. The electron distribution 
function obtained experimentally is 

Fig. 2. Divertor plasma and Langmuir probes.

Fig. 3 Time histories of the ion saturation 
current Iis and the electron temperature 
Tep measured with the probe A7. 

Fig. 4. Electron distribution function f
vs energy E at the probe A7 for the 
attached plasma of t = 14 - 17.5 s. 
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Fig. 6. Electron distribution function f vs 
energy E at the probe A6 for the detached 
plasma of t = 18 - 19 s. Fitting parameters 
are a1 = 0.93, Te1 = 2.0 eV, a2 = 0.55, E0 =
2.7 eV, and Te2 = 1.0 eV. 

reconstructed with a combination of the Maxwellian distribution function f1 = a1 exp(-E/Te1)
and the drifted Maxwellian distribution function f2 = a2 exp[-(E1/2-E0

1/2)2/Te2]. Then, a1 = 0.94, 
Te1 = 3.6 eV, a2 = 0.65, E0 = 6.0 eV, and Te2 = 2.5 eV. However, a combination of two 
Maxwellian distribution functions g1 = b1 exp(-E/Te1) and g2 = b2 exp(-E/Te2) does not give the 
experimental distribution function.  Other distribution functions at probes A6 and A8-A10 
are also formed by a combination of the Maxwellian distribution function and the drifted 
Maxwellian distribution function as are represented in Figs. 6-9. Figure 10 shows E0, Te1, Te2,
and Tep for various probe positions. The spatial profile of the electron temperature Tep agrees 
with the conventional probe data for the detached 
and attached regions in the JT-60U divertor plasma 
[1]. The electron temperatures Te1 and Te2 are almost 
equal and change from 1 eV at the probe A6 to 5 eV 
at the probe A10.  The values of Te1 and Te2 are 
about half of Tep and are almost equivalent to the 
electron temperature measured with the Thomson 
scattering method in the DIII-D divertor region [2]. 
The drift energy E0 increases from probe A6 to 
probe A8 and decreases from probe A8 to probe 
A10; the probe A8, where E0 has the maximum 
value, is placed at the boundary of the detached 
region and the attached region. At this boundary, a 
plasma flow becomes the maximum [1]. 

Fig. 5. Electron distribution 
function f vs energy E at the probe 
A7 for the detached plasma of t = 
18 - 19 s. 
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Fig. 7. Electron distribution function f vs 
energy E at the probe A8 for the detached 
plasma of t = 18 - 19 s. Fitting parameters 
are a1 = 0.92, Te1 = 3.9 eV, a2 = 0.62, E0 =
7.5 eV, and Te2 = 3.9 eV.   
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4. Conclusions 
The electron velocity distribution function 

can be evaluated from the numerical first-derivative 
of the probe current at the probe voltage. The 
electron distribution function is formed by a 
combination of the Maxwellian distribution function 
and the drifted Maxwellian distribution function for 
the detached plasma. The electron drift energy 
reaches its maximum value at the boundary of the 
attached and detached regions. However, the 
electron distribution function fits the Maxwellian 
distribution function for the attached plasma. 
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[1] N. Asakura et al.: Nucl. Fusion 39(1999) 1983.  
[2] A. W. Leonard et al.: Phys. Rev. Lett. 78 (1997) 
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Fig. 8. Electron distribution function f vs 
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6.0 eV, and Te2 = 4.4 eV.   

Fig. 9. Electron distribution function f vs 
energy E at the probe A10 for the detached 
plasma of t = 18 - 19 s. Fitting parameters 
are a1 = 0.77, Te1 = 3.6 eV, a2 = 0.54, E0 =
4.7 eV, and Te2 = 5.5 eV.   
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8.14 Modeling of Divertor Pumping Using SOLDOR/ NEUT2D Code

H. Kawashima, K. Shimizu, T. Takizuka, N Asakura, H. Takenaga, T. Nakano, S. Sakurai

To characterize the divertor pumping 
for particle and heat control in the 
SOL/divertor, simulations using the 
SOLDOR/ NEUT2D code developed 
originally [1] were performed to the 
JT-60U long pulse discharge [2]. The 
simulation reproduces the neutral pressure 
and pumping flux in the exhaust chamber 
at the experiment by treating the desorbed 
flux from the wall similar as the gas puff 
flux (Fig.1). Heat loads on the divertor 
targets satisfy the heat balance 
consistently.  

Parametric survey shows the 
pumping efficiency (ratio of pumping flux 
to generated flux around the divertor 
targets) [3] increasing with the pumping 
speed. It is found that the pumping speed 
higher than the present capability (26 m3/s)
is necessary for the active particle control 
under the wall saturation condition. On the 
other hand, shortening the strike-point 
distance (distance from extension point of 
the private dome wing on the divertor 
target to the strike point ) from 10 cm to 2 
cm, the pumping efficiency is enlarged by 
a factor of 1.5 with increase of the viewing angle from strike point to pumping slot and the 
incident flux into exhaust chamber. A virtual tilt of the divertor targets to 15º vertically 
enhances the pumping efficiency by a factor of 1.2 with a low target heat load. 

References 
[1] Kawashima, H., et al., Plasma and Fusion Research 1, 031-1 (2006). 
[2] Kawashima, H., et al., J. Nucl. Matter. 363-365, 786 (2007). 
[3] Kawashima, H., et al., Fusion Eng. Design, 81, 1613(2006). 

Fig.1 (a); Time evolutions of neutral pressure in 
front of penning gage, when the pumping speed 
Spump is increased from 10 m3/s to 26 m3/s at t = 20 
s in JT-60U long pulse discharge under the wall 
saturation condition. (b) and (c); Simulated contour 
plots of neutral pressure (molecular pressure in the 
exhaust chamber and atom pressure in the divertor 
region) for (b) Spump=10 m3/s and (c) Spump=26 m3/s.
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8.15  A New Fast Velocity-Diffusion Modelling for Impurity Transport 
in Integrated Edge Plasma Simulation [1]

K. Shimizu, T. Takizuka, H. Kawashima 

For compatibility of high confinement core plasma with strong radiative divertor, it is 
necessary to establish the control method for impurity retention in the divertor region. A 
number of 2D multi-fluid divertor code have been developed for investigation of the impurity 
and plasma transport. The impurity transport is solved as one species of fluids in their codes. 
We have proceeded to another approach for impurity modelling [2]. Monte-Carlo (MC) 
approach is superior to the fluid model from the aspect of flexibility of modelling. Interactions 
between impurities and walls, and kinetic effects can be easily included into the modelling.  
With the use of the MC code, however, the impurity transport has been studied under fixed 
parameter of background plasma to date. For a consistent analysis, we are aiming at coupling of 
IMPMC code into a 2D divertor code (SOLDOR/NEUT2D) [3]. This task is very difficult due 
to a significant amount of computational time and noise in MC calculation. 

When a conventional MC algorithm is employed for scattering process in velocity space, 
the impurity ions must be traced with a time step t  much shorter than the slowing-down time 

s . It follows that the MC code requires a huge amount of computational time, especially in 
case of detached plasma. We develop a new diffusion model using analytical solution of 
Langevin equations, which can significantly reduces the computational time. Its speed attains 
more than 100 times faster than the conventional MC method. The performance of IMPMC is 
further optimized on the massive parallel computer. Thereby the IMPMC is combined with a 
so-called divertor code, and a self-consistent modelling of divertor plasma and impurity 
transport is successfully achieved. The integrated code, SONIC (SOLDOR/NEUT2D/IMPMC) 
is characterized by treatment for kinetic effects and complicated dissociation process of 
methane. As initial simulations with SONIC, the dynamic evolution of X-point MARFE in 
JT-60U is investigated. Neutral carbons chemically sputtered from the dome in the private 
region can deeply penetrate into the main plasma and are subsequently ionized/recombined 
near the X-point. The resultant carbon ions cause large radiation during MARFE phase. The 
SONIC code, which contains impurity kinetic effects and consistent interactions with plasma 
and impurity, is expected to clarify the generation and transport of impurities, e.g. erosion and 
redeposition of carbon target plates. 
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9. Plasma Facing Materials 

9.1 Hydrogen Retention and Carbon Deposition in Plasma Facing Wall  
and Shadowed Area [1] 

K. Masaki, T. Tanabe1, Y. Hirohata2, Y. Oya3, T. Shibahara4, T. Hayashi, K. Sugiyama1,
T. Arai, K. Okuno3, N. Miya 

1) Kyushu University, 2) Hokkaido University, 3) Shizuoka University, 4) Nagoya University 

   In order to evaluation of fuel inventory and understand its retention process, hydrogen isotope 
retention and carbon deposition for the plasma facing surfaces and plasma shadowed area of the 
JT-60U have been examined. 
   Poloidal profiles of erosion/deposition in the divertor region were quite non-uniform with 
heavy deposition in the inner divertor and the outer dome wing, while the outer divertor and the 
inner dome wing were erosion dominant regions. Hydrogen retention was well correlated to the 
carbon deposition. Under the operation with the vacuum vessel kept at 570 K, the highest 
hydrogen retention (H+D) of ~16x1022 atoms/m2 was found at the redeposited layers on the 
outer dome wing also with the highest concentration of ~0.13 in (H+D)/C. For the erosion 
dominant region, hydrogen (H and D) was retained only in surface layers. Furthermore, D 
retained near surface layers was appreciably replaced by H during hydrogen operation 
subsequently made. 

On the collector probes which were placed at the plasma-shadowed area underneath the 
dome with the vessel temperature of ~420 K, ~2µm-thick redeposited layers were found. The 
total amount of the redeposited carbon underneath the dome region was estimated to be ~0.013 
kg and the deposition rate was estimated to be ~8x1019 C atoms/s. This redeposition rate is 
much smaller than that on the divertor tile surface, but a little larger than the calculated dust 
production rate. The hydrogen (H+D) retention in the layers was ~1.4x1023 atoms/m2, and 
(H+D)/C was ~0.8, which was the same level as that observed in JET. In addition, D/H in the 
layers (~3.6) was also very high compared with ~1 for the redeposited layers on the plasma 
facing wall tiles (the vessel temperature: 570 K). Those higher values of D/H and (H+D)/C in 
the layers on the collector probes are attributed to the lower vessel temperature.  

The lower D/H in the layers on the plasma facing surface indicates that isotope exchange   
during tokamak discharge seems effective and DD operation after DT operation could remove 
significant amount of T retained in the plasma facing surface during the DT operation.  
However, the rather deep penetration of D observed in the depth profiles for the main chamber 
wall is difficult to remove. Thus hydrogen retention in the main chamber wall is very important 
because its surface area is huge, and more detailed examination is considered necessary to make 
realistic inventory evaluation. 

Reference
[1] K. Masaki, et al., Nucl. Fusion 47, 1577(2007). 
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9.2 Long-Term Erosion and Re-Deposition of Carbon in the Divertor Region [1] 

Y. Gotoh1, T. Tanabe2, Y. Ishimoto, K. Masaki, T. Arai, H. Kubo, K. Tsuzuki, N. Miya 

1) Nihon Advanced Technology, 2) Kyusyu University,  

   Studies on erosion/re-deposition at the plasma facing walls of fusion experimental devices 
are indispensable for elucidation and control of (1) impurity generation, transport and 
accumulation processes, (2) hydrogen isotope behaviors and long-term tritium inventories in a 
vacuum vessel and for (3) lifetime evaluation of divertor plates. The aim of the present study 
is to show poloidal profiles of erosion/redeposition in the W-shaped divertor of JT-60U, 
especially focusing to those on the dome area (private flux region) and the outer pumping slot. 
   In-out asymmetry in the erosion/redeposition was confirmed at the inner and the outer 
divertor tiles used in the W-shaped JT-60U during the experimental campaign from 1997 to 
2002 ; erosion dominates the outer divertor tiles, whereas redeposition the inner divertor tiles 
with the maximum thickness of 230 µm.  The poloidal distribution of the thickness of the 
redeposited layers on the inner divertor was very similar to that of the divertor-hit-points 
distribution, though the former slightly shifted to the inboard side. The erosion maximum on 
the outer divertor clearly shifted to the outboard side from the most frequent 
divertor-hit-points.  
   In the dome area, the opposite in-out asymmetry appeared.  The inner dome was mostly 
eroded, while the outer dome wing tile was covered by the redeposited layers with their 
thickness increasing from the dome top to the bottom end of the maximum thickness of 120 
µm. The redeposited layers show columnar structure. In the toroidal direction, the axises of 
the columns inclined towards the clock-wise direction of the torus, while poloidally towards 
the outer divertor side. Poloidal and toroidal distributions of the thicknesses and orientations 
of the columns indicate that the observed redeposition on the outer dome wing is caused by 
transport of carbon atoms eroded at the outer divertor tile. The inner dome wing was mostly 
eroded. All these observations indicate that local carbon transport toward the inboard side 
plays an important role on carbon redeposition processes. 
 Long-term net deposition of carbon in the divertor region is 0.55 kg. About 60 % of the net 
deposition originated from the erosion in the dievrtor area, while remaining 40% should be 
attributed to the erosion at the first wall (main chamber). Carbon redeposition rate was 9 x 
1020 C/s for integrated NBI heating duration time during the experimental campaigns. The net 
deposition is much smaller than JET, probably owing to fine tile alignment, higher surface 
temperature, and divertor structure avoiding carbon transport to plasma shadowed area. 

Reference
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9.3 Modeling of Asymmetric Redeposition Distribution between Inner and Outer 
Regions of W-Shaped Divertor [1] 

K. Ohya1), K. Inai1), T. Tanabe2), H. Takenaga 

1) The University of Tokushima, 2) Kyushu University 

Tritium retention is a critical problem for next-step fusion reactors with carbon 
plasma-facing components. In present large tokamaks, most of the hydrogen isotopes are 
retained in the carbon deposition layers on the components in the divertor. Recently, the 
deposition profile and hydrogen retention in large tokamaks were found to be dependent on 
the structure of the divertor, including the asymmetry between inner and outer regions. 
Erosion was dominant on the outer divertor plate, whereas deposition was dominant on the 
inner plate. Localized heavy deposition has also recently been observed in the private flux 
region of the W-shaped divertor in JT-60U [2,3], in which the outer dome wing plate was 
mostly covered by deposition. The heaviest deposition was observed on the underside of the 
wing that did not directly face the plasma. 

We modeled true-size divertor plates and dome wings from the inner and outer regions 
of the W-shaped divertor in JT-60U. The erosion and redeposition patterns on the plates were 
calculated using EDDY [4], which treats transport of impurities released from the plates in the 
plasma. The code also simulates dynamic material mixing processes, which is a main 
difference from other impurity transport codes. Furthermore, energy-dependent reflection and 
dissociation of hydrocarbons on the surface was employed in addition to a well-used constant 
sticking coefficient of each hydrocarbon on the plate. The plasma density used for calculation 
was ~1020 m-3 above the divertor plate and the decrease along the plate was slower for the 
inner region than for the outer region. The ion and electron temperatures were lower for the 
detached inner region than for the attached outer region; at a major part of the inner plate, 
both temperatures were ~1 eV, whereas for the outer plate the ion and electron temperatures 
were 5 eV and 10 eV, respectively, which increased with the distance toward the outer baffle. 

Hydrocarbons released from the outer divertor plate are immediately ionized when 
entering the plasma and are redeposited near the release position. But they are subjected to 
re-erosion by the successive bombardment of plasma ions, resulting in small effective 
sticking. On the whole, most area of the outer divetor plate are eroded agreeing with observed 
distributions of erosion depth. In contrast, the inner divertor plate is dominated by deposition 
and the observed poloidal distribution of the thickness of the redeposited carbon layers agrees 
with incoming carbon flux from the plasma without re-erosion owing to lower temperature. 
Due to much lower-temperature (~1 eV) of the private plasma in the outer region, the neutral 
carbon/hydrocarbon species are locally redeposited at the bottom edge of the outer dome 
wing adjacent to the bottom of the outer divertor plate. 

References 
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[2] Y. Gotoh, et al., J. Nucl. Mater. 313-316, 370(2003). 
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9.4 Transport of Carbon Impurity using 13CH4 Gas Puffing 

Y. Nobuta, K. Masaki, T. Arai, A. Sakasai, N. Miya, T. Tanabe1

1) Kyusyu University, Interdisciplinary Graduate School of Engineering Science, Department 

of Advanced Energy Engineering Science, 6-10-1, Hakozaki, Higashi-ku, Fukuoka 812-8581 

1. Introduction 
Carbon material is a candidate for the divertor target plate of ITER because of its low 

atomic number and good thermal properties, while the main concern of carbon as a plasma 

facing material is to retain a large amount of hydrogen isotopes by co-deposition and high 

erosion rate by energetic hydrogen bombardment. The carbon deposition and the erosion 

would drastically increase tritium inventory in the vacuum vessel and decrease the lifetime of 

the divertor target plate on ITER, respectively. In many tokamaks, an appreciable asymmetry 

of deposition/erosion between inner and outer divertor has been observed; the inner divertor is 

deposition dominated and the outer divertor erosion dominated.  

In JT-60U, to clarify carbon transport causing such in/out asymmetry in the divertor area, 
13CH4 gas puff experiments were carried out in Nov. 2004, in which 13CH4 gas was puffed 

into outer divertor SOL plasmas and poloidal distributions of 13C deposited on dome and 

divertor tiles at P-8 section were investigated previously [1]. Recently, the toroidal 

distribution of 13C has been analyzed. Here, the carbon transport in divertor area is discussed 

based upon these results. 

2. Experimental

The 13CH4 gas puffing experiments were conducted at the last day of the 2004 

experimental campaign to avoid the effects of following plasma discharges on the distribution 

of 13C deposition. Figure 1 shows the toroidal position of the 13CH4 gas puffing nozzle (Fig.1 

(a)) and the poloidal position of the nozzle located at P-8 section (Fig.1 (b)). In order to 

introduce the 13CH4 gas into the outer SOL plasmas, the outer separatrix position was 

positioned at poloidaly a little inboard side from the nozzle position. L-mode plasmas were 

used for the experiment in order to avoid the deposition due to ELM. The total of ~2 x 1023

13CH4 molecules were puffed into the L-mode plasmas of Ip = 1.0 MA and BT=2.5 T. The 

duration of NBI heating in a discharge was about 30 seconds and 13 plasma discharges were 

repeated under the similar condition. After the 13CH4 gas puffing experiment, a total of 30 
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tiles in P-8 and P-5 (toroidaly 60 apart from P-8) sections were extracted. Depth profiles of 
13C- deposited on the tiles were obtained by using Quadrupole SIMS (ADEPT-1010, 

Ulvac-Phi). The 13C areal density was evaluated by integrating the intensity ratio 13C and 12C

and assuming the bulk density of the deposition layers to be 0.91 g/cm3 in the present work 

[2].

3. Results and discussion 

Figure 2 shows the poloidal 

distribution of 13C deposited on the 

tiles in P-8 section [1]. The peak 

position of the 13C distribution on the 

outer divertor tile well corresponds to 

the peak frequency of the strike point. 

The 13C deposition on the inner and 

outer dome-wing tiles had the 

deposition profile sharply decreasing 

to the dome top. This result indicates 

that the 13C particle flux to the 

dome-wing tile surface decreases 

toward the dome top and/or the 13C

Fig.1 (a) Toroidal position of the 13CH4 gas puffing nozzle in P-8 section and (b) poloidal 
position of the nozzle. The nozzle was positioned a little outboard side from the outer 
separatrix.
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Fig.2  Poloidal distribution of 13C depositied 
on the tiles in P-8 section [1]. 
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deposited near the dome top is re-eroded by energetic hydrogen bombardment. It is reported 

that the inner dome-wing tile is erosion-dominated area in the case of general discharge 

experiments [3]. However, the 13C deposition on the inner dome-wing tile was clearly seen 

after the 13CH4 gas puffing experiment. An average interval between the inner dome-wing tile 

and the outer separatrix during the 13CH4 gas puffing experiment was larger than that of 

general discharge experiments. This might be one of the reasons that the 13C deposition on the 

inner dome-wing tile occurred.  

Figure 3 shows the poloidal distribution of 13C depositied on the outer divertor tiles 

located at P-8 and P-5 sections. In the outer divertor region, a large amount of 13C was 

deposited on the tiles located at down-stream from the 13CH4 puffing nozzle, whereas little 

amount of 13C on the tiles located at up-stream. The 13C areal density at the strike point was 

~1x1019 cm-2 on the tile located 3 meters away from the nozzle in down-stream direction and 

~5x1017 cm-2 0.4 meters away in up-stream direction. This result would be caused by 

ionization of 13CH4 molecules and a SOL plasma flow in the outer divertor region.  

Figure 4 shows the poloidal distribution of 13C deposited on the inner divetor tiles in P-8 

and P-5 sections and the frequency of strike point during 13CH4 gas puffing. 13C was also 
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Figure 3  Toroidal positions of outer divertor tiles used for analysis and 13CH4 gas puffing 
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transported to the inner divertor tiles 

suggesting long-range transport through 

SOL. However, the poroidal deposition 

profile peaked at a little outboard side 

from the most frequent strike points [1]. 

This suggests an alternative carbon 

transport path through the private flux 

region. There was a large difference in the 

amounts of 13C deposition between the two 

inner divertor tiles which located three 

meters away each other. A location of the 

source of carbon impurities in the outer 

divertor region might have a relation with 

a location where the carbon is re-deposited 

in the inner divertor region. 

4. Conclusion

The carbon transport generated on the outer divertor region has been investigated using 

the 13CH4 gas puffing in JT-60. On the surface of the inner and outer dome tiles, the 13C areal 

density rapidly decreased towards the dome-top. This result indicates the 13C flux to the 

dome-wing tiles surface decreases toward the dome top and/or the 13C deposited near the 

dome top is re-eroded. The poloidal distribution of the 13C areal density on the inner divertor 

tiles had a peak at a little outboard side of the inner strike point. It might be caused by a 

transport through the private flux region. In the outer divertor region, 13C was deposited only 

in the down-stream direction indicating 13C ion particles are transported to down-stream by a 

plasma flow. To investigate the carbon transport more closely, 13C deposition in the gap of the 

divertor and dome-wing tiles will be analyzed. 
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9.5 Distribution of Hydrogen Isotopes Retained in the Divertor Tiles  

Y. Hirohata 1), T. Tanabe2), Y. Oya3), K. Shibahara4), M. Oyaidzu3), K. Sugiyama2),   
A. Yoshikawa3), T.Arai5), K. Masaki5), Y. Gotoh5), K. Okuno3), N. Miya5) 

1) Hokkaido University, 2) Kyushu University, 3) Shizuoka University, 4) Nagoya University, 
5) JAEA 

It is a very important issue to evaluate retention properties of tritium and deuterium in 
in-vessel components of current devices from a viewpoint of safety for the next fusion reactor. 
In this study, distribution of hydrogen and deuterium retained in plasma facing surface and 
plasma shadowed surfaces of the graphite tiles used in the divertor region of JT-60U with the 
dual side pumping system was investigated by thermal desorption spectroscopy (TDS) and 
secondary ion mass spectroscopy (SIMS). All tiles were exposed to 6700 deuterium and 
hydrogen discharges, except those of the outer wing and the top of the dome unit (2400 
discharges), for June 1997-Ocotober 1999 experiment period. Erosion was dominant in the 
outer divertor region and the inner dome wing of the dome unit while redeposition in the inner 
divertor region and the outer dome wing.  
 We found that deuterium retained in the near surface of all tiles was replaced by hydrogen 
during HH discharges made for tritium removal after DD discharge campaign. The D/H ratios 
in the tile were different depending on the location, i.e., 0.4~0.3 for the inner divertor tile, 
~1.0 for the outer dome wing tile and ~0.08 for the outer divertor and other dome unit tiles [1], 
and was much smaller compared to the ratio of shots numbers of DD and HH discharges 
(~5.6). Such small D/H ratio is attributed to lower surface tile temperatures during HH 
discharges than that during DD discharge. The amount of retained hydrogen isotopes (H,D) 
was nearly proportional to the thickness of the carbon redeposited layers. Assuming 
homogeneous hydrogen distribution in the redeposited layers and carbon density of 0.9 g/cm3,
(H+D)/C in the redeposited layers was determined from the linear relationship. The least 
concentration of (H+D)/C (~0.02) was found in the redeposited layers on the inner divertor 
tile. This value agrees well with H/C of ~0.03 observed for the redeposited layers on the 
divertor tiles exposed to HH discharges in the JT-60 [2], and (H+D)/C of ~0.032 in the inner 
divertor tiles exposed to the DD discharges in the JT-60U with the inner side pumping system 
[3]. The highest concentration of ~0.13 in (H+D)/C was found in the redeposited layers on the 
outer dome wing tile shadowed from plasma and facing to the pumping slot. In JT-60U, 
however, the carbon deposition in the shadowed area is very small, resulting in a smaller total 
retention in the divertor area compared to other large tokamaks. 

References
[1] Hirohata Y., et al., J.Nucl.Mater., 367-370, 1260 (2007). 
[2] Shibahara T., et al., Nucl. Fusion, 46, 841 (2006). 
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9.6 Hydrogen Isotope Behavior in the First Wall after DD Discharge [1] 

Y. Oya1), Y. Hirohata2), T. Nakahata1), T. Suda1), M. Yoshida3), T. Arai4), K. Masaki4), K. 
Okuno1) and T. Tanabe3)

1) Shizuoka University, 2) Hokkaido University, 3) Kyushu University, 4) JAEA 

Tritium retention in in-vessel components is one of critical safety issues for future fusion 
reactor. Recently, the evaluation of retention characteristics of hydrogen isotopes including 
tritium in the divertor area of JT-60U has been extensively performed. Owing to higher 
temperature operation of the vacuum vessel of JT-60U, the total hydrogen (H+D) retention in 
divertor region was smaller than those observed in other tokamak machines. It was found that 
hydrogen retention in each tile varied significantly depending on the tile location, and was 
clearly correlated to the thickness of the redeposition layers.  Therefore in order to 
understand overall hydrogen isotope behavior in in-vessel components, hydrogen retention in 
the first wall should be examined. In this study, typical first wall tiles in JT-60U were picked 
up and surface morphology, erosion/deposition profiles and hydrogen isotope retentions were 
evaluated by scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS), 
thermal desorption spectroscopy (TDS) and secondary ion mass spectrometer (SIMS).  

It was found that the upper area of the first wall was covered by thick boron layers 
containing only 10% of carbon and D desorption from the layers started at lower 
temperatures than that from the redeposited carbon layers on the inner divertor.  Hence most 
of D retained in the upper area were likely originated from boronization.   

On the other hand, the lower part of the first wall was covered by thin mixed layers of 
carbon and boron. Accordingly, D desorption temperature was a little higher than that for the 
upper area but lower than hydrogen implanted in graphite. Hence it is difficult to decide 
whether boron in the layer is deposited or originated from boronization.  

D/H ratio in the first wall was appreciably higher than that observed in the divertor tiles. 
The lower temperature of the first wall than that of the divertor tiles would prohibit 
desorption of D retained in the layers and/or replacement of D by H during HH discharges 
subsequently made after DD discharges. The injection of high energy deuteron originating 
from NBI into the first wall could have some contribution on the high D/H ratio. 

Reference
[1] Oya, Y., et al., Fusion Science and Technol., 52, 554(2007).
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9.7 Deuterium Depth Profiling in JT-60U Tiles  
Using the D(3He, p)4He Resonant Nuclear Reaction [1] 

T. Hayashi, K. Sugiyama1), K. Krieger2), M. Mayer2), V. Kh. Alimov3), T. Tanabe1), K. Masaki, 
N. Miya 

1) Kyushu University, 2) Max-Planck-Institut für Plasmaphysik, Germany 
3) Institute of Physical Chemistry of the Russian Academy of Sciences, Russia 

In a previous work, we have performed a quantitative NRA analysis of deuterium 
retained in the graphite tiles of JT-60U. The depth profile given by NRA using the 350keV 
deuterium beam was limited within 2 m from the surface [2], which was not thick enough to 
discuss deuterium retention in detail. Therefore, the deuterium depth profile in deeper regions 
should be investigated in order to understand the plasma-wall interaction in more detail. In the 
present study, we have made a quantitative depth analysis of deuterium in plasma-facing 
graphite tiles by means of the D(3He, p)4He resonant nuclear reaction. The maximum depth 
which can be analyzed is about 14 × 1023 carbon atoms/m2 corresponding to 16 m for 
graphite of 1.7 g/cm3.

The deuterium retention in tiles covered with redeposited carbon layers was high. In 
the divertor region, the high D/C of 0.07 was found in the outer dome wing tiles, but their 
D/C decayed rapidly with the depth corresponding to the thickness of the redeposited layers. 
In the thick redeposited layers on the inner divertor (ID) target tile, the depth profile shows a 
broad peak of D/C~0.03 and shows nearly constant concentration well beyond the present 
analyzing depth. This indicates that the trapped D in the shallow region was removed by H 
discharges due to isotope exchange.  

In the case of the outer divertor target (OD) where redeposited layers were not 
observed, the D/C ratio was very low (<0.003) even near the surface. This can be attributed to 
the highest temperature of OD, ~1400 K, compared to that of ID (~1000 K). It is also notable 
that deuterium penetrates quite deep, though the concentration was quite low, suggesting 
molecular deuterium uptake in deeper region owing to high temperature.  

Depth profiles of the first wall tiles, where some carbon particles were accumulated 
along with deuterium, show D was trapped in the near surface region with high concentration 
but decayed rapidly with the depth. In JT-60U, NBI heating was conducted during plasma 
discharges. The energetic deuterons injected by NBI escaped from plasma and impinged into 
the first wall region. It is most likely that D was accumulated due to both co deposition with 
carbon and the implantation of energetic deuterons caused by deuterium NBI in the first wall 
region. The highest D/C ratio of JT-60U was found to be 0.09 in the first wall region, which is 
higher than that of the divertor region due to the lower temperature. 
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9.8 Ion Beam Analysis of H and D Retention in the Near Surface Layers  
of Plasma Facing Wall Tiles 

K.Sugiyama1), T. Hayashi, K. Krieger2), M. Mayer2), K. Masaki, N. Miya and T.Tanabe1) 

1) Kyushu University, 2) Max-Planck-Institut für Plasmaphisik 

Hydrogen retention characteristic in plasma facing material is a critical issue for the 
accumulation and removal of in-vessel tritium in next step reactors. JT-60U employs 
regularly deuterium discharges (DD discharges), and occasionally hydrogen discharges (HH 
discharges) before the vacuum vessel open to remove tritium generated by D-D discharges 
and retained in the plasma facing surface. Thus, study of both hydrogen (H) and deuterium 
(D) retention properties gives important information to understand the fuel retention 
mechanism. In this study, absolute amounts of H and D and their depth profiles in the near 
surface layers of the plasma facing carbon tiles were measured by means of Elastic Recoil 
Detection (ERD) analysis.  

The samples were selected from the W-shaped divertor tiles (Carbon Fibre Composite) 
used from Jun. 1997 to Oct. 1998 (~ 3600 DD discharges), and the first wall tiles (graphite) 
used during Jun. 1991 to Oct. 1999 (more than 15000 DD discharges). In both cases, HH 
discharge operation was done before the tile removal: about 300 discharges in Oct. 1998 and 
about 350 discharges in Oct. 1999. The ERD analysis was conducted at Max-Planck-Institut 
für Plasmaphisik (IPP) with using 3.0 MeV 4He+ beam obtained from a 3 MV tandem 
accelerator. The depth profiles of H and D were determined from the ERD spectra by using 
the SIMNRA program [1]. 

It was shown that H was dominantly retained within 1 µm depth. However, the depth 
profiles of H and D varied depending on the location of the tiles reflecting the incident 
energy of H and D and history of plasma exposures. The H profile of the erosion-dominant 
sample was peaked at the top surface and decreased with depth, while D was depleted at the 
top surface and increased with depth to attain a nearly constant concentration. Significant 
depletion of D at the top surface was attributed to the replacement by H during HH 
discharges. This indicates that tokamak discharge itself is effective for removal of the tritium 
retained in the erosion-dominant surface. The deposition-dominant sample kept constant H 
content into deep in the layer, indicating the HH discharges added deposited layer containing 
H on the deposited layer produced during the DD discharges.  

(H+D)/C ratios were not very much high: it was ~ 0.07 at a maximum in the divertor 
samples except for the deposition on the dome outer wing tile, which was ~ 0.13. And it was 
~ 0.15 at a maximum in the first wall samples. These values are smaller in comparison to 
D/C ratios reported in other tokamaks (up to 1.0). Previous laboratory experiments show that 
H/C ratio decreases with temperature increasing. For example, H/C in hydrogen saturated 
carbon layers at 600 and 700K are around 0.2 and 0.1, respectively. JT-60U was operated 
with 570 K base baking temperature and the temperature during a discharge could be higher 
(up to ~1100 K on the divertor tiles). Such high wall temperature contributes to reduce 
(H+D)/C in JT-60U compared to other tokamaks.  

This work was carried out under the framework of JAEA - IPP collaboration. 
Reference
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9.9 Surface Studies of Tungsten Erosion and Deposition [1] 

Y. Ueda1), M. Fukumoto1), M. Nishikawa1), T. Tanabe2), N, Miya, T. Arai, K. Masaki,  
Y. Ishimoto, K. Tsuzuki, N. Asakura

1) Osaka University, 2) Kyushu University 

 Tungsten is a leading candidate for plasma facing materials, i.e. divertors and armor 
materials of blanket first walls, due to a low physical sputtering yield, a high melting 
temperature, and a high thermal conductivity. On the other hand, accumulation of tungsten 
ions in core plasmas is a major concern. Therefore, reduction of tungsten erosion and 
accumulation is one of the important issues to prove compatibility of tungsten walls with 
high performance plasma operation. In terms of high Z wall experiments, ASDEX-U and 
Alcator-C Mod have provided important results. Plasma temperature and confinement of 
these devices, however, are quite different from those of ITER. Therefore, it is not sufficient 
to use their experimental results for the evaluation of tungsten divertor performance in ITER 
and DEMO. 

For this purpose, tungsten erosion, migration and deposition have been studied in 
JT-60U. Thirteen W tiles have been installed in the outer divertor region and tungsten 
deposition on graphite tiles were measured by EDX (Energy Dispersive X-ray spectroscopy) 
and XPS (X-ray Photoelectron Spectroscopy). On the inner divertor tile, tungsten was mainly 
deposited around the inner strike position (~1018 atoms/cm2), similar to the ASDEX-U[2]. 
This suggests that tungsten transport from the outer divertor to inner divertor (especially 
around the strike position) is common phenomenon for divertor tokamaks. In addition, 
similar amount of tungsten deposited on the outer wing tiles of the dome and the tungsten 
deposition increased toward the lower end of the tile. This tungsten transport could be 
attributed to inward drift of tungsten ions in a private region or direct deposition of eroded 
tungsten atoms from the tungsten tiles during disruption or some other abnormal events. 

 By comparing deposition profiles of tungsten with 13C, puffed as 13CH4 from the outer 
divertor position, deposition profiles showed similar tendency such that 13C and tungsten 
depositions had a peak around inner strike position and their surface densities on the outer 
wing increased toward the lower end of tiles (there is an evacuation slot). The ratio of 
tungsten deposition to 13C deposition, however, is higher on the outer wing tile than the inner 
divertor tile by about an order of magnitude at the same toroidal section as tungsten tiles 
were installed. The possible reasons are lower resputtering of deposited tungsten than 
deposited carbon on the outer wing tile or higher tungsten deposition rate on the outer wing 
tile. This is very important finding to understand migration mechanism of impurities 
generated at the outer divertor. 
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9.10 Light Elements Behavior in Fusion Devices Studies  
with JT-60 and Oxygen Discharge 

S. Konishi1, H. Nakamura, K. Isobe, Y. Yamamoto1, A. Kaminaga 
1) Kyoto University 

Control of tritium inventory in Tokamak vacuum vessel is one of the most important 
safety issues in ITER. Following the analysis of exhaust of discharge cleanings, we 
concluded the mechanism of co-deposit formation, that is suspected to be mainly controlled 
by carbon behavior during tokamak 
discharge. Also for the processing of 
co-deposit, introduction of oxygen into the 
vacuum vessel that has never been attempted 
in operating large tokamaks is expected to 
be effective. Moreover in general, the 
transport of the light elements and 
techniques to control material transport in 
terms of fusion reactor operation is 
important. 

Fig.9.1 is the comparison of 
hydrocarbon species exhausted from the 
wall at 150 and 250 C. The clear increase 
of carbon removal at higher wall 
temperature 250 C is understandable from 
reported enhanced sputtering yield at 
higher temperature, 110 C : 170 C  : 
290 C = 0.3 : 0.5 0.6 : 1 by Nakano et 
al. [1], but enhancement is far larger than it.  
One of the possible explanation is the 
reduction of redeposition of hydrocarbon 
caused by the difference of the surface 
temperature, that could also be suspected as 
the cause of difference of co-deposit in 
JT-60 and JET.  

Fig.9.2 shows the exhaust gas from the He-O2 GDC 20 min., and following one night He 
GDC. As seen in the figure, hydrocarbons are detected in the first 20 min. discharge for both 
cases. The removal rate in He-O2 GDC was approximately twice as much as that in the He 
GDC. In the following He-GDC, and continuous CO2 emission is observed for the case after 
the He-O2 GDC. Although only one preliminary result is available, He-O2 GDC enhances 
carbon removal as the form of CH4, by oxygen used as catalyst.  
Reference
[1] T.Nakano et al , Nucl Fusion, 42, 689(2002) .

Fig.9.1 Exhaust of JT-60 tokamak discharge.
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Fig.9.2 Oxygen glow discharge in JT-60. 
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10. Diagnostics 

10.1 Modulation CXRS 

K.Ida1), Y.Sakamoto, M.Yoshinuma1), S.Inagaki1), T.Kobuchi2),G.Matsunaga, and JT-60 team 
National Institute for Fusion Science, 2) Chubu University 

The new technique to measure the first and second derivative of ion temperature profile
has been developed using the charge exchange spectroscopy system with space modulation 
optics. The space observed is scanned up to 6cm (full width) with sine wave of modulation 
frequency up to 30Hz by shifting the object lens in front of the optical fiber bundle by 0.5mm 
using Piezo nano-translation stage. By scanning the observation point with this modulation 
optics, the radial points of the measurement can be multiplied by M [= fccd/(2fm) ] if the 
plasma is in steady state, where fccd is frame rate of CCD detector of the spectrometer and fm

is a modulation frequency of Piezo stage. By choosing fccd = 200Hz and fm = 10Hz, the radial 
profile of ion temperature with 310 points are obtained every 50ms. In order to derive the 
first and second derivative of ion temperature from the modulation component of the time 
evolution of the ion temperature, Fourier analysis technique has been developed[1]. 

This technique gives a direct measurement of first and second derivative of ion 
temperature which does not require any assumption of fitting function, which causes 
significant ambiguity of the estimates of first and second derivative. For example the 
modified hyperbolic tangent often used to represent radial profile of ion temperature at the 
transport barrier can not represent asymmetric profile of first and second derivative. This 
technique will provide significant impact in the transport analysis, because temperature 
gradient and its error bar are directly derived. Moreover the radial profiles of second 
derivative (curvature) in the region of internal transport barrier (ITB) are measured with 
modulation charge exchange spectroscopy.  In order to characterize the shape of ITB, the 
curvature asymmetric factor of p [= <dTi

2/dr2>/<|dTi
2/dr2|>], where <> is the average in the 

region of ITB is introduced. This parameter indicates whether the ion temperature profile has 
positive of negative or zero curvature averaged in the ITB region. The ITB with zero 
averaged curvature is called symmetric curvature ITB, while the ITB with significant 
positive or negative averaged curvature is called asymmetric curvature ITB. In JT-60U, when 
the ITB region is wide and the temperature gradient is moderate, the ITB has symmetric 
curvature. However, the strong ITB with large temperature gradient in narrow region shows 
the asymmetry of curvature. (The change in curvature has been recognized as clear foot ITB 
and unclear foot ITB.) The spontaneous transition between the two ITB states with 
symmetric ( p ~ 0) and asymmetric ( p = -0.4) curvature of ion temperature is observed 
during the steady state phase in q profile in JT-60U[2].  

References 
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10.2 Application of Phase Conjugate Mirror to Thomson Scattering Diagnostics [1] 

T. Hatae, M. Nakatsuka1), H. Yoshida1), O. Naito 
1) Osaka University 

A high-performance phase conjugate mirror based on stimulated Brillouin scattering 
(SBS-PCM) has been applied to the Thomson scattering system in the JT-60U tokamak for the 
first time in order to improve the measurement performance (i.e. S/N ratio, temporal 
resolution). An SBS-PCM realized a high reflectivity of 95 % at a high input power of 145 W 
(2.9J, 50Hz). Using the SBS-PCM, two methods have been developed to increase the 
intensity of scattered light. For the first method, we have developed a new optical design to 
provide a double-pass scattering method with the SBS-PCM. In this optical design, a laser 
beam passing through the plasma is reflected by the SBS-PCM. The reflected beam passes the 
plasma again along the same path by means of the phase conjugation of the optically 
nonlinear stimulated Brillouin scattering process. Therefore, scattering events of 2 times 
occur, and it is expected that intensity of Thomson scattered light doubles. A double-pass 
Thomson scattering method using the SBS-PCM was demonstrated in JT-60U ohmic plasmas, 
resulting in an increase of the scattered light by a factor of 1.6, and the reduction of relative 
error by 66% for electron temperature measurement in contrast to single-pass scattering. A 
multi-pass Thomson scattering method in which the laser beam can be confined between a 
couple of SBS-PCMs is also proposed. It is estimated that the multi-pass scattering method 
generates the scattered light more than several times as large as that of the single-pass 
scattering method. For the second method, a high average-power YAG laser system has been 
developed using the SBS-PCM. The SBS-PCM effectively compensated thermal degradation 
at two amplifier lines, and the average power was increased by a factor of > 8 from 45 W 
(1.5J, 30Hz) to 373 W (7.46J, 50Hz). Based on the JT-60U laser design, conceptual design of 
a laser system (5J, 100Hz) with dual amplifier lines has been carried out for ITER edge 
Thomson scattering system. The design of combination of two beams is changed from 
JT-60U laser design. A circular beam is converted to an elliptic beam by a pair of cylindrical 
lenses. A mask having two circular holes makes two circular beams from the elliptic beam. 
Each beam is double-pass amplified using the SBS-PCM, and then extracted by a polarizer. 
There is a geometrical similarity between two beams extracted with the polarizer and two 
beams made with the mask, and this similarity is automatically produced by the phase 
conjugate effect. Therefore, this design is possible to realize alignment free-operation for 
combination of two beams. 

Reference 
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10.3 Development of Polarization Interferometer 
Based on Fourier Transform Spectroscopy for Thomson Scattering Diagnostics [1] 

T. Hatae, J. Howard1), Y. Hirano2), O. Naito, M. Nakatsuka3) and H. Yoshida3)

1) Australian National University, 2) National Institute of Advanced Industrial Science and 
Technology, 3)Osaka University  

Recently, the use of a polarization interferometer based on Fourier transform 
spectroscopy for Thomson scattering diagnostics has been proposed [2]. It is possible that this 
method alleviate some of the disadvantages of conventional grating spectrometers. 
Furthermore, this method delivers a simple and compact system. We are developing the 
polarization interferometer for Thomson scattering diagnostics with YAG laser to demonstrate 
the proof-of-principle. For thermal electrons, the optical contrast of the interferogram with the 
Thomson scattered light at an appropriately chosen optical path delay, is a unique function of 
Te and ne using the polarization interferometer. A schematic of the polarization interferometer 
for Thomson scattering diagnostics is shown in Fig. 1. Scattered light is collected and 
introduced to the polarization interferometer through a fiber-optic bundle. The polarization 
interferometer consists of an objective lens as the fiber coupling optics, a band pass filter, a 
polarizer, a birefringent plate which gives optical path delay, a Wollaston prism, an imaging 
optics to detector, and dual APD (silicon avalanche photodiode) detectors. Dual APD 
detectors simultaneously observe both in-phase and anti-phase interferogram. The normalized 
intensity of the optical contrast which is a difference between in-phase and anti-phase 
interferograms gives a direct measure of Te. Since proof-of-principle tests will be carried out in 
TPE-RX using the existing YAG laser Thomson scattering system before experiments in 
JT-60U, parameters for design of a prototype polarization interferometer are fixed as follows: Te

 1 keV, ne  5 1019m-3, scattering angle 90°. In an initial test using a blackbody radiation 
source, the magnitude of the change in fringe visibility agrees with the numerical calculation. 
This result confirms that, following suitable calibration, we will be able to sense visibility 
changes due to changes in the electron temperature. 

References 
[1] Hatae, T., et al., Plasma 
Fusion Res. 2, S1026 (2007).  
[2]Howard, J., Plasma Phys. 
Control. Fusion 48, 777 
(2006). Fig. 1 Schematic of a polarization interferometer for Thomson 
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10.4 Development of Fast Measurement System of Neutron Emission Profile  
Using a Digital Signal Processing Technique 

M. Ishikawa, T. Itoga1), T. Okuji1), M. Nakhostin1), K. Shinohara, M. Baba1), T. Nishitani 
1) Tohoku University 

A measurement of neutron profile is of great importance for the knowledge of the profile of 
fusion power and the source of -particles in burning plasmas and can also be used for plasma transport 
study in DD plasmas. Therefore, neutron emission profile measurement is one of the key diagnostics in 
ITER. In JT-60U Tokamak, neutron emission profile measurement has been performed using Stilbene 
neutron detectors (SNDs), which have been installed in the six channel neutron collimator system. The 
SND combines a Stilbene organic crystal scintillation detector (SD) with an analog n-  pulse shape 
discrimination (PSD) circuit for elimination of -ray events. The SND has many advantages as a neutron 
detector, for example, excellent energy resolution and high gamma-ray suppression. So far, neutron 
emission profile measurement has played an important role in analysis of fast ion transport due to MHD 
instabilities such as Alfvén Eigenmode in JT-60U. However, the maximum count rate is limited to ~1 105

cps due to the dead time in the n-  DSP circuit. Such a maximum count rate is not enough in ITER 
experiments. Because the maximum count rate of neutron detectors of the neutron emission profile 
measurement in ITER is needed over 106 cps in order to meet the required 10 % accuracy. Therefore, 
upgrade of the maximum count rate of neutron detectors is one of important issues for ITER.  

To overcome this issue, we have developed a digital signal processing (DSP) system for a SD, 
which will replace the analog PSD system. Our new DSP system is based on a Flash ADC (Acquris 
DC282, 8 G sampling/s). The data acquisition of this system is carried out as follow. Output signals from 
the photomultiplier anode of the SD are directly coupled to the Flash ADC and digitized continuously. 
After the acquisition is completed, the data are transferred to the PC via PCI Bus (133MB/s). In the PC, 
PSD between neutrons and gamma-rays is performed using an analyzing software. Then, one channel of 
the DSP system was installed in JT-60U and was applied for neutron measurement. It was found that the 
system could measure neutrons without saturation in count rate up to about 106 cps and also could measure 
changes in neutron energy spectrum due to changes in plasma condition. We are now developing the 
neutron profile measurement system combined with the DSP system and the conventional analog DSP 
system for more detailed analysis of fast ion transport.  

This work is supported by Grant-in-Aid for Scientific Researches on Priority Areas from 
Ministry of Education, Culture, Sports, Science and Technology (No. 17044009) 

Reference 
[1] Ishikawa, M., et al., Rev. Sci. Instrum 77, 10E706 (2006). 
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10.5 Density Fluctuation Measurement Using Motional Stark Effect Optics [1] 

T. Suzuki, T. Fujita, N. Oyama, A. Isayama, 

G. Matsunaga, T. Oikawa, N. Asakura, M. Takechi

 MHD activities usually appear in high-pressure tokamak plasmas, and limit the 
performance of the plasmas. Detailed measurement of the spatial structure of the fluctuations 
induced by an MHD activity helps us to understand the nature and characteristics of the MHD 
activity. Thus, the motional Stark effect (MSE) diagnostic system has been modified to 
measure density fluctuation profile as a beam-emission spectroscopy (BES) diagnostic. By 
fast sampling (0.5-1 MHz) of the photo-multiplier signals, the system can simultaneously 
measure density fluctuation in addition to the pitch angle of the magnetic field. Advantage of 
the new MSE BES diagnostic is as follows. (1) Simultaneous measurement of the safety 
factor (q) and density fluctuation at the identical spatial points (30 channels) is possible. (2) 
MSE BES diagnostic is not strongly affected by the magnetic field strength, as the electron 
cyclotron emission (ECE) diagnostic is, so that fluctuation measurement in flexible plasma 
condition is possible. (3) Measurement of the density fluctuation even outside the plasma is 
possible as described below. Using the MSE BES diagnostic, the following two types of 
MHD activities have been identified and investigated. 

In core plasma, density fluctuation induced by rotating tearing mode islands has been 
observed. An MHD fluctuation is observed from t=7 s at a frequency of ~2.2 kHz, using 
magnetic probes. The poloidal and toroidal mode numbers are 2 and 1, respectively. Several 
channels of the MSE BES diagnostic near q=2 surface detected the MHD fluctuation having 
the same temporal evolution of frequency. The phase of the fluctuations measured by the 
MSE BES diagnostic is inverted at the q=2 surface measured by the MSE diagnostic, where 
the phase of the electron temperature fluctuations measured by the ECE diagnostic is also 
inverted. The phase inversion of the density and temperature fluctuations indicates a rotating 
magnetic-island structure. 

In the scrape-off layer (SOL) of ELMy H-mode plasmas, strong intermittent emission 
coinciding with ELM crashes has been observed, showing increase in the SOL density at the 
crashes. Correlation analysis showed that the increase in density propagates outward at 
0.69-2.2km/s along the MSE measurement points, since the time-lag of emission between 
adjacent channels (70mm distance) is 67±35 s. The propagation velocity is consistent with 
that obtained by Langmuir probe measurements [2]. 

This work was partially supported by Grand-in-Aid for Young Scientists B No. 
18760650 and Grand-in-Aid for Scientific Research No. 16082209 from MEXT. 
References
[1]Suzuki, T., et al., Rev. Sci. Instrum. 77, 10E914 (2006). 
[2]Asakura, N., et al., J. Nucl. Mater. 337-339, 712 (2005). 
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10.6 Improvement of Tomography Technique  
for Two-Dimensional Visible Spectroscopic System of Divertor Plasmas [1] 

K. Fujimoto, T. Nakano, H. Kubo, K. Sawada1), T. Takizuka,  
K. Shimizu, H. Kawashima, N. Asakura 

1) Shinshu University 

        Detached divertor plasmas have attractive properties to reduce energy and particle flux 
onto the divertor tiles. In detached divertor plasmas, ionization of D2 molecules and D atoms and 
recombination of D+ ions occurs contiguously. To understand the ionization and recombination, 
deuterium Balmer-series line emissions from the divertor plasmas was observed with a 
wide-spectral-band spectrometer. The spectrometer has 92 view channels (vertically 60, 
horizontally 32 channels) with a spectral resolution of about 1 cm. The two-dimensional 
distribution of the deuterium Balmer-series line emissions has been reconstructed with an 
algebraic reconstruction technique. Then a geometric pattern appeared and the reconstructed 
distribution was not accurate. Three types of combination of the calculation grid and view lines 
have been examined for improvement of the tomography technique. The combinations, (a) the 
square grid and the parallel view lines (S-P combination), (b) the square grid and the experimental 
view lines (S-E combination), and (c) the parallel grid and the experimental view lines (P-E 
combination), are shown in Fig.1. 
        A model distribution assumed the deuterium Balmer-series lines emission of inner 
detached divertor plasmas is used for the reconstruction test. The two-dimensional distribution 
obtained in the S-P combination case spread in a crisscross. The peak value of the obtained 
distribution was 69% of the peak value of the model distribution, and the normalized square sum 
of errors, E, is 0.28. Since the two-dimensional distribution obtained in the S-E combination 
case had a clear geometric pattern, this combination wasn’t appropriate. The peak value was 44% 
and the E was 0.71. In the two-dimensional distribution obtained in the P-E combination case, 
the geometric pattern disappeared. The peak value was 65% and E was 0.50. The P-E 
combination was better compared to the distribution with the S-E combination. 
        The deuterium Balmer-series lines in a detached divertor plasma were measured in an 
L-mode discharge. The plasma current, the toroidal magnetic field, the NBI heating power, and 
the electron density normalized by the Greenwald density limit were 1.0 MA, 3.6 T, 4.4 MW, and 
64%, respectively. Since the distribution of the D  emission obtained using the S-E combination 
had a geometric pattern, this distribution wasn’t accurate. The geometric pattern is disappeared 
using the P-E combination. Therefore, the reconstruction was improved using the P-E 
combination. The D  emission was strong above the inner strike point and near the outer strike 
point. The emissive region in the inner divertor area spread along the magnetic field lines. 

Reference
[1] Fujimoto, K., et al., Plasma and Fusion Research 2, S2211 (2007) 
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  Fig.1 The combination of the calculation grid and the view lines,  
      (a) the square grid and view lines arranged parallel to the grid,  
      (b) the square grid and the experimental view lines,  
      (c) the grid arranged parallel to the view lines and the experimental view lines. 

(a) S-P combination (b) S-E combination

(c) P-E combination
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10.7 Measurements of Dust Movement in Main Chamber and Divertor 

       N. Asakura, H. Kawashima, N. Ohno1), T. Nakano, S. Takamura2), Y. Uesugi3)

1)Nagoya Univ.2) Nagoya Univ, 3) Kanazawa Univ. 
1. Introduction 
  Dusts in fusion devices will potentially cause damage to plasma facing components or 
viewing windows, and become impurity source, tritium reservor in the shadowing area. Dust 
distribution in vacuum chamber has been investigated in tokamak and other magnetic fusion 
devices [1]. Trajectories of dust movement have been recently investigated in many fusion 
devices using visible and infrared TV cameras with fast frame rate of a few kHz. Study of 
dust transport from area where their source growing to final deposition area is necessary to 
understand influences on plasma performance and operation.  
  In the JT-60U tokamak, measurement of visible images emitted during their surface 
ablation started since 2006, using a fast TV camera located at tangential port. In this paper, 
measurements of dust movements in main chamber and divertor were presented. These results 
show velocity, direction and change of representative fast dust movements.  

2. Fast TV camera measurement 
  Figure 1 shows the Fast 
TV camera system in 
JT-60U, and viewing scope 
is installed at a horizontal 
tangential port (P-17). 
Conventional plasma 
monitor camera is directory 
installed at the same port, 
and typical image of the 
plasma discharge and inside 
view of the vacuum vessel 
is shown in Fig. 2: dust 
image is observed as a 
bright line along the 
toroidal direction in one 
frame due to slow sampling 
rate of 30Hz. Optical image 
is transferred to digital TV camera system  (Photoron FastCAM II with full 6.5Gbyte 
memory) using 15m fiber-optics bandle consisting of 30000 quartz fine fibers. Images of the 
main and divertor plasmas can be measured by replacing two scopes for wide (35º) and 
narrow (9º) viewing angles, respectively, where spatial resolution corresponds to 1 and 0.3 cm 

Fig. 1 Fast TV camera system in JT-60U. Wide and narrow 
viewing scopes are replaced for the main and divertor 
measurement, respectively. TV camera is incorporated in 
10cm-thick polyethren neutral shield box at machine room, 
and controlled in control room. 
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at the focal distance (2.5-3 m). Typical frame 
rate and size of the fast TV camera were 
between 2 kHz for 1024x1024 pixels/frame 
and 8 kHz for 256x256 pixels/frame. 
Transmission of light guide is relatively low 
(~1/10) and its resolution of 30000 is smaller 
than resolution of camera pixels and the 
image intensifier. These determined the 
sampling rate and spatial resolution of the fast 
TV camera system.  

3. Dust movement in main chamber 
  According to references 2 and 3, dust in 
fusion plasma is generally charged negatively (Z ~103-104), and the movement (MddVd /dt = 
F) is determined by friction force by the SOL flow and diamagnetic and ExB drift flows (Ffric),
Coulomb scattering (FC ), electro-static force by potential (FE), gravitational force (Fg) and 
rocket force during ablation (Froc). Line emission from the carbon and hydrogen ions is 
produced during dust ablation (Td > 2000-3000K) in the SOL and edge plasmas, and life-time 
is determined by sputtering, RES, sublimation processes. Dust movement is also influenced 

by specific geometry of Plasma Facing Component (PFC) such as the first wall and divertor 
as well as background plasma (core, SOL, sheath) and plasma turbulence (blob, ELM).  
 Trajectory and velocity of the relatively large emission image (a few mm) were measured in 
ELMy H-mode plasmas with relatively large injection power of 12-16MW as shown in Fig.3. 

Fig. 2 Conventional CCD camera image 
of JT-60U L-mode hydrogen plasma, 
viewing from the same tangential port as 
fast TV camera. Dust trajectory is seen in 
the toroidal direction at right side. 

Fig. 3 Fast TV camera images and dust movement in ELMy H-mode plasma: E046034 
(2kHz frame rate, full 1024x1024 image). ELM occurs at t=0ms (a). Dust (1) is moving 
from left (b) to right (g) direction. Dusts (2-4) appear and move to the different directions.

JAEA-Review  2008-045

−　���　−



In main chamber, numbers of dust movements towards various directions, i.e. near-toroidally 
and/or near-poloidally, were observed, in particular, after large disruptions (power of a few 
MJ to the divertor and first wall) and long Glow-Discharge-Cleanin. For example, 
near-toroidal (ion drift/ co-Ip) movement of the emission (dust 1) was seen continuously in 28 
frames. Trajectory of the ablating dust corresponded to 4.5m, thus the velocity is evaluated to 
be 0.32 km/s. Here, dust 2 moves slowly by 0.3-0.5 cm/12 frames in the poloidal and radial 
directions. It looks to move towards the main plasma after exhausted from NBI port with slow 
velocity of 0.05-0.1km/s. On the other hand, emissions from dust 3 and 4 are increased, thus 
they move towards the viewing port in the near toroidal (ion drift) direction.  
 In summary, many dusts move in the near-toroidal direction, and velocity is evaluated to be 
V//d = 0.2-0.5 km/s. The toroidal direction of the dust movement is consistent with that of the 
SOL flow, where M// ~0.3 and V//SOL = CsM// ~10km/s at the LFS midplane [4], but the V//d is 
smaller than V//SOL, i.e. 2-5%.  

4. Dust movement in divertor 
 Fast TV camera can measure the divertor area as 
shown in Fig. 4, with faster frame rate (6 kHz) and 
better special resolution (0.3cm). Many (small and 
large) dusts were observed in the high-field-side (inner) 
divertor just after ELM events, in particular, for the 
case that inner strike-point was located above that for 
the normal operations as shown in Fig. 4 (b). This is 
due to thermal stress on carbon deposition layers, which 
is caused by ELM heat and particle loadings to the fresh 
and thick carbon layers [1].  
 Movements of two dusts are shown in Fig. 4: dusts 
move in the toroidal and outboard directions after the 
ejection from the inner target. Toroidal velocities, V//,
are evaluated to be ~0.3km/s (=0.8m/2.7ms) and 
~0.2km/s (=1m/5.5ms), which are similar to those at 
the main chamber. The direction (co-Ip direction) is 
consistent with measurement at the inner SOL [5]. 
On the other hand, specific movement of dusts was 
seen in low-field-side (outer) divertor: the dust 
moved towards separatrix (inboard) with the velocity 
of ~0.06 km/s and intensity of the emission was 
increasing. When ELM occurred, the direction of the 
movement changed away from separatrix (outboard). 

Fig. 4 (a) viewing area of the 
divertor  scope with 6kHz 
sampling, 512x512 /frame. (b) 
plasma quilibrium in the divertor,  
and viewing area. Arrows show 
approximate trajectories of the dust 
movement from the inner target. 
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Change in background plasma 
parameter during the ELM event 
might influence on the dust 
movement.  
 As a result, ELM heat and particle 
loadings enhance dust ejection 
from the inner target, while plasma 
condition changes during the ELM 
to prevent the penetration of the 
dust into core plasma. Such dust 
dynamics is investigated in future. 

5. Summary
  Trajectory and velocity of 
emission image from dusts were 
measured with the fast visible TV 
camera from tangential port. In the 
main SOL, many dusts with various 
directions were observed, 
particularly, in the first shot after 
hard disruptions (large Wdia) and overnight (3-7 hours) He-GDC. Many dusts were ejected 
from the inner divertor, in particular, for the high strike-point case: large ELM heat and 
particle loading on thick deposition layers may enhance producing dusts due to large thermal 
stress. Velocity of toroidal movement (0.2-0.5km/s) was faster than that of poloidal/radial 
movement (0.05-0.1km/s). Toroidal movement was mostly towards the ion drift (Ip), which is 
consistent with the SOL flow measurement at HFS and LFS SOLs. Radial movement (at the 
LFS SOL) changed from inward to outward affected by change in the SOL plasma parameters 
at ELM. Systematic research will be planned from the start of 2007-8 experiments. At the 
same time, understanding of dust dynamics using the UEDGE/DUSTT simulation is initiated 
under collaboration with Kanazawa Univ.  
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Fig. 5 Fast TV camera images and dust movement 
in ELMy H-mode plasma: E046950 (6kHz frame 
rate, 512x512 image). ELM occurs at t=0ms (a). 
Dust (1) is moving from inner divertor target (d) to 
the outer and toroidal directions (f).
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10.8 CO2 Laser for Collective Thomson Scattering Diagnostic of -particles  

in Burning Plasmas 

T. Kondoh, T. Hayashi, Y. Kawano, Y. Kusama, T. Sugie, M. Hirata1), Y. Miura 

1) Plasma Research Center, University of Tsukuba 

A high-repetition and high-energy Transversely Excited Atmospheric (TEA) carbon 
dioxide (CO2) laser for a collective Thomson scattering (CTS) diagnostic has been developed 
to establish a diagnostic method of confined -particles in burning plasmas.  To excite a 
single-transverse and single longitudinal mode, a continuous wave seed laser was injected to 
an unstable resonator with a cavity length of ~4.4 m as shown in Fig.1 and 2. Pulse energy of 
18 J with a repetition rate of 10 Hz and 36 J with single shot operation has also been 
achieved in the multimode operation[1]. In order to obtain single-mode output, which is 
needed for CTS diagnostic, seed laser is injected into the cavity with unstable resonator. 
Pulse energy of 17 J with a repetition rate of 15 Hz has been achieved in a single-mode 
operation as shown in Fig. 3[2]. These results give a prospect for the CTS diagnostic on 
International Thermonuclear Experimental Reactor (ITER) which requires single-mode 
energy of 20 J with repetition rate of 40 Hz. 

Preliminary design study of the CTS diagnostic in the tandem mirror GAMMA 10 
shows that axial profiles of ion temperature will be obtained using a circumferential 
collection mirror of scattered power[2].

This work was supported by Grant-in-Aid for Scientific Research on Priority Areas 
"Advanced Diagnostics for Burning Plasmas" from the Ministry of Education, Culture, Sports, 
Science and Technology, No. 16082210. 
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[2] Kondoh, T., et al., Transactions of Fusion Science and Technology, 51, 62 (2007). 

Fig. 1 Photograph of the high-repetition CO2 laser developed for 
collective Thomson scattering diagnostic. 
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Fig. 2 Schematic view of the CO2 laser. Six discharge units are 
combined in series to obtain high energy. 

Fig. 3. Output energy of 17 J with a repetition rate of 15 Hz has 
been obtained. Target for ITER and commercially available lasers 
are also plotted. 
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10.9 High-Brightness and Low-Divergence Ion Gun  
for Lithium Beam Zeeman Polarimetry 

A. Kojima, K. Kamiya, H. Iguchi1), T. Fujita, Y. Kamada 
1) National Institute for Fusion Science 

1. Introduction 
Understanding of the structure formation of the edge pedestal region is one of the 

important issues for tokamaks. Particularly, the edge plasma current caused by the strong 
pressure gradient of H-mode plays an important role in the transport and MHD stability. 
Therefore, the measurement of the edge current profile at high time and spatial resolutions is 
expected in order to understand the behavior of the edge current and the impacts on the 
plasma performance. 

The Zeeman polarimetry using a lithium beam probe (LiBP) has been developed on 
ASDEX, TEXT and DIII-D [1-3]. The pitch angle of the magnetic field line is measured from 
the polarization characteristics of the Zeeman component of the lithium 2 2S - 2 2P resonance
line (670.8 nm). Because of the strong toroidal magnetic field (~4 T), clear Zeeman splitting 
(~0.08 nm) is expected in JT-60U. The LiBP has advantages in terms of the small beam 
radius and the large cross section for excitation. The lithium beam Zeeman polarimetry under 
constructing on JT-60U has a plan to realize the high time resolution by use of a high 
brightness lithium ion gun. Furthermore, the measurement at the high spatial measurement of 
the density and the edge fluctuation profiles are also planned. 

2. Configuration of Lithium Beam Zeeman Polarimetry on JT-60U
The configuration of the Li beam Zeeman polarimetry on JT-60U is shown in Fig. 1. A 

thermionic ion source using -eucryptite soaked to a porus tungsten disc and a neutralizer 
using the alkali metal vapor are utilized. The ion source with a diameter of 50 mm is a key 
point of the high-brightness ion gun. The acceleration electrodes give the beam extraction 
field of 500 kV/m. The divergence angle of the neutral beam depends on the focusing 
property of the beam optics and the location of the neutralizer. The well collimated beam is 
required for the diagnostic of the Zeeman polarimetry because the divergence of the beam 
causes the loss of the beam current at the observation area and the broadening of the Doppler 
shift of the emission line. As the distance from the neutralizer to the observation area is about 
6.5 m in JT-60U case, the divergence angle within 0.13 degrees is required to attain the beam 
diameter of 30 mm which corresponds to the spot size in the observation area.  
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3. Numerical Simulation of Prototype Ion 
Gun [4] 

A prototype ion gun has DIII-D type 
beam optics and ASDEX type neutralizer. The 
performance of the prototype ion gun is 
investigated by the numerical simulation 
taking into account the space charge effects. 
The TriComp beam simulation code (Field 
Precision LLC) is used for the simulation. 
Three different initial beam profiles at the ion 
source are assumed in the simulation, which 
are peaked, flat and hollow profiles. As a result 
of the simulation, the peaked profile has better 
focusing property than the hollow one. The 
divergence angle varies from -0.8 to 1.4 
degrees in case of a beam energy of 30 keV, 
and the target value of 0.13 degrees is attained 
in only narrow range of radius as shown in Fig. 
2(a). It shows that the total beam transport 
efficiency is low due to the large divergence 
angle. The peaked profile achieves the current of 0.9 mA at the observation area, while the 
current of 0.2 mA is obtained in the hollow case. 

The obtained beam current linearly increases with the extracted current. However, it 
saturates and even reduces in larger current than 15 mA due to the increase of the beam 
divergence loss. The low efficiency of the prototype ion gun mainly arises from the 
divergence loss of the neutral beam. Therefore, the divergence angle is the most important 
parameter for the development of the ion gun on JT-60U because of the long transport of the 
neutral beam. The design study by use of the numerical simulation is necessary for the 
achievement of the low divergence ion gun. 

4. Design Study of High-Brightness Low-Divergence Ion Gun 
 In order to improve the extracted current and the transport efficiency, the optimization 
of the beam optics is carried out by the numerical simulation. In the case of the prototype ion 
gun, the space charge limited current is 33 mA at beam energy of 30keV, however, the beam 
current is limited to 6.5 mA at beam energy of 10 keV. A low beam energy of 10 keV is 
required in JT-60U because a range of the pedestal electron density is 1~3 x 1019 m-3. The 
reduction of the beam current at the low beam energy is a problem for the measurement at 

Fig.1. Schematic view of the configuration of Li 
beam Zeeman polarimetry on JT-60U.
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low density plasma. 
Therefore, a new type of ion 
gun is designed as large 
beam current in a low beam 
energy. The new ion gun has 
an extraction electrode 
(extractor) to make the 
extraction electric filed large 
even in a low beam energy as 
shown in Fig. 3. The ion 
beam is extracted by the 
extracted field of 600 kV/m 
independently of the beam 
energy, and decelerated to 
the target energy. Thus, the 
extracted current at the low 
beam energy is improved. 
Additionally, the large 
extraction field restrains the 
spreading of the low-energy 
and large-current beam. It is important for the optimization of the beam optics because the 
low-energy large-current beam is easy to spread due to the space charge effects. To improve 
the transport efficiency, the Einzel lens is optimized for the low energy beam dominated by 
the space charge. Since the focal point of the collimated beam is short in the case of large 
current beam, the distance from the Einzel lens and the neutralizer become short. The 
emission surface of the ion source is hollow type, which has the good convergence property. 
Then well collimated beam at a beam energy of 10 keV is achieved as shown in Fig. 2(a). 

As a result, the transport efficiency is improved to 50% within the extracted current 
under 10 mA, and the beam current of 6 mA is obtained at the observation area as shown in 
Fig. 2(b). The increase of the beam energy gives better focusing property above the extracted 
current of 15 mA 

5. Initial Results of Ion Beam Extraction by Prototype Ion Gun 
The Li ion beam is extracted by the prototype ion gun in the mock-up test stand. The 

Li ions are produced by the contact ionization of the Li vapor to the porus tungsten disk. The 
tungsten disk is heated at the operation temperature of 1200 C by the mechanical heater with 
power of 1.5 kW. However, the mechanical heater has the temperature limit at 1200 C, and 
then the sufficient temperature of the tungsten disk and lage beam current have not been 
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Fig.3. Configuration of the new type ion gun.
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obtained due to the radiation loss and the 
reduction of heat conduction. Therefore, the ion 
beam extraction has been tried by coating the 
molybdenum sureface without the tungsten disk. 
The -eucryptite of 1 g is coated on the 
molybdenum surface at a temperature of 1100 
C. Figure 4 shows the experimental result of the 
voltage-current property of the power supply 
for the acceleration. The acceleration current of 
11 mA is achieved for 150 second at the 
acceleration voltage of 30 kV. However, it is 
considered that the acceleration current does 
not exactly show the ion current because the 
acceleration current includes the extracted Li 
ion current and the back-flow of the secondary 
electron, For this reason, we use a 
multi-channel probe to measure the ion current 
at the position of the neutralizer. The probe 
measurements almost agree with the 
acceleration current as shown in Fig. 4. (a).  

As a result, the large current extraction 
over 10 mA is demonstrated; however, the 
lifetime of the beam extracted from molybdenum surface is short which is about 3 Asec, and 
the operation is limited to one-time because of falling off of the coated -eucryptite.
Therefore, an ion source using the electron beam is under development to heat the porus 
tungsten disk to the sufficient temperature. 

6. Summary 
The Li ion gun is developed for the Zeeman polarimetry. The performance of the 

prototype ion gun is estimated by the numerical simulation. According to the simulation, the 
beam transport efficiency is low due to the broadening of the divergence angle. Therefore, the 
new ion gun is designed to improve the divergence angle and beaming extraction field. 
 The ion beam extraction of the prototype ion gun is carried out by the ion source 
coated with Mo. Then the large current extraction over 10 mA is demonstrated. For 
improvement of the life time of the ion source, theion source using electron beam heating is 
under development. 
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10.10 Fast Data Acquisition System Based on Digital Oscilloscopes for Fluctuation

Measurements in a Long-Pulse Plasma [1]

G. Matsunaga, M. Takechi and K. Toi1)

1) National Institute for Fusion Science

For fluctuation measurements in a long-pulse JT-60U tokamak plasma, we have devel-
oped a new data acquisition system with a fast sampling rate. This system is based on a
powerful digital oscilloscope, which has very large acquisition memory up to 50 Mwords/ch,
1 MHz sample rate and 16-bit high resolution AD convertor. The system is composed of plural
digital oscilloscopes and mass storages. On this system, most of data acquisition processes are
executed at each digital oscilloscope. This feature of the system leads to an advantage that the
processing loads are distributed among several digital oscilloscopes. Comparing with conven-
tional data acquisition systems based on CAMAC modules, the system has several advantages
as follows:

• Compatibility of fast sampling (≤ 1 MHz) with long duration (≤ 50 sec).

• Easiness of introduction (just connect, just acquire and monitor).

• Easiness of extension of the number of channels.

• Networking supported by the Ethernet technology.

• Reasonable cost.

• Distribution of processing load.

• Easy handling of massive data.

This system has been successfully employed for measurements of various fluctuations
obtained through magnetic probes, beam emission spectroscopy and so on. These enable us to
obtain high quality fluctuation data, for instance, fast frequency MHD events such as Alfvén
eigenmodes (AE), neoclassical tearing modes (NTM), edge localized modes (ELM) and so on
in a long pulse discharge. The size of the acquired data using this system has reached up to
10 GB/shot, so far. We plan to apply this system to other fluctuation measurements toward the
next JT-60 experimental campaign.
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11. Heating Systems 

11.1 A 21 s, 3.2 MW D0 Beam Injection from Negative-Ion-Based NBI       

M. Hanada, M. Kamada, L.R.Grisham, M. Kawai, Y. Ikeda and NBI heating Gr.  

 In JT-60U, it is intended to inject 10 MW D0 beams for 10 s using two large 
negative ion sources, each of which is designed to produce 22 A, 500 keV D- ion beam 
Recently, the beam pulse length is required to be extended up to 30 s in order to study 
quasi-steady state plasma in JT-60U. From the estimation of the power supply capacity, 
the injected beam power is limited to be < 4 MW for the injection time of 30 s. Under 
these conditions, a long pulse injection of the beams from the negative-ion-based NBI 
on JT-60 U was carried out by clarifying operational ranges for a stable voltage holding 
capability and an allowable grid power loading in the JT-60 negative ion source. 
 To choose the stable acceleration voltage, a correlation between the voltage 
holding capability and a light intensity of cathodeluminecence from the Fiber 
Reinforced Plastic insulator was carefully examined. As the result, the stable voltage 
holding capability without the beam acceleration was found to be < 420 kV where the 
light was sufficiently suppressed [1]. Since stable acceleration voltage with which is 
stable with beam acceleration was 70-80% of that without the beam acceleration, 320-
340 kV was chosen as the beam acceleration voltage (Vacc).  
 In order to attain the beam pulse length of > 30 s, the grid power loading should 
be reduced to  < 1 MW with which the surface temperature of the grid is calculated to 
be lower than the re-crystallization temperature (250 oC) of the grid material (oxygen-
free cooper). The extraction voltage (Vext) and the arc power (Parc) were tuned to 
minimize the grid power loading while the injection power was maximized. At 
Vacc=340 kV, Vext=5.5 kV and Parc=180 kW, the maximum grid power loading was on 
the grounded grid, and was allowable level of 650 kW. The D- ion beams of 30 A were 
produced with two ion sources and neutralized to 3.2 MW D0 beams by a gas 
neutralizer.  
 The pulse length of 3.2 MW D0 beam was extended step by step, and finally 
reached up to 21 s which was limited by the surface temperature interlock of the beam 
scraper without water cooling [2]. This is the first long pulse injection of > 20 s in a 
power range of > 3 MW in the world. No degradation of the negative ion production 
was observed due to the pulse extension. Moreover, the grid power loading was kept 
constant. The water temperature rise in the grids was saturated to be 40 oC at 18 s. This 
short saturation time suggests that the further extension of the beam pulse length can be 
achieved at this power level by the present grid cooling technology. By increasing the 
interlock level of the surface temperature on the beam scraper, the 30 s injection is to be 
carried out in the next campaign.  
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11.2 Oscillation Control on the ECRF System and Performance of the LHRF Launcher 

S. Moriyama, M. Seki, S. Ide, T. Fujii

1.  Introduction 
A high-power electron cyclotron range of frequency (ECRF) heating system was 

introduced into JT-60U to realize high performance plasmas by controlling profiles of 
electron temperature, plasma current and plasma pressure [1]. Its injection power was 
designed to be 3 MW for 5 s at 110 GHz with four 1 MW output gyrotrons. RF power of 3 
MW for 2.8 s was injected into plasmas by 2002. Technologies, relevant to power increase, 
extension of the pulse duration, power modulation and so on, have been developing for 
various experiments. The technology on the extension of the pulse duration is most significant 
as the JT-60 discharge duration was increased from 15 s to 65 s in 2003. A tentative objective 
of the ECRF system is to inject 0.6 MW for 30 s in the limitation of the existing power. Then, 
a technique on the extension of pulse duration by anode voltage and heater current control has 
been developed. The anode voltage control can also be applied to the power modulation to 
study the electron heat transport [2]. 

On the other hand, main objective of the LHRF system in recent experiments is real 
time current profile control. Real time off-axis current profile control to maintain or to 
improve high performance in an advanced tokamak is the final goal. The safety factor (q) 
profile is reconstructed in real time by means of the multi point motional Stark effect (MSE) 
measurement, and to be feed back controlled to the reference q profile. Recent real time 
current profile control in recent high normalized beta ( N) experiments succeeded to modify 
the q profile to suppress an MHD activity to raise N. For these purposes, extension of the 
LHRF pulse length aiming at 20 s has been tried. 

2.  Extension of ECRF Pulse Duration 
The JT-60U gyrotron has a triode electron gun for flexible operation as shown in Fig. 

1. On such a gyrotron, the gyrotron oscillation can be drastically controlled by small change 
of the anode voltage. Therefore, an anode voltage controller was developed, which was 
mainly composed of solid-state devices of 400 stages of Zener circuits as a variable resistance 
in Fig 1. 
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Figure 1. JT-60U gyrotron and its power supply system.
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When the ECRF pulse duration would be extended to 30 s, the beam current decreased due to 
the cathode cooling and the gyrotron oscillation was terminated. After that, the beam current 
was turned off immediately to protect the gyrotron components from overheat. The anode 
voltage and heater current control solved this problem. As shown in Fig. 2, the gyrotron 
oscillation was recovered by adjusting the anode voltage within 80 ms, in which the turn-off 
of the beam current was delayed, when it was terminated. The pulse duration to the plasma 
was successfully extended up to 21 s so far in 2006 at gyrotron output power of 0.4 MW. 

3.  ECRF Power Modulation 
In order to study the electron heat transport in JT-60U, performances required for the 

ECRF power modulation were the modulation frequency range of 10 - 100 Hz and the 
modulated power of 1 MW. The anode voltage control was also applied to the power 
modulation, which was quite easier than the main DC voltage control since only several mA 
currents flowed on the anode line. Changing the anode voltage by only 3 - 4 kV, which was 
about 10 % of the anode voltage, could carry out the power modulation. So far, the achieved 
performances to the JT-60U plasmas are in the modulation frequency range of 10 - 500 Hz 
with modulation factor 80 % at the output power of 0.7 MW. At a test bench, trial to obtain 
higher modulation frequency required for experiments of neoclassical tearing mode (NTM) 
stabilization in near future have been performed. The modulation frequency up to 2.5 kHz 
was achieved so far with some improvements in the high voltage supplying circuit to the 
gyrotron and anode voltage controller. 

4.  Performance of the LHRF Launcher 
LH experiments such as real time control of plasma current profile were performed 

using LH system, especially with 8-carbon grills around LHRF launcher mouth since August 
2003. After one-year operation, no major damage was observed on the carbon grills itself, on 
the other hand some base plates as an attachment for the grill were melted. Main cause was
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Figure 2. Recovery of the oscillation by anode voltage control.
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mis-working of the arc detector to protect LHRF antenna mouth at RF breakdowns.
Therefore for suppression of damages around LH antenna mouth, checking lump of the arc 
detector is improved and detecting speed is increased. And a new protection device using 
ccd-camera is also introduced. The 6-modules without carbon grill are used for LH 
experiments, stable injections are obtained as 1.1 MW for 20 s (18.64 MJ) in 2006. 

On the other hand, to improve insufficient electrical contact along the carbon grill, a 
new structural carbon grill is developed at a test bench by using "a diffusion bonding method". 
This new carbon grill is combined with a pedestal made of SUS. RF connection point exists 
between the pedestal and LH launcher mouth. In the RF connection point, a fine spring is 
inserted as a RF connector. The test module for the new carbon grill shows enough power 
capability of 0.5 MW - 10 sec at the test bench. This technology will be applicable to the LH 
launcher in JT-60U.  
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