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 Results in JT-60U experiments in 2007 and 2008 are reviewed. In this campaign, which is 
the final experimental period in JT-60U, development of advanced tokamak plasma was 
extensively performed toward establishment of physics basis of ITER and DEMO. High 
integrated performance plasma with high normalized beta (�N~2.6) and high confinement 
enhancement factor (HH98(y,2)~1.0-1.1), which are comparable to those in the ITER Hybrid 
Scenario, and at the same time with high bootstrap current fraction (fBS~40%) was sustained 
for 25 s. High density and high radiation loss fraction plasma was sustained for 12 s by adding 
argon and neon to a deuterium plasma. The duration of the high-performance plasmas is more 
than 10 times longer than the current diffusion time, �R. In a high beta regime exceeding the 
ideal MHD limit without conducting wall (no-wall limit), a new instability was observed. By 
suppressing the instability a high beta plasma was sustained for 5 s, which corresponds to 
several times longer than �R. Performance of reversed shear plasmas was significantly 
improved by utilizing the stabilizing effect of the conducting wall, and �N~2.7 and fBS~90%
were obtained. These results significantly exceed those in the previous experimental 
campaign. In addition, real-time control system was improved, and ion temperature and 
current profile were independently or simultaneously controlled in real time. Development of 
new diagnostics was also continuously performed. For example, profiles of electron density 
and current were measured using the lithium beam probe diagnostic with high resolution. A 
number of important results from physics experiments were obtained in the area of transport, 
confinement, instability, plasma-wall interaction etc. Performance of heating and current drive 
systems was also extended significantly. In the electron cyclotron wave system, 2.9 MW for 
5 s injection and 0.4 MW for 30 s injection to plasma were successfully demonstrated. Power 
modulation up to 7 kHz in synchronization with neoclassical tearing mode was also 
successful. In the negative-ion-based neutral beam system, 340 keV, 3 MW, 30 s injection 
corresponding to the highest injection energy of 80 MJ was successfully performed. 
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JT-60U ����������2007 ��2008 ��

����������� ���������

�������������������������������

JT-60 ���

�2009 � 11 � 16 �� ���

� 2007 ���� 2008 �� JT-60U �������������JT-60U ������

���������������ITER � DEMO ����������������

�������������������������������������

ITER �������������������������(�N~2.6)�������

(HH98(y,2)~1.0-1.1)������������(fBS)�� 40%������ 25 �����

��������������������������������������

��������������������������������������

����� 12 �������������������������������

��(�R)��� 10 ���������������� MHD �����������

�������������������������������������

�����R ���(5 ��)��������������������������

�������������������������������N~2.7�fBS~90%
������������� 2005-6 ����������������������

��������������������������������������

��������������������������������������

��������������������������������������

��������������������������������������

���-����������������������������������

������������������� 2.9 MW�5 �������� 0.4 MW�

30 ������������������������������������

7 kHz �����������������������������������

���340 keV�� 3 MW�30 �����������

��������������311-0193� �������� 801-1
������ ������ ������ ������ ������ ������ ��

� � � ��� ������� ������ ������ ������ �
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1 Introduction

 The JT-60U project has been focused on development of steady-state advanced tokamak 
(AT) plasmas to realize economical fusion reactor and to establish physics basis for ITER. 
High confinement, high normalized beta (�N), high bootstrap current fraction (fBS) and 
efficient heat/particle handling are important factors to maintain AT plasmas in steady-state. 
The neutral beam injection (NBI) system and electron cyclotron heating (ECH) system have 
been improved to provide further flexibility of heating and current drive to develop AT 
plasmas and to investigate important physics for steady-state AT operation. In positive-ion 
based NBI (P-NBI) system, the power supply system for three perpendicular-NBI units for 
central heating has been modified so as to extend the maximum pulse duration up to 30 s, in 
addition to existing five modified NBI units. Furthermore, 30 s injection of negative-ion based 
NBI (N-NBI) with heating power of 3 MW (80 MJ) has been achieved. As a result the total 
input energy of 445 MJ from both P- and N-NBI units has been achieved. In ECH system, 
four gyrotrons injected high electron cyclotron wave power of 2.9 MW for 5 s, which 
corresponds to the injected energy of 14.5 MJ. In addition, the power modulation technique up 
to 7 kHz has been developed for the stabilization of neoclassical tearing modes (NTMs). New 
diagnostics with high temporal and spatial resolution have improved real-time plasma control 
scheme for the control of AT plasmas. In the experimental campaign in 2007-2008, further 
expansion of the operational regime of AT plasmas toward higher �N regime has been 
achieved making use of the improved heating systems and diagnostics [1]. 
 In weak magnetic shear plasmas and reversed magnetic shear plasmas, the operational 
regime has been extended toward higher �N exceeding the ideal mangetohydrodynamic 
(MHD) limit without conducting wall (�N

no-wall) by resistive wall mode (RWM) stabilization. 
In long-pulse plasmas with positive magnetic shear, sustainable �N with high confinement as a 
development of ITER hybrid scenario, and sustained duration of high density and high 
radiation loss fraction plasma have been improved. Progress has also been made in physics 
studies relating to MHD instabilities, internal/edge transport barriers, plasma rotation, current 
drive, H-mode confinement, impurity transport, SOL/divertor transport and plasma-wall 
interaction and so on, which also contributed to the development of the AT plasmas.  The 
active NTM stabilization system using modulated electron cyclotron current drive (ECCD), 
which is synchronized with rotating island, has been developed and the efficiency of 
modulated ECCD in m/n = 2/1 NTM stabilization has been demonstrated (m and n are 
poloidal and toroidal mode number, respectively). The intrinsic toroidal rotation driven by the 
ion pressure gradient and by the ECH is confirmed. New fast diagnostics with high spatial and 
temporal resolutions for ion temperature and electron density reveals the different structure of 
pedestal pressure between co- and counter-rotating plasma, resulting in different ELM size 
determined by the radial penetration depth of the ELM crash. The tungsten generation and 
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accumulation are also studied. 
 The results from AT research in JT-60U contribute for the development of physics basis 
for ITER through International Tokamak Physics Activity (ITPA) activities. Various 
inter-machine experiments have been performed with on-site and/or remote participations. 
Domestic collaboration with universities and institutes has been expanded. All experiments 
have been discussed and planned by the joint experimental theme group* including co-leaders 
for sub-themes with experts from universities and institutes. 

Reference 
[1] Oyama, N. and the JT-60 Team, to appear in Nuclear Fusion. 

* Theme Leaders: 
N. Oyama, A. Isayama, and H. Takenagai)

Co-Leaders for Sub-Themes: 
T. Suzuki and K. Nagasaki1) for Extension of Operation Regime and Improvement of 
Performance, 
K. Shinohara and K. Ida2) for Transport, 
Y. Sakamoto and Y. Nakashima3) for Pedestal, 
G. Matsunaga, S. Sakakibara2) and A. Isayamai) for MHD, 
N. Asakura and N. Ohno4) for Divertor and SOL, 
T. Nakano, Y. Ueda5) and H. Kuboii) for Plasma Wall Interaction. 

i) until September, 2007 
ii) until March, 2007 
1) Kyoto University 
2) National Institute for Fusion Science 
3) University of Tsukuba 
4) Nagoya University 
5) Osaka University 
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2. Overview of Experimental Results 
2.1 Extension of Operation Regimes 
    Owing to modification of power supply systems for three perpendicular P-NBs in order 
to provide a long period of central NB heating up to 30 s, high performance plasma at �N =
2.6, HH98(y,2) > 1, and �NHH98(y,2)/q2

95 = 0.25 at low q95 = 3.2 (safety factor at 95 % flux 
surface) has been sustained for 25 s, corresponding to about 14 times the current diffusion 
time. This plasma has a flat q profile in the central region (r/a < 0.5), and such q profile is 
effective in avoiding the onset of neoclassical tearing modes up to �N ~ 3 for a peaked 
pressure profile. In high �N regime above �N

no-wall, �N ~ 3 at high fBS = 0.5 has been 
successfully sustained for about 5 s, which corresponds to 3 times the current diffusion time 
(~ 1.5 s), by avoiding newly observed MHD instabilities, namely energetic particle driven 
wall mode (EWM) and resistive wall mode (RWM) precursor. Since the EWM that is 
destabilized by trapped energetic particles by perpendicular NBs slows down the plasma 
rotation below a critical velocity and then finally triggers the RWM, the perpendicular NBs 
are replaced by tangential N-NB in order to avoid EWM. Toward steady-state operation, a 
fully non-inductive discharge having a relaxed current profile and high fBS = 0.5 has been 
established at reasonably low q95 = 5.8, qmin = 2.1, and q(0) = 2.4, where qmin and q(0) are the 
safety factor at the minimum and the plasma center, respectively. This plasma is free from 
MHD instabilities at low q (� 2) rational surfaces, and the steady current profile at full-CD 
(fraction of non-inductively driven current to the plasma current fCD = 1) is obtained using 
NBCD and off-axis LHCD. A stability of reversed magnetic-shear plasmas has been largely 
improved from previous experiment (�N = 1.7-2.1) to �N ~ 2.7 at reasonably low q95 ~ 5.3, 
placing the plasma close to the conducting wall under reduced toroidal field ripple by ferritic 
steel tiles. This �N well exceeds �N

no-wall ~ 1.9, and is close to the ideal wall beta limit 
�N

ideal-wall at ~ 2.9 (resulting C� � (�N – �N
no-wall)/(�N

ideal-wall – �N
no-wall) ~ 0.8). In addition, high 

integrated performance is achieved at HH98(y,2) ~ 1.7, fBS ~ 0.92, fCD ~ 0.94 and ne/nGW ~ 0.87 
under the conditions of Te ~ Ti and low momentum input. In impurity seeding experiments in 
positive shear plasmas, good energy confinement (HH98(y,2) ~ 0.87-0.75), large total radiation 
fraction (frad ~ 0.77-1), and high density (fGW = 0.67-0.85) are sustained for 13 s using Ar as 
core radiator. When seeding Ar and Ne for core and divertor radiations, respectively, better 
performance has been sustained for 12 s at HH98(y,2) ~ 0.95-0.85, frad ~ 0.78-1 and fGW =
0.68-0.88, where radiation power at divertor is 50-70 % of the absorbed heating power. 

2.2 Transport in Core Plasmas 
    The formation condition of internal transport barrier (ITB) was compared between 
balanced and co-neutral beam injections by using modulation CXRS (MCXRS) diagnostic in 
reversed shear (RS) plasmas. Different characteristics were observed in the location of ITB 
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foot, final structure of the ion temperature (Ti) and the toroidal rotation (Vt) profiles, and the 
temporal evolution of ITB formation. The effects of rational surfaces at the minimum q-value,
qmin, on ITB were also investigated in RS plasmas by using MCXRS and fast CXRS. The 
increase in Ti and the rapid change in Vt were observed almost at the same time when qmin

crossed an integer. The reduction of Ti and Vt was observed in wide area prior to crossing the 
integer value of qmin. The correlation between the edge transport barrier (ETB) and the ITB 
was also investigated. It was found that the ELM affected area was deeper in the order of Vt,
Ti and then the electron temperature (Te).  
    In the study of momentum transport, the correlation among the toroidal momentum 
diffusivity (��), the ion thermal diffusivity (�i), and the convection velocity (Vconv) was 
investigated in H-mode plasmas with the perturbation technique using modulated NBs. The 
investigation revealed that the correlation between �� and ��, and the decrease of –Vconv with 
increasing ��. The ECRF-driven intrinsic rotation was also investigated. It was found that 
ECRF drove the co-intrinsic rotation inside the EC deposition radius and induced the 
counter-intrinsic rotation outside the EC deposition radius.  
    For the study of particle transport, supersonic molecular beam injection (SMBI) was 
installed in collaboration with CEA-Cadarache for the first time among the large tokamaks. 
The SMBI could directly affect the plasma parameters at r/a ~ 0.8 and also affect through 
cold pulse propagation inside more. The SMBI contributed to the study of an intermediate 
fueling method between pellet injection and gas-puffing.  
    In order to investigate the conditions that tungsten, W, ions accumulate in the plasma 
core, plasma toroidal rotation scan, EC and NNB injection experiments were performed. The 
W accumulation became significant with increasing toroidal rotation velocity in the 
counter-direction. The EC and NNB injections successfully suppressed the W accumulation. 
    Under the collaboration with LHD, the characteristics of the particle transport in the core 
region and the ITB formation condition were compared with helical system as another torus 
system. In the comparison of particle transport, it was found that the collisonality dependence 
of the density profile was different in LHD when the magnetic axis position was varied by 
0.1 m. This dependence was not observed in tokamaks. In the comparison of the ITB 
formation, it was found that the ITB location moves outward regardless of the sign of 
magnetic shear in JT-60U while the ITB location tends to expand inward in LHD. 

2.3 H-mode Confinement and Pedestal 
    Dimensionless parameter dependence of H-mode pedestal width has been clarified by 
comparison of hydrogen and deuterium plasmas. The scaling of the pedestal width is 
evaluated as �ped � ap �

*
pol

0.2
�p

0.5, where ap, �*
pol and �p are plasma minor radius, poloidal 

gyro-radius and poloidal beta, respectively. The temporal evolution and radial perturbation of 

JAEA-Review 2009-045

－ 4 －



the radial electric field Er during type-I ELM phase have been investigated by using the data 

from newly installed fast charge exchange recombination spectroscopy (�t~2.5ms). The
Er-well for the co-NBI discharge seems to be shallower than that for the counter-NBI. On the 
contrary, the Er-shear layer for the co-NBI discharge is likely to be wider than that for the 
counter-NBI. The wider Ti pedestal width seen in the co-NBI discharge than that seen in the 
counter-NBI discharge may comes from the difference in the Er-shear layer. The dynamics of 
the density in the type-I and grassy ELMs are also investigated by using newly installed 
lithium beam probe (�t~0.5ms). Type-I ELM observed in co-rotating plasmas exhibited larger 
and wider ELM affected area (�nped/nped ~30%, radial extent >15cm) than ctr-rotating plasmas 
(�nped/nped ~20%, radial extent ~10cm). The collapse of density pedestal by grassy ELM is 
smaller (<20%) and narrower (~5cm) than that by type-I ELMs. The transition 
phenomenology in the H-mode discharge has been studied. It is found that there are two 
discrete phases with different magnitude of Er in the ELM-free H-mode phase. One is the 
intermediate H-phase having the large ion temperature gradients without significant poloidal 
rotation (and with moderate magnitude of Er), and the other is the complete H-phase 
characterized by the large Er. The ELM energy loss and cycle have been studied by using the 
TOPICS-IB code. The ELM energy loss increases with decreasing the collisionality and the 
ELM frequency increases linearly with the input power, as in experiments of type-I ELMs. 
The transport model with the pedestal neoclassical transport connected to the SOL parallel 
transport reproduces the inter-ELM transport as observed in experiments. Dedicated ripple 
experiments have been performed in JET and JT-60U using matched plasma shape. It is 
observed that larger toroidal rotation in co-direction is favorable to achieve higher pedestal 
pressure, while the effect of different TF ripple between 1.2% (w/o FST) and 0.5% (with 
FST) is smaller than the effect of toroidal rotation. Co-NBI QH-mode is partially obtained 
with co-rotation at the edge, which indicates that ctr-NBI and ctr-rotation are not essential for 
producing QH-mode. The effects of edge collisionality on grassy ELM characteristics have 
been investigated. The grassy ELM amplitude increases with increasing the edge 
collisionality toward unity, which is opposite to type-I ELM regime. As a development of the 
active ELM control, effects of EC injection to the pedestal have been investigated. The ELM 
frequency is increased only when EC is injected to the high field side. Fully 3-dimensional 
neutral transport simulation shows that the density in the region from the pedestal to the SOL 
has a strong influence of neutral penetration into the core plasma region from the last closed 
flux surface as well as a significant effect on the ionization zone in this region. 

2.4  MHD Instability and High-Energy Ions
    In high-�N plasmas above the ideal �-limit without a conducting wall �N

no-wall, two 
instabilities are newly observed; one is fishbone-like bursts observed in the frequency range 
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of several kHz, and the other is slowly growing mode with the time scale of several tens 
milliseconds. These instabilities seem to affect the RWM stability, that is, finally trigger the 
RWM onset. The former is found to be driven by the trapped energetic particles originating 
from perpendicular NBs. Since the mode is observed only in wall-stabilized high-�N plasmas 
(�N>�N

no-wall), we have named it as the energetic particle driven wall mode (EWM). The latter 
mode strongly affects the plasma rotation profile around q=2. In particular, the rotational 
shear is reduced by this mode, and finally the RWM is appeared. The mode has been named 
as the RWM precursor; it is sometimes triggered by ELM or EWM. 
    Regarding ECCD stabilization of m/n=2/1 NTM, the minimum EC-driven current has 
been identified by EC wave power scan The required ECCD is as follows: 0.20<jEC/jBS<0.40 
for the high-field case (3.7 T), and 0.35<jEC/jBS<0.46 for the low-field case (1.7 T). Here, jEC

and jBS the EC-driven and bootstrap current densities at the mode rational surface, 
respectively. In this campaign,  modulated ECCD up to ~7 kHz became possible. In addition, 
a new system to synchronize the modulated EC wave with NTM rotation in real time by 
referring magnetic perturbation signals was developed. By application of the EC wave system 
against m/n=2/1 NTM, it is found that the stabilization effect weakens as the phase of the 
modulation deviates from that corresponding to O-point ECCD. In contrast, in the case of 
X-point ECCD, NTM amplitude increased, showing a destabilization effect. Moreover, the 
modulated ECCD actually has a stronger effect on NTM stabilization than unmodulated 
ECCD. In order to validate the modified Rutherford equation (MRE) and evaluate the MRE 
coefficients such as bootstrap and the Glasser-Greene-Johnson effects, a comparison between 
ASDEX-U and JT-60U for an m/n=3/2 NTM was performed. 
    A new system for neutron profile measurement has been developed. The system is based 
on the stilbene crystal detector and the fast Flash-ADC with 200 MHz sampling rates, and that 
has 7 chords so as to cover the whole plasma region The fast sampling makes it possible to 
discriminate the neutron and � signals. Moreover, after this process, the DD- and DT-neutron 
are discriminated by the pulse height. The measurement has been applied to the NTM 
experiment with intense NBs injection. On this experiment, the time evolution of DT-neutron 
is obtained as well as that of the DD-neutron. The experimental results suggest the 
accumulation and transport of triton. 
    Ion cyclotron emissions (ICEs) due to DD fusion-product (FP), 3He, T and P-ions, are 
measured by using ion cyclotron antennas as pickup loops. It is found that ICE due to T, 
ICE(T), with lower frequency has larger wave numbers than ICE due to 3He, ICE(3He). 
Moreover, the density dependence for the excitation of the fundamental and the second 
harmonic ICEs(3He) is obtained. The fundamental ICE(3He) appears only in relatively low 
density region. Also, ICE due to P-ions is identified in relatively high density plasmas. This 
experimental results suggest that ICE(T) is no longer on the same branch of the fast Alfvén 
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wave and rather the branch of slow Alfvén wave. 
    The plasma current decay time during the initial phase of radiation induced disruption 
has been studied based on the plasma inductance and resistance estimated by experimental 
data. The area-normalized current decay time derived from the L/R model is not dependent on 
the electron temperature, and experimental decay time is one order of magnitude smaller than 
the model-based current decay time in short experimental decay time region (15~30 ms). On 
the other hand, current decay time derived by a new model, in which the time evolution of the 
plasma inductance is taken into account, is consistent with the experimental decay time.

2.5 Plasma Control and Heating/Current Drive Physics 
Real-time control of the ion temperature gradient at high beta plasmas and of the toroidal 

rotation (Vt) in ELMy H-mode plasmas was demonstrated using the upgraded charge 
exchange recombination spectroscopy (CXRS) diagnostic and the real-time control system. 
The Ti and Vt at 4 radial locations are calculated within 10 ms with low error level (~5%). An 
integral term was newly introduced in addition to the proportional and differential terms, and 
the proportional gain was improved to be a function of Ti and the line-integrated electron 
density. Real-time control �of the product of line-integrated electron density and ion 
temperature gradient, which is regarded as a measure of pressure gradient, was performed in 
high fBS reversed magnetic shear plasmas to avoid collapse and MHD instabilities. 
Simultaneous real-time control of current and Ti profiles was demonstrated in high-�p ELMy 
H-mode plasmas; the minimum of the safety factor profile representing current profile 
evaluated by motional Stark effect (MSE) diagnostics and Ti gradient were controlled 
independently using the off-axis LHCD and on-axis NBs. Burn controllability was 
investigated using external heating and fuelling with a burning plasma simulation (BPS) 
scheme. The BPS scheme was developed using 2 groups of NBs, where one simulates alpha 
particle heating (P�) and the other simulates external heating. The heating power for the 
simulation of P� was calculated with consideration for temperature dependence of the DT 
fusion reaction rate. In the BPS scheme, good controllability was demonstrated based on the 
FB control using external heating or gas-puffing. Responses of burning plasmas to fuelling 
were also investigated using supersonic molecular beam injection (SMBI). It was 
demonstrated to reduce the simulated fusion gain for keeping the control margin with SMBI 
due to confinement degradation and flattening of pressure profile. Relation between measured 
NBCD location by MSE diagnostics and the calculated one by ACCOME code was 
investigated by systematic scans such as NBCD location, beam energy, heating power and 
plasma triangularity (�). For the low � of 0.25 and low power of ~7 MW case, an increase in 
current density around r/a~0.4 was observed during the off-axis NBCD application. The 
NBCD location was consistent with that calculated by ACCOME code. The change in the 
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current density profile measured by MSE was compared to the calculated NB current density 
by ACCOME in various discharges. The peak location of the change in the total current 
profile was roughly consistent with the peak location of the calculated NB current density 
except for the case with the upper ion source of N-NB at high � and high power case. ECH 
start-up experiments were demonstrated in which the plasma current reached 21 kA by the 
microwave pulses of the oblique O-mode polarization from four 110 GHz gyrotrons with the 
vertical field produced by VT and VR coils. Oblique X-mode injection was also examined 
with the same discharge condition. The maximum current was lower (13 kA) compared with 
the oblique O-mode case. Wall conditioning discharges were investigated by using the 
110 GHz ECRF system for the development of first wall conditioning scheme in ITER and 
DEMO. It was found that the horizontal field is crucially important to expand He plasma 
toward the high-field side from the fundamental ECH resonant surface. The efficiency of H2

outgas in a minute was as large as 79% of that in He Taylor discharge cleaning. The ECH 
wall conditioning discharge was applied after the plasma disruption. The following 
experimental plasma was successfully started up. On the other hand, the plasma without the 
ECH wall conditioning discharge was not started up. This means that the ECH wall 
conditioning discharges is effective in the wall recovery. 

2.6 Divertor and SOL Plasmas 
    Line radiation of carbon ions, C3+, plays an important role on radiation processes in the 
high density divertor of JT-60U. Understanding of ionization and recombination processes for 
the carbon ions has progressed by two-dimensional measurement of the divertor plasma with 
a visible spectrometer system. During an X-point MARFE, radiation peaks of C3+ and C2+ ions
were identified precisely in the vicinity of the divertor X-point. Analysis of the series of the 
line intensities applied with a collisional-radiative model showed that the dominant radiator, 
C3+, is produced by ionization of C2+ and recombination of C4+ at similar rates around the 
radiative zone, and that C2+ is the second biggest radiator. The line-radiation power from the 
ionizing plasma component of C3+ and C2+ ions corresponds to respectively 60% and 30% of 
the total radiation power, while the line-radiation power from the recombining plasma 
component was a few percent.  
    The intermittent plasma transport, so-called “plasma blobs”, in SOL is recognized as an 
important mechanism to enhance radial transport of the heat and particle fluxes. Intermittency 
in the turbulent plasma was determined by statistical analysis as deformation of the 
probability density function (PDF) from a Gaussian distribution, and it was observed mostly 
at the Low-Field-Side midplane in the JT-60U L-mode plasma. Determination of a time scale 
of the intermittent events, i.e. fast rump-up and slow decay, was improved by the VITA 
(variable-interval time-averaging) method applied to the conditional average (CA). It was 
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found that, in the outer divertor, large burst events frequently appear near the X-point when 
detachment of the divertor plasma occurs at the divertor target: peaks in the ion saturation 
current were 2-5 times larger than the averaged value and the long time scale of 40-80 �s.  
    The SOL plasma transport along the field lines was investigated in a special plasma 
configuration with a small separation between the inner-upper wall and the separatrix. The 
influence of the plasma configuration on the plasma pressure and the SOL flow appeared only 
at the High-Field-Side: reduction in the plasma pressure was seen on the in-out separated field 
lines at the HFS SOL, suggesting the parallel convection from the LFS is dominant on the 
in-out connected field lines at the HFS.  
    An integrated divertor and SOL simulation code “SONIC” (SOLDOR, NEUT2D and 
IMPMC codes) has been developed and examined to simulate the SOL and divertor plasmas 
in the JT-60U with NB heating power of 14 MW and a very strong gas puff of 150 Pam3/s.
Dynamic evolution of the very high density and radiation zone as observed by an X-point 
MARFE in the experiments was reproduced with the SONIC code. The IMPMC code 
including a full dissociation modelling for hydrocarbons showed that the private dome with a 
small sticking coefficient enhances carbon influx to the main plasma.  

2.7 Plasma-Wall Interactions  
    Deuterium retention in the first wall tiles was evaluated. At the topmost surface ( depth 
of < 0.1 �m ), H was dominant because of isotope exchange of D with H by degassing 
H-discharges. With increasing depth up to 1 �m, a D/H ratio increased up to a level higher 
than that of the outer divertor plates. This is probably due to high-energy deuteron injection 
into that depth range by the ripple loss. Then, in the depth range deeper than 1 �m, H was 
dominant. 
    The dependence of deuterium inventory on the baking temperature was investigated by a 
particle balance analysis. In discharges with the outer divertor attached, the deuterium 
inventory decreased pulse-by-pulse at a baking temperature of 570 K and decreased more 
gradually at 420 K compared to that at 570 K. In contrast, the deuterium inventory did not 
change at 350 K. In discharges with the outer divertor detached, the deuterium inventory 
increased at all the three baking temperatures. Because the CD4 generation flux increased 
significantly in the detached divertor, co-deposition of D with C is considered to contribute to 
the D retention. In discharges with the outer divertor detached at 420 K, 13CH4 was injected 
from the outer divertor in order to evaluate the number of D in the co-deposition layer with 
13C by post mortem analyses. The evaluated D retention will be compared with that evaluated 
by the particle balance analysis. For further understanding of the co-deposition mechanisms 
on the inner divertor plate, one CFC tile which gap width continuously changed in both 
poloidal and toroidal directions was installed. 
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    The deposition profile of Fe originating from the ferritic steel was investigated. The 
thickness of the deposition layer on the material probe at the P-15 equatorial port was 12 nm 
and is similar to that before the ferritic tile installation. But after the installation, 45 at.% 
( atomic percent ) of Fe was detected. Although the ferritic tile includes 2 at.% of W, no W 
was detected on the deposition layer. This means the atomic concentration of the ferritic steel 
was not kept in the deposition layer. This is due probably to long-term transport process. 
    The deposition profile of W originating from the W-coated tile at the outer divertor was 
investigated. The neutron activation method was applied in FNS ( Fusion Neutrinos Source ) 
for the first time to evaluate absolute W amount. The highest W concentration of about 1% 
was found in the co-deposition layer of C on the inner divertor plate. The W deposition on the 
outer dome wing and the dome top tile was relatively high, and very low W deposition was 
found on the inner dome wing. The toroidal distribution on the outer dome wing was also 
investigated; the W deposition was peaked at the P-8 section, where the W-coated tiles were 
positioned, and the W deposition was very low at the P-5 section ( 60 degree from the P-8 
section in the toroidal direction opposed to the plasma current ). In addition, for the purpose 
of investigation of the prompt redeposition of W, one CFC tile with W stripe coatings was 
installed as a lower target of the outer divertor. 
    An impurity Monte-Carlo transport code, which considers gyro-motion, has been 
developed, in particular, for W transport analysis. Although the peak location of the W 
deposition profile on the inner divertor plates could not be reproduced, the calculated poloidal 
distribution of the W deposition was in qualitative agreement with the measured profile. 

2.8 Diagnostics 
    New diagnostic systems, such as modulation charge exchange recombination 
spectroscopy, beam emission spectroscopy, two-dimensional visible spectroscopic 
measurement system for divertor plasmas have provided reliable data with high-temporal and 
high-spatial resolutions.  
In addition, substantial development of components for advanced diagnostic systems, such as 
the fine tuning technique of Zeeman polarimeter, Thomson scattering diagnostics using 
Fourier transform spectroscopy, a 160 ps YAG laser pulse generation by a stimulated 
Brillouin scattering-phase conjugation mirror, has been made.  
A new lithium beam probe has been developed, whose ion beam is characterized by a 
low-divergence with a high brightness, enabling the Zeeman polarimetry to measure the edge 
current density. A new fast-ion diagnostic method using charge exchange recombination 
spectroscopy has been developed to evaluate fast-ion confinements. In this method, the 
Doppler shifted deuterium Balmer-alpha lights (D�) are evaluated as signals of fast-ions that 
are created as a result of charge exchange recombination processes between fast-ions and 
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injected NBs. The motional Stark effect diagnostic system has been modified to measure 
spatial correlation between the magnetic fluctuations. A new reflectometer system using 
synchronized synthesizers, which can sweep the frequency of the incident wave rapidly, has 
been developed to complement the existing three channels of the O-mode reflectometer with 
fixed frequencies. Density fluctuation and Er profile have been measured by Doppler 
reflectometer technique, and radial correlation has been measured by correlation reflectometer 
technique. YAG Thomson scattering system has been applied for the detection of dust 
scattering light, and event number and its distribution in plasmas were investigated after the 
disruption. An upgraded version of the infrared imaging video bolometer has been installed. 
This upgrade utilizes a state-of-the-art infrared camera (256 x 360 pixels, 3 ms time 
resolution) mounted in a neutron/gamma/magnetic shield behind a 3.6 m-long infrared 
periscope consisting of CaF2 optics and an aluminum mirror. 

2.9 Heating Systems 
    Development of the ECRF and NB systems toward high-power, long-pulse injection was 
continuously performed in this experimental campaign. In the ECRF system, 2.9 MW, 5 s 
injection to plasma using 4 gyrotrons and 0.4 MW, 30 s injection to plasma using 1 gyrotron 
were demonstrated. Injection to a dummy load with 1.5 MW for 1 s using one gyrotron was 
also successful. In addition, power modulation up to 7 kHz in synchronization with NTM 
rotation was performed by modifying the high-voltage circuits for the gyrotrons. In the P-NB 
system, power supply of 3 perpendicular units was modified to enable 30 s injection, which 
contributed to central heating for longer time in the long-pulse high-beta experiments. In the 
N-NB system, modification of the field shaping plate in the negative ion source enabled the 
reduction of the heat load on the acceleration grid by D– ions and thus allowed high-power 
long-pulse injection. As a result, 340 keV, 3 MW injection to plasma for 30 s, which 
corresponds to the highest injection energy of 80 MJ, was achieved. 
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3 Extension of Operation Regime 

3.1 Sustainment of High-beta Plasma above Ideal No-wall Beta Limit [1] 

G. Matsunaga, Y. Sakamoto, N. Aiba, K. Shinohara, M. Takechi, T. Suzuki, A. Isayama, 

N. Oyama, N. Asakura, Y. Kamada, T. Ozeki and the JT-60 team 

For a future fusion reactor with an economical attractiveness, the establishment of the 
high-�N operation above the ideal no-wall �N-limit (�N

no-wall) is desirable. However, in such a 
high-�N region, the �N-value is limited by the resistive wall mode (RWM) that grows with 
the skin time of the resistive wall. Therefore, the RWM stabilization is one of the key issues 
for future fusion reactors. In previous experimental campaign, it has been found that the 
required plasma rotation for the RWM stabilization is less than about 1% of Alfvén velocity 
at a rational surface [2] and the dependence of the required rotation on �N is weak [3]. 

In this campaign, we have carried out the demonstration of the high-�N sustainment with 
suppressing the RWM by the plasma rotation. However, almost all discharges on the high-�N

region were limited by the RWMs triggered by two newly observed MHD instabilities 
despite enough plasma rotation for RWM stabilization. One is fishbone-like burst that repeats 
growth and decay within a few milliseconds. The other is a slowly growing mode with 
growth time 50 ms with affecting plasma rotation profile around q=2. These are named as 
energetic particle driven wall mode (EWM) and the RWM precursor, respectively. 
Particularly, we have found the EWM was destabilized by the trapped energetic particles by 
perpendicular NBs. In order to avoid the EWM as well as the RWM, the perpendicular NBs 
were replaced to negative-ion based NBs, that are tangentially injected beams, with keeping 
both �N and plasma rotation. As a consequence, the high-�N�3 above �N

no-wall has been 
successfully sustained for about 5 s, which corresponds to 3 times the current diffusion time 
of ~1.5 s in this plasma. In this discharge, since �N

no-wall increased with li, which is due to 
plasma current penetration, the time duration of high-�N above �N

no-wall is limited. According 
to the ACCOME calculation, large bootstrap current fraction fBS of 50% is also achieved by a 
weak shear profiles. For a steady-state scenario with high-�N above �N

no-wall, the control of 
MHD instability should be established. 

References 
[1] G. Matsunaga et al., Proc. in 22nd Fusion Energy Conference, EX/5-2 (2008). 
[2] G. Matsunaga et al., Proc. in 33rd EPS Conference on Plasma Physics, Rome, Italy, 

(2006), 30I, O2.003 (CD-ROM). 
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3.2 Development of Reversed Shear Plasmas with High Bootstrap Current Fraction 
towards Reactor Relevant Regime in JT-60U [1] 

Y. Sakamoto, G. Matsunaga, N. Oyama, T. Suzuki, N. Aiba, H. Takenaga,  
A. Isayama, M. Takechi

High fraction of bootstrap current, driven in off-axis region due to the neoclassical effects 
in high beta plasmas, to plasma current is required for steady-state tokamak operation in order 
to reduce a circulating power for non-inductive current drivers. Therefore, the bootstrap 
current fraction fBS ~ 0.5 is expected in the ITER steady-state operation scenario, further fBS > 
0.75 in DEMO reactors. One of the candidates for the operation scenario is the reversed shear 
plasma that is naturally formed with a high fBS. The DEMO reactors require not only high fBS

but also high integrated performance in which high values of HH98y2, �N, fBS, fCD, fuel purity, 
frad and ne/nGW should be sustained long time. Furthermore, the other reactor relevant 
conditions are also important in which the operation region of q95~5-6, electron temperature 
nearly equal to ion temperature and low momentum input due to the dominant alpha heating. 
Although high fBS plasmas were reported from many tokamaks, the operational region is 
practically limited at high q95 >8 region in which fBS is enhanced within the attainable beta 
limit because of fBS����p����Nq95.

In 2008 JT-60U experimental campaign, the reversed shear plasmas with high fBS was 
emphasized in the lower q95 regime by utilizing the large volume configuration close to the 
conductive wall (d/a ~ 1.3) for wall stabilization. As a result, high confinement reversed shear 
plasmas exceeding the no-wall beta limit with high fBS are obtained in the reactor relevant 
regime in JT-60U, where �N ~ 2.7, �p ~ 2.3 is achieved in reversed shear plasma at q95 ~ 5.3.
The achieved �N is much higher than previous experiments of large fBS plasmas with �N ~ 1.7 
- 2.1 at d/a ~ 1.5. However, the discharges were terminated in disruption, where slowly 
growing RWM (n = 1) was observed. The RWM became unstable when toroidal rotation 
velocities at q = 3 surface decreased to the critical toroidal rotation velocity for RWM 
stabilization [2]. By comparison of balance- and co-injected discharges, the toroidal rotation 
velocity at outer q = 3 surface might play an important role for RWM stabilization. The detail 
analysis of MHD stability using the MARG2D code based on the experimental profile data 
indicates that the ideal wall beta limit is �N ~ 2.9 and the no-wall beta limit is ~ 1.9, resulting 
C� ~ 0.8.

In addition to high �N, high confinement is simultaneously achieved in the reactor 
relevant conditions. Then high integrated performance is close to or exceeds ITER 
steady-state scenario (VI), where HH98y2 ~ 1.7, �N ~ 2.7, fBS ~ 0.92, fCD ~ 0.94 and ne/nGW ~ 
0.87 are simultaneously achieved under the conditions of Te ~ Ti, low momentum input and 
the similar q profile except q(0). It should be mentioned however that JT-60SA would address 
the remaining issues towards DEMO reactor, especially long sustainment with higher �N, as a 
satellite tokamak of ITER. 
Reference 
[1] Sakamoto, Y., et al., Proc. IAEA FEC 2008 EX1/1, submitted to Nucl. Fusion. 
[2] Takechi, M., et al., Phys. Rev. Lett. 98, 055002 (2007).
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3.3 Long-Pulse Hybrid Scenario Development in JT-60U [1, 2]

N. Oyama, A. Isayama, G. Matsunaga, T. Suzuki, H. Takenaga, Y. Sakamoto, T. Nakano, 
Y. Kamada, S. Ide and the JT-60 Team 

 The ‘hybrid scenario’ is a kind of advanced tokamak (AT) plasma operation scenario 
proposed for ITER to extend the pulse duration of burning plasma so as to increase neutron 
fluence. In the previous hybrid scenario development in JT-60U, the sustained duration is 
limited by the degradation of ITB due to the change in the power deposition profile under the 
condition that several perpendicular NBIs (perp-NBIs) for central heating are replaced with 
other perp-NBIs for off-axis heating due to the limited pulse duration of NBIs [3]. After the 
modification of power supply systems for three perp-NBIs provides a long period of central 
NB heating up to 30 s, the performance and sustained duration of long-pulse discharges have 
been improved. 
 In long-pulse hybrid discharges, the peaked density profile in the core plasma can be 
maintained even when the density at the pedestal increases in the latter phase of the discharge 
due to the increase in the divertor recycling. Thus, the peaked pressure profile attributed to 
ITB can be kept constant through the discharge with the peaked power deposition profile. The 
peaked density profile is not attributed to the central fueling, but is suggested by the lower 
diffusion at ITB region as observed in other ITB experiments [4]. In these long-pulse 
discharges, MHD activity with toroidal mode number n = 1 is observed in whole plasma 
region even when neoclassical tearing modes (NTMs) are avoided. When the amplitude of the 
mode at peripheral region becomes large, the pedestal pressure is degraded. The mode 
amplitude is sensitive to the toroidal magnetic field (or edge safety factor) and the heating 
power from perp-NBIs. After the adjustment of toroidal magnetic field so as to reduce the 
mode amplitude, high normalized beta (�N) of 2.6 and high thermal confinement enhancement 
factor (HH98(y,2) > 1) are sustained for 25 s (~14��R, where �R is the current diffusion time) 
under the ITER relevant small toroidal rotation condition (~1.3kHz in the plasma center). The 
peaked pressure profile with flat q profile in the central region (r/a<0.5) at low safety factor 
plasma (safety factor at 95% flux surface q95~3.2) is effective to avoid the onset of NTMs up 
to �N~3 in these plasmas. High �NHH98(y,2) of 2.6 gives high G-factor (�NHH98(y,2)/q2

95) of 0.25 
and peaked pressure profile gives large bootstrap current fraction (fBS > 0.43). Therefore, these 
long-pulse hybrid discharges are suitable for ‘ITER hybrid scenario’ 
References 
[1] Oyama, N., et al., Nucl. Fusion 49, 065026 (2009). 
[2] Suzuki, T., et al., Nucl. Fusion 49, 085003 (2009). 
[3] Oyama, N., et al., Nucl. Fusion 47, 689 (2007). 
[4] Takenaga, H., et al., Nucl. Fusion 43, 1235 (2003). 

JAEA-Review 2009-045

－ 14 －



3.4 Impurity Seeding Experiments in the Long Pulse Discharges [1] 
N. Asakura, T. Nakano, N. Oyama, T. Sakamoto, G. Matsunaga, K. Itami 

   Reduction of heat flux appropriate for heat exhaust of the divertor is crucial for a fusion 
reactor. Power handling by large radiation power loss with impurity gas seeding such as Ar, Ne 
and their combination has been studied in the ELMy H-mode plasmas, where Ip = 1-1.2 MA, Bt

= 2.0-2.6 T, PNB = 12-16 MW and NBI period of 30 s. Long sustainment of the ELMy H-mode 
plasmas with high total radiation fraction (frad

tot = Prad
tot/Pabs > 0.7) and high density fraction 

(fn
GW = ne /nGW > 0.7, nGW is the Greenwald density) has been progressed, in particular, through 

the use of Ar seeding (Case-1) and a combination of Ar and Ne seeding (Case-2).  
    For the Case-1, the radiation power increased particularly in the main plasma (Prad

main), 
which became comparable to that at the divertor (Prad

div). The large radiative loss in the main 
plasma edge (Prad

main > 3.5MW) changed ELM characteristics from Type-I to Type-III, and 
reduction in ELM energy loss fraction (WELM/Wdia) to 0.15%, which level is acceptable for 
ITER operation. Both transient and steady-state heat loadings were reduced. Active feedback of 
the Ar puff rate was applied to maintain a constant level of Prad

main, using integrating bolometer 
signals viewing the main plasma edge. In the Type-III ELMy H-mode, relatively good energy 
confinement (HH98y2 = 0.87-0.75) with high frad

tot (= 0.77-1) and high fn
GW (= 0.67-0.85) was 

sustained continuously for 13 s until a short stop of two NB injectors. Since ion flux  (js
div) near 

the outer strike-point decreased with reduction in electron temperature (Te
div) to ~5 eV, plasma 

detachment was also sustained. On the other hand, H-factor (HH98y2 < 0.87) was lower than that 
during the Type-I ELM period (HH98y2 = 0.9-1 for fn

GW = 0.6-0.55). 
    For the Case-2, Type-I ELMy H-mode plasma with an ITB was used in order to sustain better 
energy confinement, where Ar seeding rate was reduced to decrease Prad

main (= 2.5-3 MW). The 
radiation power in the divertor and its fraction were increasing intensively during Ne seeding 
(Prad

div/Pabs = 0.5-0.7). Better energy confinement (HH98y2 = 0.95-0.85) with high frad (= 0.78-1) 
and high fn

GW (= 0.73-0.85) was sustained continuously for 12 s. Investigation of the divertor 
showed that particle recycling flux in the divertor and global outgassing flux were increasing 
with rise of the target temperature, and that the increase in Prad

div was produced not only by 
seeding Ne but also by carbon influx from the divertor. In the outer divertor, js

div near the outer 
strike-point also increased while the local Te

div was 5-10 eV. Thus, the outer divertor plasma 
was still attached during the Type-I ELMs. A rate of the rise of the target temperature near the 
outer strike point (�Ttarget-out = 13 �C/s) was 3 times larger than that for Case-1 due to large 
transient (ELM) and steady-state heat loadings. As a result, radiation regions (main edge and 
divertor) can be controlled by combination of the different radiators, but enhancement of Prad

div

will be necessary to form the divertor detachment. 

Reference 
[1] Asakura, N., et al., 22nd IAEA FEC, Geneva (2008) EX4-4Ra, submitted to Nucl. Fusion.
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3.5 Development of Full-CD Plasma Having Steady Current Profile 

and High Bootstrap Current Fraction [1] 

T. Suzuki, N. Oyama, A. Isayama, Y. Sakamoto, T. Fujita, S. Ide, Y. Kamada, O. Naito, 

M. Sueoka, S. Moriyama, M. Hanada, and the JT-60 Team 

For steady-state operation of tokamak fusion reactors, a discharge fully sustained by 

non-inductive current drive and having steady current profile and high bootstrap (BS) current 

fraction (fBS � 0.5) is required at reasonably low q95 regime (q95 < 6). However, such plasmas 

have not been realized yet, in spite of worldwide intensive efforts, since the above 

requirements impose strong constraints on plasma pressure and current profiles. The plasma 

should have strong pressure gradient enough for fBS � 0.5, but be free from MHD activity 

under the steady state current profile with the large BS current and zero inductive current. In 

order to resolve these issues, we have developed the steady-state operation scenario, making 

full use of off-axis lower hybrid (LH) current drive (CD) to produce and sustain broad current 

profile. A weak magnetic shear having the minimum of safety factor qmin > 2 is formed in the 

plasma, avoiding low q (q � 2) MHD. 

Fully non-inductive discharge having a relaxed current profile and high bootstrap 

current fraction fBS = 0.5 has been established in the high-�p ELMy H-mode discharge with 

weak magnetic-shear having q95 = 5.8, qmin = 2.1, and q(0) = 2.4, where q(0) is the safety 

factor at the plasma center. The rest of the plasma current is externally driven by neutral 

beams (NBs) and LH waves. The safety factor profile evaluated by the motional Stark effect 

(MSE) diagnostics is kept constant for 0.7 s at the end of the full-CD sustainment for 2 s (1.5 

times the current relaxation time). The loop voltage profile is spatially uniform at 0 V at the 

end of the sustainment. The steady sustainment of full-CD plasma, which is stably controlled 

by appropriate external current drivers, is demonstrated at high fBS = 0.5 and reasonably low 

q95 = 5.8 regime for the first time. On the other hand, when the combination of bootstrap 

current and externally driven current does not match to the steady current profile, slight 

change in the current profile due to current relaxation resulted in the onset of neo-classical 

tearing mode (NTM), when low-q rational surface exists. Achieved normalized beta (�N = 

1.6) was limited by the NB heating power to avoid the increase in the pedestal density due to 

increase in NB fueling and recycling, because LH waves cannot reach the core region in 

plasmas with higher pedestal density (1.4-1.5x1019 m-3) as known by the accessibility 

condition.
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4 Transport in Core Plasmas  
4.1 Characteristics of Momentum Transport in H-mode Plasmas [1] 

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

It is widely recognized that the toroidal rotation velocity (Vt) profiles play one of the 
most critical roles for plasma transport and MHD stability. The momentum transport is one of 
the crucial parameter for determination of the rotation profile. Therefore, it is the critical 
importance to understand the properties of the momentum transport coefficients for the 
prediction of the rotation in next step devices. In the reference [2], parameter dependences of 
the toroidal momentum diffusivity (��) and the convection velocity (Vconv) in L-mode plasmas 
were reported using the transient experimental method. However, the dependences of these 
coefficients were not obtained in H-mode plasmas.  

In this campaign, after separating the diffusive and convective terms, the correlations 
between ��, Vconv and �i in H-mode plasmas are discussed. The relations between �� and �i in 
H-mode plasmas are elucidated at constant Ip of 1.2 MA. NB heating power and electron 
density scans are carried out under otherwise similar conditions (BT=2.5-2.6T, �x=1.34-1.38, 
�x=0.32-0.35). We consider that the diffusivities �� and �i at r/a=0.5 represent the quality of 
each global confinement and are used for the understanding of the relation (�� and �i). 
Because a good correlation between �� and �i was observed over a wide range of radii, and �i

at r/a=0.5 has a good correlation with the thermal confinement time (1/�i��E). The absorbed 
power varied over the range 5.6 MW<PABS<9.1 MW, and the electron density varied over the 
range n e=2.0-3.0x1019 m-3 by varying gas puff rate. The �� increases with increasing �i, and 
the ratio of ��/�i�varies in the range of ��/�i~0.7-3 at r/a=0.5. The ratio of ��/�i at middle of 
plasma r/a=0.5 increases with increasing Ti or Ti gradient. This is because that the growth of 
�� is larger than that of �i as a function Ti or Ti gradient. The correlation between Vconv and ��

is also found using the same data set. The inward convection velocity (-Vconv) increases with 
increasing �� over a wide range of radii for lower density ( n e=1.9-2.2x1019 m-3). In the case 
with higher density ( n e=2.7-3.0x1019 m-3), reflecting that -Vconv decreases with plasma radius 
in spite of �� increases, the decrease of -Vconv with increasing �� is observed. The -Vconv

increases with increasing �� at the fixed radius r/a=0.5, and the value of -Vconv/�� � is around 
0.5 - 2 (1/m) in this data set.

References 
[1] Yoshida M., et al., submitted to Nuclear Fusion. 
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4.2 Role of ECRF on Toroidal Rotation [1]

M. Yoshida, Y. Sakamoto, H. Takenaga, S. Ide, N. Oyama,  
T. Kobayashi, Y. Kamada, the JT-60 Team 

 There are some experimental results on the rotation response on electron cyclotron 
resonance frequency (ECRF) wave in several devices. For example, the ECRF H-mode 
plasmas in DIII-D exhibit CTR-rotation in the core region and CO-rotation in the outer region 
[2]. The toroidal rotation velocity (Vt) in TCV increases in the CO-direction by third-harmonic 
X-mode ECRF together with an increase in the ion temperature (Ti) [3]. Therefore, ECRF 
offers exciting prospects as a rotation control in future devices such as ITER. However, the 
rotation mechanism with ECRF is not well understood due to the complexity of the physics 
governing the Vt profile. 

In this study, the role of ECRF on the toroidal rotation velocity profile has been 
investigated from the viewpoints of momentum transport and intrinsic rotations. The change 
in momentum transport with ECRF is evaluated an ELMy H-mode discharge (Ip=1.0 MA, 
BT=3.8 T, BAL-NB of PNB=9.4 MW, PEC=2.1 MW with 1st harmonic O-mode, EC deposition 
r/a~0.3). It is found that both the toroidal momentum diffusivity (��) and the inward 
convection velocity (-Vconv) increase with ECRF. However, the �� and Vconv do not affect Vt

profile in the region 0.3<r/a<0.65 because of the low external torque input. The response of Vt

profile on ECRF is investigated in positive shear L-mode plasmas without sawtooth 
oscillations (Ip=1.0 MA, BT=3.8 T, R=3.4 m, a=0.95 m, q95=5.1, �=0.33, �=1.4 and PNB=4.9
MW). Electron cyclotron wave of 2.1 MW is injected at r/a~0.6. The electron density remains 
almost constant with ECRF. The Te profile in the region of r/a<0.85 increases with ECRF 
(�Te/Te~40%); on the other hand, the Ti profile hardly varies. The measured Vt in the region 
0.3<r/a<0.6 changes in the CO-direction; on the other hand, the measured Vt in the region 
0.6<r/a<0.8 changes in the CTR-direction. Because the ion pressure gradient (gradPi) does not 
vary with ECRF in this discharge, the change in the intrinsic rotation by the change in gradPi

is negligible small [4]. These results indicate that ECRF drives the CO-intrinsic rotation 
inside the EC deposition radius and induces the CTR-intrinsic rotation outside the EC 
deposition radius. 

References 
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4.3 Characteristics of Internal Transport Barrier under Reactor Relevant Condition  
in JT-60U Weak Shear Plasmas [1] 

H. Takenaga, N. Oyama, H. Urano, Y. Sakamoto, N. Asakura, K. Kamiya, Y. Miyo, 
T. Nishiyama, T. Sasajima, K. Masaki, A. Kaminaga, H. Ichige, J. Bucalossi1), V. Marty1),

S. Ide, Y. Koide, Y. Kamada and the JT-60 Team 

1) Association Euratom-CEA, CEA Cadarache 

Advanced tokamak plasmas have been developed with internal transport barrier (ITB) 
for establishment of a steady-state operation scenario in fusion reactors such as ITER and 
DEMO. In order to understand applicability of these plasmas to fusion reactor plasmas, ITB 
characteristics were investigated under reactor relevant condition with edge fuelling and 
electron heating in JT-60U weak shear plasmas. A new edge fuelling tool of supersonic 
molecular beam injection (SMBI) was installed in collaboration with CEA-Cadarache [2] for 
investigation of edge fuelling effects with dedicated fuelling profile scan by combining pellet 
injection and gas-puffing. High confinement was sustained at high density with edge fuelling 
by shallow pellet injection from high-field-side or SMBI with relatively low frequency and 
low background pressure. On the other hand, confinement was degraded by high frequency 
SMBI and gas-puffing. The pellet penetration depth was estimated to be �/a=0.1-0.3, which is 
wider than the pedestal width. Light from the SMBI measured using fast TV mainly emitted 
outside the separatrix. However, the edge ion temperature (Ti) quickly decreased at r/a~0.8. 
The central Ti inside the ITB decreased due to cold pulse propagation even with edge fuelling 
by pellet injection and SMBI. By optimizing the injection frequency and the penetration depth, 
the decreased central Ti was recovered and good ITB was sustained with enhanced pedestal 
pressure. The Ti-ITB also degraded significantly with electron cyclotron heating (ECH), when 
stiffness feature was strong in the electron temperature (Te) profile. The ion thermal 
diffusivity (�i) in the ITB region increased with the electron thermal diffusivity, indicating 
existence of clear relation between ion and electron thermal transport. On the other hand, 
Ti-ITB unchanged or even grew, when stiffness feature was weak in the Te profile. Density 
fluctuation level at ITB seemed to be unchanged during ECH. However, correlation length 
became longer in the Ti-ITB degradation case and shorter in the Ti-ITB unchanging case. 
Although dependence of �i on correlation length might not be simple, these results indicate 
that ion thermal transport was modified by changing fluctuation property through electron 
heating using ECH. 
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4.4 Fuelling Characteristics of Supersonic Molecular Beam Injection 

H. Takenaga, Y. Miyo, J. Bucalossi1), V. Marty1), H. Urano, N. Asakura 

1) Association Euratom-CEA, CEA Cadarache 

1. Introduction 
In order to investigate effects of fuelling on pedestal characteristics, supersonic 

molecular beam injection (SMBI) was installed in collaboration with CEA-Cadarache. In 
JT-60U weak shear plasmas, high confinement of H89PL ~ 2 has been achieved at high density 
(n-e/nGW ~ 0.7) with enhanced pedestal pressure using high-field-side (HFS) pellet 
injections [1]. On the other hand, confinement and pedestal pressure decreased to the same 
level as those in standard ELMy H-mode plasmas with gas-puffing. The fuelling profile of the 
SMBI is expected to be shallower than that of HFS pellet injection and deeper than that of 
gas-puffing. Thus, the SMBI allows dedicated fuelling profile scan by combining pellet 
injection and gas-puffing. In this section, development of the SMBI system and its fuelling 
characteristics are discussed. 

2. System Description of the SMBI 
Figure 1 shows schematic drawing of the SMBI system, which is the same as that used 

in Tore Supra [2]. The SMBI is operated as frequent pulses with an injection frequency ( f ) of 
less than 10 Hz and a duration of ~ 2 ms/pulse. The compressor works for each pulse and a 
pressure wave produced by the compressor travels inside the tube towards the injection head. 
It accelerates an 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 opens the 
valve (1-2 ms). Then, some fraction of the gas is lost throughout the nozzle due to the valve 
aperture. The SMBI speed is expected to be 2.2 km/s at the wall temperature of 150ºC and 
background pressure of PBK = 5 bar.  

The injector heads were installed both on HFS at Z = 59.0 cm and LFS at Z = 10.8 cm, 
which are selected by the valves (V1a and V2a are opened for HFS and V1b and V2b are 

Fig. 1 Schematic drawing of the SMBI system. 

JAEA-Review 2009-045

－ 20 －



opened for LFS). 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.  

3. Development of Vacuum Seal inside the Injector Head 
In the experimental campaign 2005-2006, the vacuum seal material used inside the 

injector head was damaged owing to long baking (~ month) at high temperature of 300ºC. 
Therefore, the SMBI operation was not available due to the leak of working gas at the valve 
inside the injector head. The SMBI system was only available for gas fuelling same as the 
standard gas-puffing by opening the valve located outside the vacuum vessel (V1a or V1b) in 
a short period. In order to investigate effect of HFS gas fuelling on the confinement 
degradation, the HFS gas fuelling was carried out using the SMBI system in the 2005-2006 
experimental campaign [3]. Confinement degradation was also observed with the HFS gas 
fuelling as well as the LFS gas fuelling. 

To be able to operate the SMBI during the 2007-2008 experimental campaign, it was 
decided to make further tests with the reference seal and to test new ones from different 
companies in order to find a suitable solution for JT-60U operating conditions. First, baking 
tests were performed for four seal materials, where temperature of the seal materials (Tm)
gradually increased inside the vacuum chamber and the chamber pressure was measured. 
Figure 2 shows temperature dependence of the chamber pressure. For the reference material 
used in 2005-2006 campaign, the chamber pressure increased from Tm = 260-270ºC, 
indicating that gas release from the seal material started from this temperature range. This 
result is consistent with the fact that the seal material was damaged due to long baking at 
300ºC. The new materials have higher critical temperature for gas release as shown in Fig. 2. 
Especially for the material C, the chamber pressure increased from Tm � 290ºC. 

Next, the SMBI operation tests were performed with the new materials after the high 
temperature baking at ~ 280-300ºC for several weeks. When the feeding gas was not filled in 
the injector head during the baking, the seal materials were destroyed or damaged after 
several tens pulses even at operation temperature of 150ºC, although the number of pulses 
was different for different materials and 
test conditions, i.e. baking temperature, 
background pressure and so on. On the 
other hand, when the feeding gas was 
filled in the injector head during the 
baking at 300ºC (injector head 
temperature 290-295ºC), the seal material 
C was not damaged and was intact even 
after more than hundred pulses. The 
feeding gas pressure in the injector head, 
which tends to reduce the stresses on the 
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seal during the baking, could play a role. 
Therefore, we decided (1) used of the 
material C, (2) reduction of the baking 
temperature to 280ºC, (3) feeding gas at 5 
bar in the injector head during the baking 
and (4) operation at only � 150ºC. After 
~ one month baking at 280ºC, the SMBI 
was successfully operated at 150ºC. 

4. Results on Injection into JT-60U 
Vacuum Vessel 

Fuelling rate per pulse was measured 
from pressure increase in the JT-60U 
vacuum vessel after the SMBI pulses. 
Figure 3 shows fuelling rate per pulse as a function of background pressure. Here, the volume 
of the JT-60U vacuum vessel was assumed to be ~ 120 m3. Fuelling rate was estimated to be 
~ 1.1 Pa·m3/pulse at PBK = 5 bar for the HFS injector head. For the LFS injector head, fuelling 
rate was estimated to be ~ 0.9 Pa·m3/pulse at PBK = 5 bar. This fuelling rate is comparable 
with the number of particles fuelled by a pellet injection in JT-60U. The fuelling rate almost 
linearly decreases with decreasing difference between background pressure and atmospheric 
pressure.

5. Results on Injection into JT-60U Plasmas 
After long baking and operation at ~ 280ºC, the SMBI was successfully operated at 

150ºC. Figure 4 shows typical waveforms of the line averaged electron density, the NB 
heating power and the stored energy in a weak shear plasma. In this discharge, the SMBI was 
operated with the LFS injector head at PBK = 4 bar and f  = 10 Hz. The frequent density jumps 
associated with the SMBI pulses were observed as shown in Fig. 4. The fuelling efficiency is 
estimated to be larger by a factor of 3-5 than that of gas-puffing. 

Figure 5 shows pictures of fast TV camera (right hand side figures) viewing 
tangentially the plasma (see left hand side figure) with a time resolution of 1/6000 s. Light 
from the HFS SMBI mainly emitted outside the separatrix even with PBK = 6 bar, indicating 
that SMBI was almost ionized in the scrape-off layer. The SMBI speed estimated from the 
fast TV camera was lower than expected. Ionization front could move slowly towards plasma 
boundary. The profiles of the edge ion temperature (Ti) before and just after (dt = 5 ms) the 
SMBI at PBK = 6 and 2 bar are shown in Fig. 6 (a) and (b), respectively. Just after the SMBI, 
pedestal Ti significantly decreased at PBK = 6 bar as shown in Fig. 6 (a), although light from 
the SMBI was almost emitted outside the separatrix. Similar behavior was observed for the 
LFS SMBI. Therefore, this behavior was not ascribed to the radial movement toward LFS of 
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ablation material observed for the pellet injection. Similar response in Ti was observed at 
PBK = 4 bar, however, response became smaller at PBK = 2 bar. The emitted area was smaller 
and farther from the separatix at PBK = 2 bar than at PBK = 6 bar. The Ti decrease also became 
smaller at PBK = 2 bar than at PBK = 6 bar 
as shown in Fig. 6 (b). In the Te profile, 
clear response was not observed even at 
PBK = 6 bar. Cold pulse induced in the 
edge region by the SMBI propagated 
toward the central region. The SMBI 
could directly affect the plasma 
parameters at r/a ~ 0.8 and also affect 
through cold pulse propagation inside 
more. 

6. Summary 
The new fuelling tool of the SMBI was successfully operated after development of 

vacuum seal inside the injector head. Light from the SMBI mainly emitted outside the 
separatrix even with PBK = 6 bar. However, quick Ti decrease was observed at r/a ~ 0.8, 
indicating that the SMBI could directly affect the plasma parameters at r/a ~ 0.8 and also 
affect through cold pulse propagation inside more. 
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4.5 Effects of Toroidal momentum input on Internal Transport Barrier Formation  
in JT-60U Reversed Shear Plasmas 

Y. Sakamoto, K. Ida1), M. Yoshida, T. Suzuki 

1) NIFS 

1. Introduction 
Burning plasmas in a fusion reactor are characterized by self-organizing or 

self-regulating system in which plasma parameters are linking each other and the dominant 
alpha heating is determined by temperature and density profiles. For that reason, initial 
temporal evolution of plasma profiles could affect to the steady state of burning plasma. In 
this study, effect of toroidal momentum input on internal transport barrier (ITB) formation 
and its evolution in reversed shear plasmas has been investigated. Detail profiles of ion 
temperature and toroidal rotation velocity are measured with modulation CXRS [1] which has 
radial measurement points of 270 every 50ms. This powerful diagnostic enables us to clarify 
the evolution of ITB structure in detail. 

2. Comparison of ITB formation between CO and BAL injections 
The experiments were performed in reversed shear plasma with plasma current of 1.0 

MA and toroidal field of 3.7 T. Figure 1 shows the waveform of discharges with balanced- 
and co- injection. The low power of tangential NB (~ 4 MW) was injected just after the start 
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of ramp-up of plasma current, which delays the penetration of inductive current, in order to 
produce reversed shear configuration. In 
addition to the tangential NB injection, the 
higher power of perpendicular NB was 
injected from t =4.1s for ITB formation. The 
total injection power of ~ 10MW produced 
the ITB in balanced injection case, while no 
ITB formation in co-injection case. Higher 
total injection power of ~ 12MW was 
required to produce ITB in co-injection case. 
The characteristics of ITB formation between 
different toroidal momentum injections are 
compared under the slightly different heating 
power. 

2.1 Profile evolution of ITB during BAL 
injection 

Figure 2 shows temporal evolutions 
of ion temperature, toroidal rotation and 
safety factor (q) profiles in the case of 
balanced injection. The profiles are shown 
every 100 ms from just after the 
perpendicular NB injection to the flattop of 
plasma current. Significant change of 
toroidal rotation profile was observed just 
after the perpendicular NB injection, where 
the toroidal rotation increases in counter 
direction around a half of minor radius and 
the notched structure with strong toroidal 
rotation shear is formed at t = 4.265s. After 
that, ion temperature starts to increase near 
the location of minimum q (qmin), where the 
gradient of toroidal rotation is positive. The 
ITB width becomes wider with increasing 
ion temperature. The interesting feature of 
evolution of ion temperature profile is that 
the location of ITB shoulder moves inward 
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while the location of ITB foot is almost fixed. Finally, the ITB foot locates at qmin, and the 
center of ITB at the location of minimum toroidal rotation or at notch tip. The flat profile 
region in ion temperature (r/a < 0.45) is wider 
than that in toroidal rotation (r/a < 0.25). It 
should be noted that the change in toroidal 
rotation profile after the ITB formation is 
small in comparison with the change in ion 
temperature profile. 

2.2 Profile evolution of ITB during CO 
injection 

Figure 3 shows temporal evolutions of 
ion temperature, toroidal rotation and q 
profiles in the case of co-injection. The 
profiles are shown every 100 ms from just 
after the perpendicular NB injection to the 
flattop of plasma current. As similar to 
balanced injection case, significant change of 
toroidal rotation profile was observed just 
after the perpendicular NB injection. Contrary 
to balanced injection, no strong-notched 
structure was observed in toroidal rotation 
profile, where negative gradient is large while 
positive gradient is small. Ion temperature 
starts to increase at the steep toroidal rotation 
shear, where the gradient of toroidal rotation 
is negative. It should be mentioned that the 
ITB foot at the emergence is not near the qmin 
in the co-injection case. The ITB width 
becomes wider with increasing ion 
temperature. The interesting feature of 
evolution of ion temperature profile is that the 
location of ITB foot moves outward while the 
location of ITB shoulder is almost fixed. 
Finally, the ITB foot locates at qmin, and the 
center of ITB at the location of maximum 
toroidal rotation shear. The flat profile region 
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in ion temperature (r/a < 0.35) is slightly wider that in toroidal rotation (r/a < 0.3). As similar 
to balanced injection case, the change in toroidal rotation profile after the ITB formation is 
small in comparison with the change in ion temperature profile. 

3. Summary 
Temporal evolution of ITB structure was measured with modulation CXRS diagnostic, 

which can measure ion temperature and toroidal rotation velocity at 270 radial points every 
50ms, in reversed shear plasmas with different toroidal momentum injections. Comparison of 
ITB formation and evolution between balanced and co- injections can be summarized as 
following table. 

 Balanced injection Co injection 
ITB foot at emergence in 
Ti

Positive grad. region in Vt Negative gradient in Vt 

Temp. evolution of ITB ITB foot moves outward ITB shoulder moves inward 

Final structure of Ti 

Box type: 
ITB foot at qmin, 
ITB center at min. of Vt or 
at notch tip 

Box type: 
ITB foot at qmin, 
ITB center at max. grad. in Vt

Final structure of Vt Notch Almost monotonic 
Flat profile region Ti >> Vt Ti > Vt 

Table: Comparison of ITB formation and evolution between balanced and co- injections. 
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4.6 Effects of Rational Surfaces at qmin on Internal Transport Barrier 
in JT-60U Reversed Shear Plasmas 

Y. Sakamoto, K. Ida1), M. Yoshida, T. Suzuki 

1) NIFS 

1. Introduction 
Understanding of transition mechanism of improved confinement is crucial to establish 

the formation of an internal transport barrier (ITB) in fusion reactors. The role of rational 
surfaces on ITB formation has been discussed in many tokamaks [1-3]. In this study, effects 
of rational surfaces at the minimum value of safety factor (qmin) on ITBs have been 
investigated in JT-60U reversed shear plasmas. Detailed profiles of ion temperature and 
toroidal rotation velocity are measured with modulation CXRS [4] which has radial 
measurement points of 270 every 50 ms. In addition to modulation CXRS, recently, fast 
CXRS system has been installed in 
JT-60U with fast time resolution 
up to 2.5 ms with radial 
measurement points of 30 [5]. 
These powerful diagnostics enable 
us to clarify the detail change in 
ITB structure, especially relation 
between ion temperature and 
toroidal rotation shear, at qmin

being rational surfaces. 

2. Observation of ITB transition 
near integer qmin surfaces 

Temporal evolution of ion 
temperature and toroidal rotation 
velocity at each radial location are 
shown in figure 1 together with 
waveforms of plasma current and 
NB injection power, which is 
measured by fast CXRS with time 
resolution of 2.5 ms. Plasma 
current is changed as shown in the 
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figure while NB heating power is constant after t = 4.2 s. The early NB heating during the 
ramp-up phase of plasma current makes the penetration of inductive current delay, and then 
reversed magnetic shear q profile is produced. The ITB was formed just after the main 
heating (t = 4.2 s). In this discharge, the value of qmin decreases continuously from more than 
six to less than three with increasing plasma current and penetrating inductive current. The 
location of qmin moves inward to the small radius from r/a ~0.8 to 0.65. At each time when 
integer value of the qmin is crossed, the rapid increase in ion temperature and the change in 
toroidal rotation velocity near the qmin location (ITB foot location) was observed. The 
change in ion temperature (at foot position) at qmin crossing rational surface becomes large in 
lower integer value as can be seen in the figure. 

Figure 2 shows the enlarged view of temporal evolution of ion temperature and 
toroidal rotation velocity near the qmin crossing four. When qmin crosses four, the ion 
temperature inside of qmin increases rapidly, afterward that decreases. In addition, the increase 
in ion temperatures outside of qmin is observed and it expands outward, afterward ion 
temperatures decrease. The 
timescale of the change in ion 
temperature outside of qmin is 
slower than that inside of qmin.
Furthermore, the excursion in 
toroidal rotation velocity was 
observed just inside qmin location, 
which occurred with the increase 
in ion temperature almost at the 
same time. The excursion in 
toroidal rotation produces large 
rotation shear near qmim, where the 
ion thermal diffusivity is reduced. 
It should be mentioned that no 
strong excursion in poloidal 
rotation velocity was observed at 
the transition phenomena. 
Moreover the reduction of ion 
temperature and toroidal rotation 
velocity was observed in wide 
area prior to ITB transition 
phenomena (t=5.88-6.0s). 
Actually, the ion temperature 
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decreases by ~20% and the region is 
0.47 < r/a <0.74 including the outside 
of ITB. 

The detailed profiles of ion 
temperature and toroidal rotation 
velocity before and after qmin crossing 
three were successfully measured by 
modulation CXRS, which requires the 
quasi-steady state phase longer than 
50 ms for each profile measurement, as 
shown in figure 3. Strong ITB was 
already formed before qmin being three, 
corresponding to t = 6.965 s, where 
steep ion temperature gradient is 
located at the notch in toroidal rotation 
profile. The ITB foot (r/a~0.58) is 
located at just inside of qmin location 
(r/a~0.63). After the transition at qmin

being three (t = 7.26 s), ion 
temperatures at both ITB layer and 
outside of ITB increase, and then the 
double ITB structure can be seen in ion 
temperature profile, where the ion 
temperature gradient is gentle at qmin 

location. As shown in Fig. 3(a) outer 
ITB foot seems to be located at outer 
q = 3 surface (r/a~0.72), while inner 
ITB foot (r/a~0.58) at slightly inside of 
qmin (r/a~0.62). The MHD activity 
appeared after t = 7.3 s, however, and 
then outer ITB disappeared. Although 
outer ITB is lost, inner ITB is sustained 
in stronger level as shown in the figure. 
In addition to the double ion ITB 
structure, double notch structure is 
clearly formed in toroidal rotation profile.  
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3. Summary 
Detailed temporal evolution and radial profiles of ion temperature and toroidal rotation 

velocity at qmin crossing integer have been measured with modulation CXRS and fast CXRS 
with high accuracy. The increase in ion temperature and the excursion of toroidal rotation 
were observed almost at the same time when an integer value of qmin is crossed. The reduction 
of ion temperature and toroidal rotation velocity was observed in wide area prior to the 
crossing of the integer qmin.

References 
[1] Koide, Y., et al., Phys. Rev. Lett. 72, 3662 (1994). 
[2] Joffrin, E., et al., Plasma Phys. Control. Fusion 44, 1739 (2002). 
[3] Austin, M.E., et al., Phys. Plasma 13, 082502 (2006). 
[4] Ida, K., et al., Rev. Sci. Instrum. 79, 053506, (2008). 
[5] Sakamoto, Y., et al., this issue 10.8. 

JAEA-Review 2009-045

－ 31 －



4.7 Effect of toroidal rotation and q profiles on ITB characteristics
for JET/JT-60U identity experiment 

Y. Sakamoto, X. Litaudon1), P. C. de Vries2), N. Oyama, T. Suzuki, K. Shinohara,  
T. Fujita, G. Matsunaga, M. Takechi, N. Hayashi, H. Takenaga,  

T. Takizuka, H. Urano, M. Yoshida 

1) CEA, IRFM, F-13108 St-Paul-Lez-Durance, France.

2) EURATOM/UKAEA Association, Culham Science Centre, OX14 3DB, Abingdon, UK.

1. Introduction 
A variety of triggering mechanisms and structures of internal transport barriers (ITBs) 

has been observed for various operation scenarios in various devices. In order to shed light on 
the physics behind ITBs, identity experiments in JET and JT-60U have been performed.  
Because of their similar size, the dimensionless parameters between both devices are the same 
except for the Mach number of plasma rotation due to the different Neutral Beam Injection 
(NBI) configurations. These experiments were performed with near identical magnetic 
configurations, heating waveforms and normalized quantities such as safety factor, magnetic 
shear, normalized Larmor radius, normalized collision frequency, beta, temperatures ratio etc. 
Similarities of the ITB triggering mechanism and the ITB strength have been observed when 
a proper match is achieved of the most relevant profiles of the normalized quantities. The first
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overview of the identity experiments in JET and JT-60U has been presented in [1]. This 
report describes the experiments performed in JT-60U for JET/JT-60U identity experiment to 
study the effect of toroidal rotation and safety factor (q) profiles on ITB characteristics. 

2. Experimental results 
2.1 Experimental conditions 

In the series of experiments, ITBs were produced with various target q profiles, such 
as reversed magnetic shear (RS) with qmin= 3, qmin= 2, and weak positive magnetic shear 
(WS) with q(0)~2, by adjusting the start time of the main heating, as shown in figure 1. The 
same waveform of plasma current (Ip) is used in the series of experiments, where the ramp-up 
rate of Ip is 0.5MA/s. Toroidal magnetic field and plasma current are 2.26T and 1.1MA 
respectively, resulting q95~4.2. Low power NB heating (~3MW) was applied as the 
pre-heating during Ip ramp-up phase not only to delay the penetration of inductive current but 
also to avoid ITB formation during Ip ramp-up phase, though the ITBs are produced during Ip

ramp-up phase with higher heating power in the usual JT-60U ITB scenario of RS. The NB 
power was raised to ~14MW just after Ip ramp-up phase (t=4.7 s) in the case of the RS 
scenario with qmin=3, while after 0.8 s from the start of Ip flat-top in RS scenario with qmin=2
(t=5.5 s), and after further 0.5 s in WS with q(0)~2 (t=6.0 s), as shown in figure 1(b). The 
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Fig. 2. Radial profiles of (a) toroidal rotation, (b) ion temperature, (c) electron density, (d) torque 
from NBI, (e) safety factor and (f) thermal diffusivity together with neo-classical one for the cases 
of two units of CO-NBI (COx2), one unit of CO (COx1) and BAL injections in RS scenario with 
qmin=3.
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target q profiles (just before main heating) for each scenario are shown in figure 1 (c). The 
position of qmin in RS with qmin=2 is narrower than that in RS with qmin=3. It is noted that the 
toroidal rotation profiles were scanned only in the case of RS with qmin=3 in order to find the 
closest match in rotation. 

2.2 Results of torque scan and q-profile scan 
The JT-60U has eleven units of positive ion based NBI. These units are divided into 

seven nearly-perpendicular injection to the plasma current, two co-tangential (CO) injection, 
and two counter-tangential injection. In the present experiment, the combination of tangential 
NBIs was varied, shot by shot, from two units of CO to one unit of CO, and then balanced 
(BAL) injection, whereas the heating profiles are almost the same. Since the only co-current 
tangential injection can be applied in JET, the torque scan in the direction of co-current was 
performed in JT-60U in the detailed manner in order to match the Mach number profile. Note 
that HH factor of 1.05 and high poloidal beta of 1.6 (bootstrap current fraction of ~70%) are 
obtained at ne/nGW~0.5 with ELMy H-mode edge condition. Figure 2 shows the results of 
torque scan experiment performed in RS scenario with qmin=3. The calculated torque profiles 
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Fig. 3. Comparison of radial profiles of (a) ion temperature, (b) electron density, (c) safety factor 
and (d) toroidal rotation between RS scenario with qmin=2 and WS scenario with q(0)~2. 
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of these three cases are shown in figure 2(d). The different toroidal rotation profiles are 
obtained, whereas the ion temperature, electron density and q profiles are very similar as 
shown in figure 2. The thermal diffusivity profiles evaluated from TOPICS are also very 
similar. Although the toroidal rotation profiles differ, the gradient of toroidal rotation in the 
core region (r/a>0.5) is similar to three cases. The position of ITB foot for ion temperature is 
not clear, but it might be around a half of the minor radius, which is wider than the position of 
qmin (r/a~0.45). On the other hand, the clear ITB for the electron density was observed and its 
foot position is close to the position of qmin or q=2.  

Figure 3 shows the comparison of the profiles obtained in RS with qmin=2 and WS 
with q(0)~2 scenarios. These profiles were obtained at quasi-steady state phase. In these 
discharges, two units of co-tangential NBI and a half units of counter-tangential NBI for MSE 
measurement and 4 or 3 units of nearly perpendicular NBI are injected for the WS or the RS 
plasmas, resulting total injection power is ~14MW (WS) or ~12MW (RS). As can be seen in 
the figure, the ITBs in the case of RS is stronger than those in WS. Since the injected NBI 
power in RS case is smaller than that in WS as shown in figure 1 (b), the thermal diffusivity 
in RS should be lower than that in WS. The ITB foot for both cases are located at r/a~0.6 
which is very close to the position of q=2 surface. 

3. Summary 
This report describes the experimental results, performed in JT-60U, for JET/JT-60U 

identity experiments. Because of similar size of JET and JT-60U, implementation of the 
identity experiments is suitable for both devices in order to shed light on the physics behind 
ITBs. In the series of JT-60U experiments, we carried out q-profile scan such as RS plasmas 
with qmin=3, qmin=2 and WS plasma with q(0)~2, and toroidal torque scan in RS plasma with 
qmin=3. The series of JT-60U dataset have been obtained. Detailed comparison of transport 
properties between JET and JT-60U is being undertaken. 
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4.8 Dependence of Heat Transport on Toroidal Rotation in Conventional

H-modes in JT-60U [1]

H. Urano, H. Takenaga, T. Fujita, Y. Kamada, Y. Koide, N. Oyama,

M. Yoshida and the JT-60 Team

Temperature gradients are a key element in driving turbulent convection and

causing anomalous heat transport in plasmas. The property of the turbulence driven by

temperature gradient is believed to be provided by a strong increase of heat conduction

which sustains a self-similar profile when the temperature profile exceeds a threshold

in the temperature gradient (TG) scale length. Therefore, understanding the response

of temperature profiles to variations in magnetic and velocity shear profiles and heat

flux profiles is indispensable for predicting and designing a future fusion reactor.

In this study, relation between heat transport in the plasma core and toroidal

rotation as well as characteristics of the pedestal structure were examined in con-

ventional ELMy H-mode plasmas in JT-60U. Conducting the experiments on power

scan with a variety of toroidal momentum source generating the plasma rotation di-

rection to co, balanced and counter with respect to the plasma current, dependence

of the heat transport properties in the plasma core on toroidal rotation profiles was

investigated. Energy confinement improvement was observed with toroidal rotation

which increases in co-direction. Heat transport in the plasma core varies while sus-

taining self-similar temperature profile in the variations of toroidal rotation profiles.

Pressure at the H-mode pedestal became larger weakly with toroidal rotation in co-

direction. Thus, energy confinement enhanced with co-toroidal rotation is determined

by increased pedestal and reduced transport brought on by profile resilience. In other

words, heat transport in the plasma core is mainly determined by the saturation of

temperature profile and is not strongly influenced locally by toroidal rotation. When

the pedestal temperature was fixed between the cases of co and counter-NBI by ad-

justing the plasma density, the identical temperature profiles were obtained in spite of

totally different toroidal rotation profiles. In H-mode plasmas where the ion channel

is heated dominantly through the accelerating energy with positive ion-based neutral

beams, the saturation of ion temperature gradient governs the heat transport in the

plasma core. As a result, large increase in heat conduction imposes the resilient profile

of ion temperature, under which local effect of toroidal rotation profile on the scale

length of ion temperature gradient is very weak.

Reference
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4.9 Heat Transport of H-mode Plasmas in the Variation of Current

Density Profiles in JT-60U [1]

H. Urano, Y. Sakamoto, T. Suzuki, T. Fujita, K. Kamiya, A. Isayama, Y. Kamada,

H. Takenaga, N. Oyama, G. Matsunaga, S. Ide, Y. Idomura and the JT-60 Team

Tokamaks are a system in which magnetized plasmas are confined by a poloidal

magnetic field generated by the plasma current Ip in combination with the toroidal

magnetic field. It has been therefore presumed that the heat transport in the plasma

core could depend on the current density profile j(r). Understanding the response of

temperature profiles to variations in current density profiles and heat flux profiles is

indispensable for predicting and designing a future fusion reactor. However, little is

known about the effect of the current density profile on the H-mode characteristics.

In this study, conducting the Ip ramp experiments in JT-60U, the dependence of

heat transport on the current density profiles was examined. Higher energy confinement

is obtained in higher li H-mode. The profiles of the core electron density and electron

temperature tends to be peaked. The H-factor evaluated for the core plasma of H-

mode (H89core) depends strongly on li with the relation of H89core ∝ l0.8
i in case of

li < 1. However, at li > 1, the existence of strong sawtooth prevents from the increase

of the core H-factor at higher li regime (H89core ∼ 1.5 at li > 1). In order to evaluate the

thermal energy confinement properties in the variation of the current density profiles,

the power scan was conducted. It is found at higher li that larger Wth is obtained at

a given Pabs. On the other hand, no clear difference in Wped is observed between the

cases of high and low li plasmas. Thus, the increase of Wth at higher li is attributed

mainly to the energy confinement improvement in the core plasma. The changes in

χi in the power scan are similar between the low and high li cases. On the contrary

to the ions, the Te profiles are peaked at the center in the high li H-mode plasmas,

resulting in the reduction in χe. In spite of the similar edge pedestal profiles in the Ip

ramp experiments, a clear difference is observed in ELM activity. The ELM frequency

fELM at higher li becomes higher at a given Psep. The edge pedestal pressure is not

significantly changed by the Ip ramp technique. While the change in Wped is small in

the variation of the current density profiles when Ip is given, Wped is increased explicitly

with increasing Ip. As the Ip is raied, the pedestal temperature T ped
i is raised while the

pedestal width ∆ped tends to shrink. With the increase of Ip, the pedestal βp decreases.
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4.10 Correlation between the Edge and the Internal Transport Barriers  
and Effect of ELMs in JT-60U [1] 

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

The world tokamaks have been developing the advanced operation modes 

characterized by the edge transport barrier (ETB) and the internal transport barrier (ITB). 

Since radial shapes of the kinetic parameters play the central roles for all of the above 

performances, it is critical to understand the physics processes determining the radial profiles. 

For both ETB and ITB, their radial structure and evolution have been studied significantly 

[2,3]. However, the 'correlation' between these two transport barriers remains still as an open 

issue. The correlation, if it is strong, determines the whole radial profiles and then determines 

the dynamics of the advanced tokamak plasma system. In order to address this issue, 

correlation between the edge transport barrier (ETB) and the internal transport barrier (ITB) 

has been studied in JT-60U for Type I ELMing plasmas. 

We found that the edge pedestal beta, �p-ped, increases almost linearly with the total �p

over a wide range of the plasma current for the type I ELMing H-mode, and the dependence 

becomes stronger with increasing triangularity. This dependence is not due to the profile 

stiffness. However, with increasing the stored energy inside the ITB radius (WITB), the total 

thermal stored energy (Wth) increases and then the pedestal stored energy (Wped) increases. 

With increasing Wped, the ELM penetration depth expands more inward and finally reaches 

the ITB-foot radius. At this situation, the ITB radius cannot move outward and the ITB 

strength becomes weak. Then the fractions of WITB and Wped to Wth become almost constant. 

We also found that the type I ELM expels/decreases edge toroidal momentum larger than ion 

thermal energy. The ELM penetration radius for toroidal rotation tends to be deeper than that 

for ion temperature, and can exceeds the ITB radius. The ELM affected area is deeper for CO 

rotating plasmas than CTR rotating ones. The ELM affected area is deeper in the order of the 

toroidal rotation (Vt), the ion temperature (Ti) and then the electron temperature (Te). The L-H 

transition also changes the Vt-profile more significantly than the Ti-profile. After the L-H 

transition, in the ELM-free phase, the pedestal Vt shifts into the CTR direction deeply and 

suddenly, and after that the pedestal Vt and Ti evolves in the similar timescale. The change in 

Vt by ELM and L-H transition may affect degradation / evolution of ITBs. 

Reference 
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4.11 Tungsten Accumulation in H-mode Discharges [1]

T. Nakano, H. Kubo and N. Asakura.

Tungsten is one of the most promising materials for plasma facing components

in future fusion devices such as ITER because of advantages particularly such as low

sputtering yield and low hydrogen retention. The lower sputtering yield of tungsten,

compared to that of carbon, leads to longer lifetime of the plasma facing components.

Further the effective sputtering yield becomes lower than the congenital sputtering yield

in the magnetic configuration of tokamaks due to prompt redeposition. The lower hy-

drogen retention of tungsten, compared to that of carbon, suppresses the increase of the

tritium inventory, leading to long successive operation without tritium degassing. This

is a significant advantage in a deuterium-tritium fusion device, where the amount of

tritium inside the device is limited by safety reasons. By these reasons, in particular by

the latter reason, tungsten is supposed to be used as the divertor tiles in the deuterium-

tritium operation phase of ITER. However, because of the high charge of tungsten ions in

high temperature fusion plasmas, the radiation loss efficiency is very high, and therefore

allowable tungsten concentration for an ignited plasma is estimated to be lower than

1× 10−3 against the electron density [2]. Furthermore, it is expected that accumulation

in the core plasma becomes significant with increasing atomic number.
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In order to investigate the condi-

tions that tungsten ions accumulate in

the plasma core, plasma toroidal rotation

scan experiments, additional electron cy-

clotron wave ( EC ) and nagative-ion-

source based neutral beam ( N-NB ) in-

jection experiments were performed. The

discharge conditions were as follows; H-

mode plasma with a plasma current of 1.5

- 1.6 MA, a toroidal magnetic field of 3.2 -

3.9 T and an neutral beam heating power

of 15 MW with the outer strike point

on the upper divertor plates, 12 plates

of which were coated by tungsten with a

thickness of 50 µm. As shown in Fig. 1,

The rotation scan experiments indicated that with increasing plasma toroidal rotation

velocity in the direction opposite to the plasma current, the sawtooth activity became

moderate and the W accumulation became significant. Here W accumulation level is de-

fined as the W XLVI intensity from the core plasma divided by the line-averaged electron

density and the W I intensity from the divertor plasma. In order to reduce the statisti-

cal errors of the spectroscopic measurements, the data were time-averaged for 0.5 - 1.0
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s. The EC wave and the N-NB injections successfully suppressed the W accumulation

in the plasma core even without sawteeth and even at high negative toroidal rotation

velocity. However, the electron cyclotron wave injection at the plasma edge kept the W

accumulation level high stably.

Although the experimental method to avoid the tungsten accumulation has been

clearly shown, mechanisms of the tungsten accumulation has not been yet understood suf-

ficiently. Hence theoretical study to investigate the mechanisms is needed. Quantitative

evaluation of the accumulation and the atomic number dependence on the accumulation

will be a future work.
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4.12 Experimental Investigation of Particle Transport Associated with Turbulence in 
LHD Heliotron and JT-60U Tokamak Plasmas [1,2] 

K. Tanaka1), H. Takenaga, K. Muraoka2), C. A. Michael3), L. N. Vyacheslavov4),
 M. Yokoyama1), H. Yamada1), N. Oyama, H. Urano, Y. Kamada, S. Murakami5),

A. Wakasa6), T. Tokuzawa1), T. Akiyama1), K. Kawahata1), M. Yoshinuma1),
K. Ida1),I. Yamada1), K. Narihara1), N. Tamura1)

1) National Institute for Fusion Science, 2) Chubu University, 3) UAKEA Fusion Association, 
4) Budker Institute of Nuclear Physics, 5) Kyoto University, 6) Hokkaido University

Comparative studies were carried out in LHD heliotron and JT-60U tokamak plasmas 
to elucidate the most essential parameter(s) for control of density profiles in toroidal systems. 
The analysis was carried out  for the ELMy H-mode in JT-60U and for the magnetic axis 
position (Rax) of 3.5 and 3.6 m in LHD. Both global energy confinement scalings for ELMy 
H-mode (ITER98y2) and for LHD (ISS04) show a Gyro Bohm nature. This suggests that 
there exists common underlying physics in both  operating domains. A difference of density 
profiles in the collisionality dependence was found between the two devices. In LHD, the 
density peaking factor decreased with decreasing  collisionality at Rax = 3.6 m, while the 
density peaking factor gradually increased with  decreasing collisionality at Rax=3.5 m. On 
the other hand, in JT-60U, the density peaking factor clearly increased with  decreasing 
collisionality. The difference in the collisionality dependence between Rax=3.5 and Rax=3.6 m 
is likely due to the difference of the contribution of the neoclassical and anomalous effect. At 
Rax=3.5 m, larger anomalous transport caused a similar collisionality dependence with that 
for JT-60U.  

 Possible roles of fluctuation were experimentally studied in JT-60U and LHD. The 
radial correlation of  turbulence was measured in JT-60U by correlation reflectometry and 
spatial profiles of  turbulence were measured in LHD by two dimensional phase contrast 
imaging. In JT-60U, density profiles were varied by the scan of collisionality from the 
change of NBI power (PNB) and density.  An increase of the radial coherence was observed  
for a higher density peaking profile. This suggests that a stronger fluctuation induced 
inwardly directed pinch was enhanced more strongly than the effect caused by diffusion. For 
a magnetic axis positions (Rax) at 3.6 m in LHD, the increase of the fluctuation power with an 
increase in PNB was observed, resulting in the change in density profiles from a peaked  to a 
hollow ones, which suggests an increase in diffusion due to anomalous processes.  

Reference 
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4.13 Dynamics of Ion Internal Transport Barrier in LHD Heliotron  
and JT-60U Tokamak Plasmas 

K. Ida1), Y. Sakamoto, M. Yoshinuma1), H. Takenaga, K. Nagaoka1), N. Oyama, 
M. Osakabe1), M. Yokoyama1), H. Funaba1), N. Tamura1), K. Tanaka1), Y. Takeiri1), K. Ikeda1),

K. Tsumori1), O. Kaneko1), K. Itoh1), S. Inagaki2), T. Kobuchi3), A. Isayama, T. Suzuki, 
T. Fujita, G. Matsunaga, K. Shinohara, Y. Koide, M. Yoshida, Y. Kamada, 

LHD experimental group and the JT-60 team 

1) National Institute for Fusion Sciences, Toki, Gifu 509-5292, Japan 
2) Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka, 816-8580, 

Japan 
3) Department of Quantum Science and Energy Engineering, Tohoku University, Sendai, 

Miyagi, 980-8679, Japan 

 A spontaneous transition phenomena between two states of a plasma with an internal 
transport barrier (ITB) is observed in the steady-state phase of the magnetic shear in the 
negative magnetic shear plasma in the JT-60U tokamak using modulation charge exchange 
spectroscopy[1]. These two ITB states are characterized by different proles of the second 
radial derivative of the ion temperature inside the ITB region (one has a weak concave shape 
and the other has a strong convex shape) and by different degrees of sharpness of the 
interfaces between the L mode and the ITB region[2,3], which suggests strong self-organized 
mechanism in the plasma with ITB. 
 In order to study the self-organized process during the ITB formation, dynamics of ion 
ITB formation is investigated and compared with that in large Helical Device (LHD) 
heliotron. Significant differences between heliotron and tokamak plasmas are observed [4]. 
The location of the ITB moves outward during the ITB formation regardless of the sign of 
magnetic shear in JT-60U, and the ITB becomes more localized in plasmas with negative 
magnetic shear. In LHD, the low Te/Ti ratio ( < 1) of the target plasma for the high power 
heating is found to be necessary to achieve the ITB plasma and the ITB location tends to 
expand inward.  
 Since the impurity accumulation is a serious problem in the plasma with ITB, because 
high concentration of impurity in the plasma core causes the dilution of fuel. Therefore it is 
important to study the impurity transport in the plasma with ITB. Since the convection term 
of the impurity transport play an important role to determine the concentration of impurity at 
the plasma center, the sign and magnitude of convection velocity are investigated in the ITB 
plasmas in JT-60U with a contrast to that in LHD. Associated with the formation of ITB, the 
carbon density tends to be peaked due to inward convection in JT-60U while the carbon 
density becomes hollow due to outward convection in LHD. The outward convection 
observed in LHD contradicts the prediction by neoclassical theory. 
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5 H-mode Confinement and Pedestal

5.1 Dimensionless Parameter Dependence of H-mode Pedestal Width

using Hydrogen and Deuterium Plasmas in JT-60U [1]

H. Urano, T. Takizuka, Y. Kamada, N. Oyama, H. Takenaga and the JT-60 Team

In H-mode plasmas, it is of primary importance to understand the physical pro-

cesses determining the edge pedestal structure. However, the dependence of the spatial

width of the H-mode edge transport barrier on local and global plasma parameters is

not clearly known. Particularly, a knowledge of the pedestal width ∆ped based on

dimensionless parameters is of great help for the extrapolation towards a next step

device. Successful ITER operation will require both high pressure at the top of the

H-mode transport barrier and small ELMs to simultaneously meet the goals of high

fusion power output and high efficiency. However a well-validated means of predicting

the spatial width of the H-mode transport barrier in ITER is still lacking and remains

a major topic of research. Attempts to project a pedestal width for ITER through

physics based or empirical scaling from multi-tokamak databases are underway to ex-

tend turbulent models through the pedestal region in recent tokamak research.

Although a variety of empirical scalings of ∆ped during the well-developed type-I

ELMy H-mode phase have been proposed, these scalings vary from machine to machine.

This disagreement of the scalings intermingling ρ∗

pol and βpol can be caused by the

existing edge stability boundary for ELMs. In this region, ρ∗

pol and βpol are linked

strongly and thus are hard to separate out in the standard dimensionless parameter

scan using a single gas species.

To distinguish these variables, a pair of experiments in hydrogen and deuterium

plasmas were conducted in this study. Explicit difference between ρ∗

pol and βpol is

the mass dependence of ρ∗

pol (∝ m0.5) in contrast with no mass dependence in βpol.

Both the database analysis and the dedicated experiments on the mass scan indicated

that the pedestal width depends very weakly on the plasma particle species or ρ∗

pol.

Identical profiles of the edge Ti which were obtained in the experiments suggested that

the pedestal width depended on βpol more strongly than ρ∗

pol. The experiment on βpol

scan was also performed. Higher βpol plasma had higher pedestal Ti value accompanied

by greater pedestal width in spite of the almost identical ρ∗

pol at the pedestal. Based

on the experiments on the dimensionless parameter scan, the scaling of the pedestal

width was evaluated as ∆ped ∝ apρ
∗0.2
pol β0.5

pol.
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5.2 Edge Impurity Ion Dynamics in co-, bal.- and ctr-NBI Heated H-mode Plasmas 

K. Kamiya, Y. Sakamoto, ����K. Ida1)

1) NIFS 

1. Introduction 
Previous experiment on JT-60U, the ELM mitigation by means of edge plasma toroidal 

rotation had been demonstrated [1], although it was not well understood what physics 

determined edge process. In this study, the edge impurity ion dynamics, such as time 

evolution and radial perturbation to the radial electric field Er, during a Type-I ELM cycle for 

different rotating plasmas has been investigated. A new edge phenomenon in JT-60U H-mode 

plasma having ELMs has been observed by means of CXRS diagnostic upgrades with fast 

time-resolution up to 400 Hz with high precision. 
The radial electric field, pressure gradient and plasma velocity perpendicular to the 

magnetic field are governed by the radial force balance equation; 

Er=(Zjenj)
-1
�pj-V�,jB�+V�,jB�. Here, Zj is the ion charge, nj is the ion density, e is the 

magnitude of the electron charge, pj=njTj is the ion pressure with Tj the ion temperature, V�,j

and V�,j are the ion poloidal and toroidal rotation velocities, respectively, and B� and B� are 

the poloidal and toroidal magnetic fields, respectively. The sign in both B� and B� are 

negative in the right hand coordinate system (r, �, �); the B� is upward at the outboard median, 

the B� clockwise as viewed from the top of the tokamak. The plasma current IP is in the 

positive toroidal direction, and the ion (electron) diamagnetic direction is positive (negative). 

2. Effect of the edge plasma rotation on the radial electric field structure�
We performed the following experiment under the condition of the plasma current, 

IP=1.6 MA and toroidal magnetic field and BT=3.9 T (corresponding safety factor at 95% of 
flux surfaces, q95~4.2), scanning combinations of NBI as shown in figure 1. 
Edge impurity ion dynamics for the middle NBI power case of PNBI~12 MW are shown in 
figure 2 and 3. Improved statistics in assessing the temporal behavior of the measurements 
can be obtained by mapping of multiple, reproducible ELM cycles onto a single time basis, 
defined by the time of the measurement relative to the ELM. The technique used here is 
similar to that used in Ref. 2 for analysis of ELM perturbations. 

From figure 2, it is evident that the Er-well at the pre-ELM phase for the co-NBI 
discharge seems to be shallower than that seen in the counter-NBI. On the contrary, the 
Er-shear layer at the pre-ELM phase for the co-NBI discharge is likely to be wider than that 
seen in the counter-NBI. The balanced-NBI case is found to be intermediate between them.  
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The wider Ti pedestal width seen in the co-NBI discharge than that seen in the 
counter-NBI discharge may comes from the difference in the Er-shear layer. On the contrary, 
the local maximum in the dTi/dr, which is seen just inside the Er-well region in each co-, 
balanced and counter-NBI discharges, seems to be increased according to the increase in the 
|dEr/dr| as the direction of the momentum input changes towards counter-parallel to the 
plasma current. 

Since the Er is observed in a localized region just inside the separatrix of most H-mode

plasmas where the Er shear (and/or sheared ExB flow) is created and where the fluctuations 

decrease, the Er structure seems to affect on the pedestal structures (and hence ELM affected 

areas). From figure 3, it is found that each (Zjenj)
-1
�pj, -V�,jB�, V�,jB� term gradually decrease 

towards the deeper edge Er-“well” formation up to the ELM event. At the time of the ELM, 

each quantity drops significantly and then undergoes a gradual recovery throughout the 

remainder of the ELM cycle. Although events that occur just after ELM (up to ~5ms) cannot 

be resolved accurately due probably to unknown effect on the mixing between CXRS signal 

and background light, the change in the Er structure due to the ELM was significant, such as 

shallower Er-well with narrower Er-shear layer.
A more detailed comparison among co-, balanced- and counter-NBI discharges, 

including the effect of the losses of fast ions on the edge Er structure, is left to future work. 

Fig. 1. ELMy H-mode discharges having Type-I ELMs on JT-60U for co- (solid line), balanced- 
(dotted line), and counter- (dash-dotted line) plus perpendicular-NBI heated plasmas: (a) NBI power 
(b) Co-fraction of NBI, (c) line-averaged electron density, (d~f) Da emission from the chord viewing 
divertor region. 
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Fig. 2. Radial profiles of (a, c) the ion temperature Ti and (b, d) the Er (circles), including V
�
B
�
, (plus 

symbols) -V
�
B
�
, (squares) �pi/(Zieni) (diamonds), comparing between pre-ELM (left) and post-ELM 

(right) for co- (top figures), balanced-NBI discharges (middle figures) and counter- (bottom figures). 
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Fig. 3. Temporal evolution of (a) V
�
B
�
, (b) -V

�
B
�
, (c) �pi/(Zieni) terms in the radial force balance 

equation for the carbon impurity, (d) Er, and (e) divertor Da during ELM cycle constructed by 
mapping of multiple and reproducible ELM cycles onto a single time basis, defined by the time of the 
measurement relative to the ELM for co- (left-side for top figures), counter- (right-side for top figures) 
and balanced-NBI discharges (bottom figures). 

References 
[1] Kamiya K., et al., Plasma Phys. Control. Fusion 48, A131 (2006). 
[2] Wade M., et al., Phys. Plasmas 12, 056120 (2005). 
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5.3 L to H-mode Transition Studies 

K. Kamiya, K. Ida1) and Y. Sakamoto 

1) NIFS

1. Introduction 
The radial electric field has been considered to play a very important role in the 

decorrelation of the fluctuation and reduction of edge turbulent transport. Although the 

mechanism of confinement improvement due to suppression of a fluctuation by radial electric 

field shear has been intensively studied [1], the mechanism of formation and sustainment of 

radial electric field has not been clarified yet. The radial electric field, pressure gradient and 

plasma velocity perpendicular to the magnetic field are governed by the radial force balance 

equation; Er=(Zjenj)
-1
�pj-V�,jB�+V�,jB�. Here, Zj is the ion charge, nj is the ion density, e is the 

magnitude of the electron charge, pj=njTj is the ion pressure with Tj the ion temperature, V�,j

and V�,j are the ion poloidal and toroidal rotation velocities, respectively, and B� and B� are 

the poloidal and toroidal magnetic fields, respectively. Recently 32 spatial channel charge 

exchange recombination spectroscopy CXRS with fast time-resolution up to 400 Hz (which 

corresponds to about ~2 ms considering the dead-time of the CCD frame transfer of �dead

~0.5 ms) has been installed in JT-60U [2]. In this study, the edge impurity ion pressure 

gradient and rotation velocity are measured with new CXRS in the ELM-free H-mode 

discharge having two steps transition where a jump of ion temperature gradient precedes a 

jump of impurity poloidal rotation [3]. This review provides new information on the transition 

phenomenology in the H-mode discharge by means of the diagnostic upgrade described 

above. 

2. Transition between intermediate H-phase and complete H-phase in ELM-free 

H-mode discharge
Figure 1 shows a time evolution of ion temperature gradient and radial electric field 

measured with the new CXRS system in the two step H-mode discharge with balanced neutral 

beam (NB) injection of PNB=10 MW on JT-60U (E049219; IP~1.6 MA, B�~3.9 T, q95~4.2,

�/�~1.43/0.34 at t~5.0 s). It is clear that the L-H transition occurs spontaneously at t~4.73s,

indicating an abrupt drop in the D� emission in addition to an increase in the time differential 

in the line-averaged electron density. The ion temperature profile also starts to form the 

pedestal structure as the Er changes to be negative. Looking at the electron density and ion 

temperature profiles comparing between L-mode (t~4.6s) and H-mode (t~5.0 s) phases, a 

steep gradient was clearly seen at around the Er-shear region. The most striking feature is the 

generally expected local drop in the ion thermal diffusivity �ibetween L-mode (t~4.6 s) and 
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H-mode (t~5.0 s) phases by an order of magnitude. It is noted that the ion thermal diffusivity 

value of �i ~ 1 m2/s at around the Er-shear region at late phase (e.g. several hundreds 

millisecond after L-H transition) in the ELM-free H-mode on JT-60U seems to be similar that 

seen on DIII-D [4]. 

Fig. 1. Temporal evolution of (a) line-averaged electron density and emission, (b) ion temperature 

gradient -�Ti for ~3 cm, ~4.5 cm and ~6 cm inside the separatrix, (c) radial electric field Er for ~3 cm, 
~4.5 cm and ~6 cm inside the separatrix. The L to H transition, the two steps H-phase transition 
(H-H) times, including H-H back-transition, and the first ELM times are indicated by vertical lines, 
respectively. Radial profile of (d) electron density (LiBP), (e) ion temperature (CXRS), (f) ion thermal 
diffusivity and (g) radial electric field for t=4.6 s (x symbols, 5.0 s (triangles) and 5.07 s (filled 
circles) are also plotted. 

After a L-H transition, the plasma exhibits a smooth transition within a time-scale 

of about ~50ms as the ion temperature gradient buildup associated with the Er formation. For 

the measured carbon impurity ion (Zj =6), a negative “well” shape of Er in the edge region is 

maintained by the both �pi/(Zieni) and -V�B terms with an almost similar magnitude of about 

�Er~-20 kV/m, respectively (and hence, Er-well of about -40 kV/m was seen at t~5.0s), as 

shown in figure 2. It is noted that the both -V�,jB� term and V�,jB� term are negative, and the 
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ne 
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former is only larger than the latter by approximately a factor of two. The toroidal flow V�,j

towards counter direction to the plasma current even in the balanced NBI discharge, which 

seems to be generated spontaneously, is associated with the change in the ExB flow direction 

toward toroidal direction due to lower parallel viscosity during this phase. 

A faster and deeper drop in the D� emission within less than a few millisecond was 

observed at t~5.0525s, exhibiting a rapid change in the Er-well structure toward more 

negative direction by approximately a factor of two. As shown in figure 2, the more negative 

Er–well formation toward -80 kV/m (or more negative) is maintained by the dominant -V�,jB�

term for the carbon impurity ion. 

This observation shows there are two discrete phases with different magnitude of 

radial electric field in the H-phase; one is the intermediate H-phase having the large ion 

temperature gradients without significant poloidal rotation of impurity species (and with 

moderate magnitude of radial electric field), and the other is the complete H-phase 

characterized by the large radial electric field. The most important point is that there is a 

bifurcation branch in terms of the Er between two discrete H-phases (so-called H-H transition), 

which indicates not only moderate to large Er transition (i.e. as seen at t~5.0525s and 

~5.1425s) but also large to moderate Er transition (not to L-mode back-transition as seen at 

t~5.09s).

Fig. 2. (a) Contributions of V � B (=-V
�,jB�

+V
�,jB�

) term to the Er in the radial force balance equation 

plotted as a function of �pi/(Zieni) term and (b) V
�,jB�

 term plotted as a function of -V
�,jB�

 term for 

carbon impurity ions at ~3 cm inside the separatrix. Phase (I)~(V) corresponds to L-mode, 

intermediate H, complete H, intermediate H, and complete H phases, respectively (see figure 1). 

We now focus on the implication of the experimental results for L-H transition 

theory [5], which gives a clear bifurcation condition as the normalized poloidal Mach number 

Upm �1, in addition to an approximate bifurcation condition as the normalized ion 

collisionality �i
* near unity. Where Upm=vExB/vth(qR/a), �i

*=��iiRq/(vth�
3/2), �ii�is the ion-ion 
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collision frequency, R is the major radius, q is the safety factor, vth=(2Ti/mi)
1/2 is the ion 

thermal speed with Ti the ion temperature and mi the ion mass, and ���a/R is the inverse 

aspect ratio with a the minor radius. As shown in figure 3, the L-H transition occurres at 

around �i
*~1 as seen in the almost all previous discharges on JT-60U [3]. Although the �i

*

continues to decrease after L-H transition due to plasma heating under the edge transport 

barriers, the Upm just increase smoothly keeping less than unity even after the pedestal 

structure developed well in the intermediate H-phase. This observation seems to be different 

from the conventional tokamak H-mode characteristic [6], in which the H-phase was only one 

characterized by Upm �1 against Upm <1 in the L-phase. However there is a large sudden 

increase in the Upm toward greater than unity at the H-H transition toward complete H-phase, 

keeping the critical �i
* constant, as predicted by a theory (which seems to be more likely to the 

conventional tokamak H-mode characteristic). After a transition, both density and 

temperature gradient re-start to increase 

further, and hence �i
* decrease, keeping Upm

constant greater than unity. In contrast to the 

H-H transition toward the complete H-phase, 

both Upm and �i
* decreased at the H-H

transition toward intermediate H-phase, while 

the 2nd H-H transition from intermediate to 

complete H-phase at t~5.1425s takes place at 

almost same point in the Upm-�i
* space as the 

1st H-H transition from intermediate to 

complete H-phase at t~5.0525s.

References 
[1] Moyer R. A. et al., Phys. Plasma 2, (1995) 2397. 

[2] Sakamoto Y. et al., this issue, Sec. 10.8. 

[3] Fukuda T. et al., Plasma Phys. Control. Fusion 36, A87 (1994). 

[4] Stacey W. M. and Groebner R. J., Phys. Plasma 14, 012501 (2007). 

[5] Shaing K. C. et al., Phys. Rev. Lett. 63, 2368 (1989). 

[6] Burrell K. H. et al., Plasma Phys. Control. Fusion 34, 1859 (1992). 

Fig. 3. Poloidal Mach number Upm plotted 
as a function of �i

* for bulk ions.

JAEA-Review 2009-045

－ 51 －



5.4 Fast Dynamics of Type I and Grassy ELMs [1] 

A. Kojima, N. Oyama, Y. Sakamoto, Y. Kamada, H. Urano, K. Kamiya, T. Fujita, H. Kubo, 
N. Aiba and the JT-60 Team

In order to understand the physics of the ELM triggering and determining the ELM size, 
the fast ELM dynamics of type I and grassy ELMs have been studied in JT-60U H-mode 
plasmas. The profiles of the pedestal electron density and the pedestal ion temperature are 
investigated by use of the new fast diagnostics with high spatial and temporal resolutions 
such as a lithium beam probe (�t~0.5ms) and a charge exchange recombination spectroscopy 
(�t~2.5ms). Then, the dynamics of the density, the ion temperature and the ion pressure in 
the ELM cycle are studied. 

The behavior of the pedestal density profile during an ELM cycle is obtained in the type 
I ELM phase. Before the ELM crash, the density profile has the pedestal structure with the 
density pedestal width of 4-5cm. After the ELM crash, the pedestal structure is collapsed and 
the ejected particle flux causes the heat load to the divertor target. Then the recycling outflow 
from the divertor target increases the edge density around the separatrix. The drop of the 
line-integrated electron density occurs after the density collapse.  

The evolution of the pedestal ion pressure profile during an ELM cycle is evaluated for 
the first time by detailed edge profile measurements. The co- and counter(ctr)-rotating 
plasmas are compared for the understanding of the toroidal rotation effects. The co-rotating 
plasmas with the type I ELMs exhibit the larger and wider ELM affected area (�nped/nped

~30%, radial extent >15cm) than ctr-rotating plasmas (�nped/nped ~20%, radial extent ~10cm). 
Just before the type I ELM crash, the pedestal ion pressure and its maximum gradient in the 
co-rotating plasmas are 20% and 12% higher than those in the ctr-rotating plasmas, 
respectively. It is found that the radial extent of the ion pressure gradient at the pedestal 
region in the co-rotating plasmas is 14% wider than that in the ctr-rotating plasmas. The 
experimental results suggest that the ELM size is determined by the structure of the plasma 
pressure in the whole pedestal region.  

As for the dynamics of grassy ELMs, the collapse of density pedestal is smaller (< 20%) 
and narrower (~5cm) than those of type I ELMs, as observed in the collapse of the pedestal 
electron temperature. The density pedestal is almost same width and height in the case of the 
same plasma current. The significant difference between grassy and type I ELMs is the 
density around the separatrix. In type I ELM, the separatrix density increases due to the 
enhanced recycling from the divertor. However, grassy ELMs cause no increase of the 
separatrix density, which is consistent with the small heat load to the divertor plate. It is 
confirmed that both conductive and convective losses due to grassy ELMs are small. 
Increasing the frequency of the grassy ELM decreases the ELM size and ELM affected area. 

Reference 
[1] A. Kojima et al., submitted to Nucl. Fusion. 
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5.5 Transport Modeling between ELMs [1] 

N. Hayashi, T. Takizuka, N. Aiba, N. Oyama, T. Ozeki, S. Wiesen1), V. Parail2)

1) Euratom FZJ Association, 2) Euratom UKAEA Fusion Association 

Edge localized modes (ELMs) induce sometimes very large heat load to divertor 
plates and cause the reduction of plate lifetime. The ELMs, however, are expected to sustain a 
H-mode plasma without the accumulation of impurities. The ELM cycle consists of two 
phases: an ELM crash by the MHD instability inducing energy and particle losses from the 
pedestal plasma and a quiescent phase recovering the pedestal pressure between ELMs 
(inter-ELM phase). A multi-machine analysis shows that the inter-ELM transport increases 
with collisionality. Although an effect of the neoclassical transport on the inter-ELM transport 
have been discussed, the physical understanding and the quantitative evaluation are, however, 
not fully accomplished so far. 

The ELM cycle has been studied by using an integrated core transport code 
TOPICS-IB. The TOPICS-IB is based on the 1.5D core transport code TOPICS which is 
extended to the integrated simulation for burning plasmas. For the ELM study, the 
TOPICS-IB is integrated with a stability code for peeling-ballooning modes MARG2D and a 
dynamic 5-point model of scrape-off-layer (SOL) and divertor plasmas. The integrated code 
reproduces a series of ELMs with the following characteristics. The ELM energy loss 
increases with decreasing collisionality and the ELM frequency increases linearly with the 
input power, as seen in experiments of type-I ELMs. A transport model with the neoclassical 
transport in the pedestal connected to the SOL parallel transport reproduces a lowered 
inter-ELM transport in the case of low collisionality so that the ELM loss power is enhanced 
as observed in experiments. The inter-ELM energy confinement time evaluated from 
simulation results agrees with the scaling based on the JT-60U data. 

In experiments, the electron transport is reduced to the ion neoclassical level in the 
pedestal region and thus the electron transport is still governed by the anomalous transport. 
Since the present model uses the ion neoclassical transport model in the pedestal region not 
only for ions but also for electrons, the neoclassical-type transport for electrons results in the 
agreement between the simulation results and the JT-60U scaling of the inter-ELM energy 
confinement time. Key physics of the JT-60U scaling will be examined by artificially 
modifying the simulation model.
Reference 
[1] N. Hayashi, et al., Proc. 22nd IAEA Fusion Energy Conference, TH/P9-14 (2008); 
submitted to Nucl. Fusion. 
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5.6 Characteristics of QH-mode with Edge Co-rotation in JT-60U 

Y. Sakamoto, P. Gohil1), N. Oyama, K. Kamiya, H. Urano 

1) General Atomics 

1. Introduction 
The ELMy H-mode operation is intended as a standard scenario for ITER. However the 

most significant concern is that the ELMs release high levels of heat and particle fluxes into 
the scrape-off layer, which would cause rapid erosion of the divertor target plates in next-step 
devices such as ITER. The quiescent H-mode (QH-mode), discovered in the DIII-D tokamak 
[1], is one of the alternative H-mode regimes in a low collisionality region, which has a 
possibility to solve the heat and particle loads on the divertor. The characteristic MHD 
activity in QH-mode plasmas is multi-harmonic edge MHD activity called edge harmonic 
oscillations (EHOs), which have usually been observed instead of ELMs. After the discovery 
in DIII-D, QH-mode was observed in ASDEX-U [2], JET [3] and JT-60U [4]. The original 
key requirements for producing the QH-mode are neutral beam injection in the direction 
opposite to the plasma current (CTR-NBI) and a sufficiently large outer mid-plane gap 
between the separatrix and the first wall on the low field side (GAPOUT). On the other hand, 
QH-mode without CTR-NBI was observed in JT-60U, though the edge toroidal rotation was 
in the direction opposite to the plasma current [5]. Most recently, QH-mode with edge 
co-rotation and its strong shear has been produced in DIII-D [6]. Based on these experimental 
results, new experiments in JT-60U were performed as one of the ITPA joint experiment with 

Fig.1 Plasma configuration used for QH-mode experiments in the cases of (a) high triangularity 
of 0.4 and (b) low triangularity of 0.28. 
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DIII-D. This report describes the QH-mode experiments performed in JT-60U to examine the 
effects of triangularity and to obtain QH-mode with co-rotation at the edge. 

2. Experimental results 
Since the DIII-D experiments indicate that high triangularity configuration enables to 

expand the operation region of QH-mode into higher pedestal pressure, we have attempted to 
produce QH-mode plasmas in high triangularity configuration. Figure 1(a) shows the plasma 
configuration used in the experiment. In order to produce the QH-mode in high triangularity 
configuration, we have performed GAPOUT scan, torque scan (CO or CTR) and NNB 
injection for lower particle fueling. As the result, partial QH-mode phase was observed with 
CTR-NBI, while no QH-mode phase was obtained with CO-NBI. Pedestal pressure in the 
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high triangularity configuration (�~0.4) is almost similar to or slightly lower than that in the 
low triangularity configuration (�~0.28). This result indicates that there is no strong effect of 
triangularity to pedestal pressure in the � range from 0.28 to 0.4. Although the reason for the 
difficulty of getting QH-mode with high triangularity is not fully understood, there is a 
possibility of an influence of different gaps on getting QH-mode, where high triangularity 
configuration has wider gap between the separatrix and the first wall near the outer top and 
near the outer baffle plate, compared to low triangularity configuration, as shown in figure 1. 

In the low triangularity configuration, on the other hand, continuous QH-mode was 
obtained with CTR-NBI as usual. Furthermore, partial QH-mode phase was appeared with 
CO-NBI. The waveforms of QH-mode with CO-NBI are shown in figure 2. Its duration 
without ELMs is nearly 0.4s, though clear EHO can be seen at t=4.87 - 5.13s. The ELMy 
H-mode plasma enters QH-mode just 
after the ELM at t=4.87s, where the ion 
temperature at the pedestal decreases 
together with the appearance of EHO. 
Then ion temperature gradually increases 
and saturates. The QH-mode phase was 
terminated by the appearance of ELM at 
t~5.22s, where the ion temperature and 
poloidal rotation rapidly increase just 
before the ELM. It is noted that the edge 
toroidal rotation is actually in the 
direction to the plasma current as shown 
in figure 3(a). This indicates that both 
CTR-NBI and counter-rotation are not 
essential requirements for producing 
QH-mode. Comparing the DIII-D results, 
where the strong toroidal rotation shear 
having difference between the pedestal 
top and separatrix toroidal rotation of 
~100km/s is required for producing 
QH-mode, the difference of toroidal 
rotation is much smaller in JT-60U. The 
interesting features can be seen in the 
time evolution of poloidal rotation shown 
in figure 2(c). The poloidal rotation 
increases in between ELMs with 
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increasing ion temperature, and has maximum or minimum values just before or after ELM 
crash. This is reflected in the strong linkage between the radial electric field (Er) and edge 
transport barrier (ETB) [7]. Note that the poloidal rotation at the beginning of QH-mode is 
comparable to that just after ELM crash, and then gradually increased, suggesting that Er

during QH-mode might be smaller than that just before ELM crash. The comparison of ion 
temperature profiles during QH-mode and just before ELM crash is shown in figure 3(b). 
Main difference is the width of ETB, which causes the difference of pedestal height. Detailed 
comparison of the ETB and Er structure is future work. 

3. Summary 
QH-mode experiments were performed on JT-60U to examine the effects of 

triangularity and to obtain QH-mode with predominantly co-injected NBI. The results 
indicated that the high triangularity (�~0.4) cases failed to obtain QH-mode with CO-NBI and 
only reached partial QH-mode with CTR-NBI. The low triangularity (�~0.28) discharges, 
however, were able to obtain CO-NBI QH-mode phases for durations of nearly 0.4s. The edge 
toroidal rotation for this phase was positive and clear EHO activity was observed, though the 
toroidal rotation shear was not as large as observed in DIII-D. 

References 
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5.7 Analysis of Pedestal Characteristics in JT-60U H-mode Plasmas Based on  
Monte-Carlo Neutral Transport Simulation  

Y. Nakashima1), Y. Higashizono2), H. Kawano1), H. Takenaga, N. Asakura, N. Oyama,  
A. Kojima, and Y. Kamada

1) Plasma Research Center, University of Tsukuba,  
2) Research Institute for Applied Mechanics, Kyushu University

In H-mode plasmas, neutral particles in the periphery region play a crucial role on 
pedestal formation near the transport barrier. Neutral transport simulation is one of the useful 
tools for the above research. The DEGAS ver.63 Monte-Carlo code [1] has been modified for 
fully three-dimensional simulation in the University of Tsukuba [2] and recently applied to 
JT-60U plasmas. A fully 3-dimensional neutral transport simulation using DEGAS was 
performed and the study of physical mechanism of pedestal formation was started [3].  

The present mesh model for DEGAS simulation of JT-60U has been developed preserving 
the consistency with the mesh model of the UEDGE code. The precise mesh structure 
including main components in the divertor region such as isolated dome, baffle and divertor 
plates was built-up and the simulation space was extended from the vacuum chamber wall to 
core plasma region. In this study, a toroidal symmetry of particle source is given in order to 
focus the objective of the simulation on the characteristics of pedestal structure. 

In two different ELMy H-mode plasmas, the plasma parameter dependence on the 
pedestal structure was investigated and the results were compared from the viewpoint of 
neutral penetration and ionization region. Comparison of the neutral density profiles between 
the high and low-density H-mode plasmas showed a noticeable increase in the penetration 
length of atomic density (1/e scale length of the density at the boundary with far SOL region) 
is recognized in the low-density case. From the evaluation of the ionization profile near the 
edge transport barrier region, it is found that the determined ionization width (FWHM value) 
in the low-density case is wider than those in high-density case by 36 %. The present results 
on the density survey in pedestal and SOL regions showed that the density in the region from 
the pedestal to the SOL has a strong influence of neutral penetration into the core plasma 
region from LCFS as well as a significant effect on the ionization zone in this region.  

The result of 3-D simulation carried out with gas puffing showed the considerable 
localization of neutrals around the gas puffer and the detail of neutral diffusion in toroidal 
and poloidal directions were clarified. The above-obtained results provide the useful aspect 
for pedestal physics and this analysis method also gives us important information for the 3-D 
plasma modeling in near future.

Reference 

[1] Heifetz, D., Post, D., Petravic, M., et al., J. Comput. Phys. 46, 309 (1982). 

[2] Nakashima, Y., et al., J. Plasma Phys. 72, 1123 (2006). 
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5.8 Effects of Edge Collisionality on ELM Characteristics in Grassy ELM Regime 

N. Oyama, L.D. Horton1), A. Kojima, A. Isayama, K. Kamiya, H. Urano, Y. Sakamoto,
Y. Kamada, N. Aiba and the JT-60 Team 

1) EFDA-CSU Culham, Culham Science Centre 

1. Introduction 
 Establishment of H-mode operation with small 
ELMs is one of the important and urgent issues for 
ITER. The grassy ELM regime found in JT-60U has 
been considered as one candidate for the H-mode 
operation with small ELMs, since grassy ELMs can 
be obtained in plasmas with low collisionality and 
low toroidal rotation [1]. Small ELMs similar to 
grassy ELMs observed in JT-60U have been 
reproduced in ASDEX Upgrade (AUG) as 
inter-machine experiments promoted by ITPA 
pedestal topical group [2]. As shown in Fig. 1, the 
grassy ELM like small ELMs in AUG was observed 
only for edge collisionality lower than unity [2], 
suggesting an importance of the edge collisionality (�e

*) to determine the ELM characteristic. It 
is noted that type II ELMs, which are other type of small ELMs observed in high density 
plasmas (ne/nGW~ 0.9) at q95 ~ 4 in AUG, appears in higher �e

* region [3]. Based on these 
experimental results, new experiments were performed to understand the meaning of �e

* and to 
investigate the accessibility to type II ELMs in JT-60U. 

2. Experimental Condition 
 The experiments were mainly performed with the 
toroidal magnetic field of BT = 2.5 T for low q case (q95 ~ 
4.3) and BT = 3.9 T for high q case (q95 > 6) at the plasma 
current of 1.0 MA. The plasma triangularity (�), which is 
one of the important parameters to obtain grassy ELMs, 
was higher than 0.5 and well inside the operational 
regime for grassy ELMs. The typical plasma 
configuration for �e

* scan experiments is shown in Fig. 2. 
In order to increase the edge �e

*, gas puffing of 
5-20 Pa·m3/s was applied during or before the main 
heating phase. Since the toroidal rotation in the direction 
counter to the plasma current is found to be favorable to Fig. 2. Typical configuration for 

grassy ELM experiments. 

Fig. 1. Operational regime of grassy 
ELM in JT-60U and its comparison to 
AUG with double null configuration. 
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obtain grassy ELMs, the combination of tangential and perpendicular NBIs was adjusted so as 
to obtain small toroidal rotation as expected condition in ITER. 

3. Experimental Results 
 The behavior of grassy ELMs between low and high �e

* is compared in Fig. 3. In the 
reference discharge at low �e

* of 0.67 (E48995), typical grassy ELMs with the frequency of 
850 Hz were observed in the plasma with �p ~ 1.5. In the plasma with higher �e

* ~ 1.3 by higher 
recycling due to an additional gas puffing (E49040), on the other hand, the amplitude of ELMs 
increased together with the reduction of the ELM frequency (fELM) to ~500 Hz. As shown in 
Fig. 3(b) and (d), no detectable losses in the plasma stored energy (Wdia) are observed in both 
cases, suggesting both ELMs are categorized as grassy ELMs with small ELM energy loss. It is 
noted that the achieved pedestal pressure in both discharges are similar (Pe

ped ~ 1.9 kPa in 
E48995 and 2.1 kPa in E49040). The pedestal temperature in high �e

* plasmas was lower while 
the pedestal density was higher than that in low �e

* plasmas. 
 In plasmas shown in Fig. 3, the toroidal rotation frequency evaluated at the top of Ti

pedestal was not the same, -1.3 kHz in E48995 and -0.79 kHz in E49040. According to the 
previous experimental results about fELM dependence on the plasma rotation [1], this small 
difference of the rotation frequency can cause a difference in fELM by about 100-200 Hz. 
However, the observed difference in fELM was about twice larger than this value and so that it is 
considered that the difference is not due to the fELM dependence on the plasma rotation. In 
addition, when we compare with the other plasma with the same rotation frequency of -1.3 kHz 
(but, �p ~ 1.8 and �e

* ~ 0.94), the fELM was ~620 Hz and the similar ELM characteristics to those 
in E49040. Although the NB heating power of 18.7 MW in E49040 was higher than that of 
13.3 MW in E48995, the ELM frequency was smaller in E49040. These experimental 
observations suggest that the ELM amplitude of divertor D

�
 signal in grassy ELM regime 

Fig. 3. Comparison of (a),(c) divertor D
�
 signal at outer strike point (see Fig. 2) and (b),(d) plasma 

stored energy between low and high collisionality plasmas in high q case. 
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increases with increasing �e
* toward unity. 

 For the comparison between grassy ELMs and high �e type II ELM observed in AUG, 
responses of ELMs in q95 ~ 4 on the �e

* are also investigated as shown in Fig. 4. In the reference 
discharge (E49001) at low �e

* of 0.37, the toroidal rotation frequency of ~0 kHz and �p ~ 1.5, 
regular ELMs with fELM ~ 200 Hz were observed. Although the fELM was four times smaller than 
that in high q case, observed difference in fELM between high and low q95 cases can be explained 
by the ELM frequency dependence on the toroidal rotation frequency. Corresponding to smaller 
fELM, the amplitude of ELMs in divertor D

�
 signal was larger than that in high q case. Even in 

the ELMs having this level of amplitude no detectable losses in Wdia are observed as shown in 
Fig. 4(b). 
 In the plasma with higher �e

* ~ 1.0, both ELM frequency and amplitude increased as 
shown in Fig. 4(d). It is noted that the toroidal rotation frequency, total �p and the pedestal 
pressure are the same between high and low �e

* plasmas shown in Fig. 4. In contrast to other 
cases, however, clear reduction of the plasma stored energy was observed in some large ELMs 
as indicated by dotted lines in Fig. 4(e). Since the ELM energy loss in these large ELMs is 
comparable to those in type I ELMs, these large ELMs seem to be type I ELMs. In between 
these type I ELMs, grassy ELMs with larger amplitude (but, no detectable loss in Wdia) were 
observed.

Fig. 4. Comparison of (a),(d) divertor D
�
 signal at outer strike point (see Fig. 2), (b),(e) plasma 

stored energy, and (c), (f) electron density at the pedestal between low and high collisionality 
plasmas in low q case. Note that the location of density measurement is not the top of pedestal. Thin 
lines show a comparison of some ELMs with similar amplitude of D

�
 signal. 
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 Since the intensity of divertor D
�
 signal is only a measure of ELM size, the direct 

measurements of edge plasma parameters are important for a quantitative evaluation of such 
small energy losses due to grassy ELMs. In addition to the local temperature measurement using 
ECE heterodyne radiometer, fast edge density profile measurement using a lithium beam probe 
has been performed in JT-60U [4]. It is confirmed that the reduction of the electron density at 
the pedestal (not the top of the pedestal) is related to the intensity of divertor D

�
 signal. As 

shown by thin line in Fig. 4, similar density losses were observed in some ELMs having the 
similar D

�
 intensity. Therefore, it is considered that the larger D

�
 intensity observed in higher 

�e
* plasmas means the larger ELM energy loss. 

 The accessibility to type II ELMs was also investigated in a series of �e
* scan. However, 

type II like ELMs were not observed so far. When too much gas puffing was applied during the 
main heating phase, the pedestal pressure was degraded together with the appearance of type III 
ELMs. 

4. Summary and Discussion 
 The effects of edge collisionality on ELM characteristics have been investigated in grassy 
ELM regime. Both in high and low q regimes (q95>6 and q95~4.3), ELM amplitude increases 
with increasing the edge collisionality toward unity. This collisionality dependence is opposite 
to the dependence observed in type I ELM regime, where the ELM amplitude decreases with 
increasing the edge collisionality. Thus, it can be considered that low edge collisionality is one 
of the required conditions for grassy ELMs. Further analysis including edge stability analysis 
will reveal the physics mechanism for the different collisionality dependence of ELM amplitude 
in grassy ELM regime. 
 Since low edge collisionality has been expected in next step devices such as ITER, 
observed collisionality dependence in grassy ELM regime is undoubtedly favorable in terms of 
the ELM heat loads toward divertor target plates. Therefore, further studies to expand the 
operational regime of grassy ELMs are strongly encouraged in parallel with the development of 
active ELM control methods. 

Reference 
[1] Oyama, N., et al., Plasma Phys. Control. Fusion 49, 249 (2007). 
[2] Oyama, N., et al., Plasma Phys. Control. Fusion 48, A171 (2006). 
[3] Stober, J., et al., Nucl. Fusion 45, 1213 (2005). 
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5.9 Effect of Toroidal Rotation on Pedestal and H-mode Performance 
 in JET/JT-60U Similarity Shape 

N. Oyama, G. Saibene1), V. Parail2), H. Urano, J. Lönnroth3), Y. Kamada, Y. Sakamoto 
1) Fusion for Energy 

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 
2005-2006 experimental campaign, dedicated ripple experiments have been performed in JET 
and JT-60U using a matched plasma shape [1]. After the installation of FSTs in JT-60U, the 
amplitude of the toroidal field (TF) ripple, �r, near the outer midplane was reduced to ~0.5% at 
the toroidal magnetic field (BT) of 2.2 T. In JET, on the other hand, �r can be varied by selecting 
the appropriate differential current between odd and even set of coils out of 32 TF coils, 
providing in this case four levels of �r = 0.1%, 0.5%, 0.75% and 1%. Although the same level of 
ripple amplitude at the outer midplane was successfully obtained in both devices, the toroidal 
rotation (VT) in JET was still higher than that in JT-60U due to a different level of fast ion losses. 
A series of power and density scans in the previous experiments indicated that plasmas with 
lower �r and/or larger co-VT are favorable to achieve higher pped and HH factor in both devices. 
In order to expand the dynamic range of VT to confirm observed rotation effect in JT-60U, new 
experiments were performed, since no data from counter-rotating plasmas were obtained in the 
previous experiments. In addition, effect of negative-ion based NBI on the pedestal 
performance was also investigated. 

2. Experimental Result 
 The experiments were mainly 
performed with plasma parameters of BT = 
2.2 T and the plasma current of 1.08 MA, 
where the ripple reduction by ferritic steel 
tiles (FSTs) are effective. As shown in Fig. 
1, the toroidal variation of the toroidal 
magnetic field strength at the outer 
midplane indicates �r of about 0.5 % at BT

= 2.2 T. Figure 2 shows operational space 
in electron density and temperature at the 
top of pedestal during the power scan and 

Fig. 1. Toroidal variation of the calculated toroidal 
magnetic field strength at R = 4.3 m and Z = 0.2 m. 
Solid (dotted) line indicates data with (without) 
FSTs.
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density scan. The achievable electron pressure of 2.8 kPa was similar to that observed in the 
previous experiments as shown in Fig. 2(b). In order to increase the pedestal density, continuous 
gas puffing of 5-7 Pam3/s (2.4-3.4�1021/s) was also applied. The level of degradation with gas 
puffing was also similar to the previous experiments. Although the global behavior was similar 
to the previous experiments, ELM frequency was somewhat higher in this experiment. 
 In order to change the VT at the top of Ti pedestal, two different ways were used. One is the 
change in the combination of tangential NBI so as to change the torque input. The other is the 
change in the number of units of perpendicular-NBI (perp-NBI) to change the loss of fast ions, 
which acts as an effective torque in the counter direction. Figure 3(a) compares the toroidal 
rotation profile during torque scan and power scan of perp-NBI. In case with co-NBI dominated 
case shown by circles, most of the plasma rotates in co-direction and VT at the pedestal was 
close to zero. When the combination of tangential NBI was changed to balanced injection, flat 
and zero rotation was achieved with counter VT at the pedestal. Then, by adding one 
perpendicular NBI to plasmas heated by balanced NBI, the plasma rotation profile shifted to 
further negative (more counter rotation) from edge to core. As the toroidal rotation becomes 
negative, ion temperature at the pedestal decreases as shown in Fig. 3(b). Corresponding to the 
reduction of Ti at the pedestal, core Ti is also reduced, suggesting the reduction of core 
confinement. It is noted that higher heating power plasma shows lowest pedestal temperature. 
  The total pedestal pressure (pped = ne

pedTe
ped + ni

pedTi
ped) evaluated with a spatially 

constant Zeff is plotted as a function of toroidal rotation frequency in Fig. 4. New data obtained 

Fig. 2. Comparison of electron density and temperature at pedestal. (a) Previous dataset for 
comparison between plasmas with and without FSTs. (b) New data and corresponding old data 
obtained in BT = 2.2T. Triangles show plasmas with gas puffing and/or with high recycling after 
plasmas with gas puffing. 
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in this experiment shows a clear trend that 
larger co-VT is favorable to achieve higher 
pped. It is noted that achieved pedestal 
pressure in counter rotating plasma (VT ~
-1.5kHz) is the same between with and 
without FSTs, suggesting the effect of 
different TF ripple between 1.2% and 0.5% 
is smaller than the effect of toroidal rotation. 
The result is consistent with the dedicated 
ripple experiments in JT-60U [2]. 
 Another interesting feature can be 
seen in Fig. 4. Looking at the data with gas 
puffing, achieved pped is scattered and does 
not show a trend that larger co-VT is 
favorable to achieve higher pped. The 
experimental result might suggest the role 
of other parameter such as edge collisionality in determining the effect of toroidal rotation on 
the pedestal performance. Further analysis of the pedestal structure and edge turbulence will 
reveal the relation between gas puffing and VT dependence. 
 In the past experiments, higher pedestal pressure was obtained when some perp-NBI units 
were replaced with N-NBI [3]. In order to understand the physics mechanism of improved 
pedestal performance with N-NBI, detailed pedestal measurement using new fast CXRS system 
was performed. In this experiment, however, no clear improvement of pedestal pressure was 
observed as shown in Fig. 4, while ELM frequency became lower than that in P-NBI heated 

Fig.  4. Comparison of total pedestal pressure as a 
function of toroidal rotation frequency measured 
at Ti pedestal. 

Fig. 3. Comparison of (a) toroidal rotation profile and (b) edge ion temperature profile. Fast ion 
losses are not subtracted from heating power. 
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phase as observed in the previous experiments. So far, the improvement of the pedestal pressure 
with N-NBI was observed in high q series (q95 ~ 5). Detailed analysis of edge stability and 
comparison between high and low q regime will be needed for the further analysis of the effect 
of N-NBI on the pedestal performance. 

3. Summary and Discussion 
 Dedicated H-mode experiments using a matched plasma shape were performed in JT-60U. 
The comparison of pedestal pressure between with FSTs (�r~0.5%) and without FSTs 
(�r~1.2%) suggests that the change in the TF ripple in this level does not affect pedestal 
performance significantly. On the other hand, a trend that larger co-VT is favorable to achieve 
higher pedestal pped is clearly observed. In recent ripple experiment in JET using JT-60U 
matched shape, no clear difference was observed during ripple scan from 0.08% to 1%. 
However, from dedicated ripple experiments in JET, no simple correlation between fast ion 
losses/torque/rotation and confinement explaining the JET results was found. Therefore, further 
analysis including modeling/simulation of edge transport due to TF ripple will be needed for 
better understanding of the effect of TF ripple and its extrapolation to ITER. 

Reference 
[1] Oyama, N., et al., Journal of Physics: Conference Series 123, 012015 (2008). 
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6. MHD Instability and High-Energy Ions 

6.1 Observation of Energetic Particle Driven Instability in the Wall-stabilized 
High-� Plasmas [1] 

G. Matsunaga, Y. Sakamoto, N. Aiba, K. Shinohara, M. Takechi, T. Suzuki, A. Isayama, 
N. Oyama, N. Asakura, Y. Kamada, T. Ozeki and the JT-60 team 

A new instability has been observed in the wall-stabilized high-�N plasmas above the 
ideal �-limit without a conducting wall (�N

no-wall). This mode behaves like fishbone bursts, 
that is, it repeats growth and decay within a few milliseconds. Besides, the mode finally 
triggers the RWM despite enough plasma rotation for RWM stabilization. The radial mode 
structure measured by ECE is globally extended around the q=2 surface. The mode frequency, 
whose initial value is about 3 kHz, repeatedly chirps down as the mode amplitude increases. 
The initial frequency is close to the precession frequency of the trapped energetic particles 
from the perpendicular neutral beams (PERP-NBs) with beam energy of about 85 keV. It is 
observed that this mode can be stabilized by reducing the PERP-NBs while keeping bulk 
plasma �N, indicating that the mode is driven by trapped energetic particles. In order to 
investigate the stability boundary, �N

no-wall was scanned by changing internal inductance li in 
the range of 0.7-1.0, because �N

no-wall is estimated as ~3li by the MARG2D code. The mode is 
observed only in the high-�N plasmas above �N

no-wall, that is, the wall-stabilized high-�N

region, where the ideal kink-ballooning mode (IKBM) and resistive wall mode (RWM) are 
marginally stable by the conducting wall and/or plasma rotation. 

Based on these experimental results, it is concluded that the mode is driven by the 
trapped energetic particles from the PERP-NBs as the resonance with the precession motion. 
Namely, it is the kinetic contribution of energetic particles. However, the coupling parity is 
still unclear. From the fact that the mode is observed only in the high-�N above �N

no-wall, the 
marginally stable IKBM or RWM are possible candidates. Namely, this mode is considered 
to be an energetic particle branch with taking into account the kinetic contribution of the 
energetic particles in the high-�N MHD dispersion relation. Since the mode is observed in the 
wall-stabilized high-�N plasmas, we have named this mode as energetic particle driven wall 
mode (EWM). The mode behavior is very similar to the so-called fishbone instability 
associated with the m/n =1/1 internal kink mode. This suggests that �-particle and fast ion 
contributions to the MHD stability should be paid attention for high-�N operation above 
�N

no-wall where the RWM is marginally stable in ITER and fusion reactors.  

Reference 
[1]  Matsunaga, G. et al., Phys. Rev. Lett. 103, 045001 (2009). 
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6.2 Observation of RWM Precursor [1] 

G. Matsunaga, N. Aiba, Y. Sakamoto, K. Shinohara, T. Suzuki, A. Isayama, N. Oyama 
and the JT-60 team 

We have sometimes observed a precursor just before the RWM onset in the high-�N

experiments. The RWM precursor independently appears or is sometimes triggered by the 
edge localized mode (ELM) or energetic particle-driven wall mode (EWM). This mode has a 
slow growth time of 10-50 ms which is longer than that of the RWM �w ~10 ms (the skin time 
of the resistive wall) and the ideal mode �A�1 µs (the Alfvén time). Rather, this growth time 
is similar to that of the tearing mode �TM~�R

3/5
�A

2/5~50ms, where �R is a plasma current 
diffusion time. The mode frequency of the RWM precursor seems to correspond to the plasma 
rotation just outside the q=2 surface. The RWM precursor does not directly affect the plasma 
confinement, but rather, it can affect the plasma rotation profile around q=2. In particular, the 
rotational shear was strongly reduced while almost keeping the rotation velocity at around the 
q=2 surface. Finally, the n=1 magnetic fluctuation rapidly grew, then, a disruption occurred. 
This rapid growth seems to be the RWM because the growth time is about �w.

The waveforms of the RWM precursor, in particular, the growth time is very similar to 
those of NTM. However, by a comparison of the radial and poloidal mode structures 
measured by the soft X-ray array and poloidal magnetic probes, it is found that the RWM 
precursor does not have any clear island structure around the q=2 surface. Although the RWM 
precursor strongly affects the rotation profile around the q=2 surface, the poloidal mode 
structure seems to be m~3 at the outside plasma. The RWM precursor has a large amplitude at 
q=2 and is accompanied by m=3~4 poloidal harmonics. Thus, the mode structure of RWM 
precursor is similar to that of a kink-ballooning mode. These show that the RWM precursor is 
identified as neither NTM nor tearing mode.  

Furthermore, the RWM precursor can reduce the rotation velocity or rotational shear. It is 
sometimes observed that the RWM was destabilized when the rotational shear was close to 
zero despite the enough rotation velocity for the RWM stabilization. This result suggests that 
the rotational shear around the rational surface is important to determine the RWM stability as 
well as the rotation velocity. At present, this RWM precursor is thought to be essentially the 
same mode as the RWM and appears at the RWM stability boundary.  

Reference 
[1] Matsunaga, G. et al., Proc. 22nd Fusion Energy Conference, EX/5-2 (2008). 
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6.3 Identification of the Minimum EC-driven Current for Complete  

Stabilization of an m/n=2/1 Neoclassical Tearing Mode [1] 

A. Isayama, G. Matsunaga, T. Kobayashi, S. Moriyama, N. Oyama, Y. Sakamoto, T. Suzuki,  

H. Urano, N. Hayashi, Y. Kamada, T. Ozeki, Y. Hirano, L. Urso1), H. Zohm1),

M. Maraschek1), J. Hobirk1), K. Nagasaki2) and the JT-60 team 

1) Max-Planck-Institut für Plasmaphysik, 2) Kyoto University 

Stabilizing a neoclassical tearing mode with electron cyclotron current drive (ECCD) is 

considered to be the most promising method due to its ability of localized current drive. 

NTM stabilization using electron cyclotron current drive has been extensively preformed in 

JT-60U. However, as in other devices, the NTMs were overstabilized in most cases, and the 

EC wave power was larger than the minimum required power. Although NTMs should be 

stabilized with smaller amount of EC wave power in ITER, it remains uncertain how much 

EC wave power is required as the minimum. Thus, identification of the minimum required 

EC wave power is an important issue. To clarify the minimum required power, stabilization 

of an m/n=2/1 NTM with reduced EC wave power was performed. Experiments were 

performed in two different regimes of the different toroidal fields at 3.7 T and 1.7 T. In the 

experiments, the range of the minimum power was identified as follows: 0.20< jEC/ jBS<0.40

with Wsat~0.15, Wmarg~0.08 and dEC ~0.05 for the high-field case, and 0.35< jEC / jBS <0.46 

with Wsat~ 0.12, Wmarg~ 0.06 and dEC ~ 0.08 for the low-field case. Here, jEC and jBS the 

EC-driven current density and bootstrap current density at the mode rational surface; Wsat,

Wmarg and dEC the saturated island width, marginal island width and full width at half 

maximum of the ECCD deposition profile, respectively. The marginal island width was 

found to be about 5 times the ion banana width, which is larger than that for an m/n=3/2 

NTM obtained previously. Detailed analysis using TOPICS-IB code, in which the 

undetermined coefficients in the modified Rutherford equation are determined by fitting with 

experimental data, is planned in the near future. 

Reference 

[1] Isayama, A., et al., Proc. 22nd IAEA Fusion Energy Conf. (2008); Nucl. Fusion 49,

055006 (2009).
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6.4 Stabilization of an m/n=2/1 NTM Using Modulated ECCD [1]

A. Isayama, G. Matsunaga, T. Kobayashi, S. Moriyama, N. Oyama, Y. Sakamoto, T. Suzuki,  
H. Urano, N. Hayashi, Y. Kamada, T. Ozeki, Y. Hirano, L. Urso1), H. Zohm1),

M. Maraschek1), J. Hobirk1), K. Nagasaki2) and the JT-60 team 

1) Max-Planck-Institut für Plasmaphysik, 2) Kyoto University 

Stabilizing NTMs with modulated electron cyclotron current drive (ECCD) is thought to 
be more effective than with unmodulated ECCD. Since adding the ability to modulate the EC 
wave power at several kHz significantly changes the design of gyrotrons, it is important to 
stabilize the more dangerous m/n=2/1 NTM and clarify whether the modulated ECCD is 
actually more effective and if so by how much. In addition, issues in performing the 
modulated ECCD need clarifying in order to make the NTM stabilization in ITER more 
reliable.  

In the 2007-8 campaign, significant progress was made in the JT-60U EC wave system. 
First, the ability to modulate injection power was increased to ~7 kHz by modifying the 
high-voltage circuits of gyrotrons to realize fast power downs; previously the modulation 
frequency was less than 1 kHz, which was not enough for NTM stabilization experiments. 
Second, a new system to synchronize the modulated EC wave with NTM rotation was 
developed, in which the phase of the modulated EC wave is adjusted in real time by referring 
magnetic perturbation signals. Using the EC wave system, phase scans were then 
successfully performed, and the effect of the phase shift of the modulated EC wave on 
stabilization was investigated in detail. The result showed that the stabilization effect 
weakens as the phase of the modulation deviates from that corresponding to O-point ECCD: 
�decay increases by ~50% with a phase shift of ~±50º. Here, the decay time �decay was obtained 
by fitting the magnetic perturbation signal with the exponential function exp(–t/�decay). For 
near X-point ECCD, NTM amplitude increased, showing a destabilization effect. It was also 
demonstrated that modulated ECCD actually has a stronger effect on NTM stabilization than 
unmodulated ECCD. The decay time for modulated O-point ECCD is less than 1/3 of that for 
unmodulated ECCD: �decay=1.2 s for modulated ECCD and 4.2 s for unmodulated ECCD. In 
addition to the stabilization effect, a destabilization effect was observed with ECCD near the 
island X-point for the first time. This means that the phasing is important to avoid a mode 
locking caused by m/n=2/1 NTM with a large amplitude. Comparison with a theoretical 
model on ECCD efficiency was also made. It was found that the dependence of the decay 
time on phase shift with respect to O-point ECCD is similar to that of the inverse of the 
ECCD efficiency function. 

Reference 
[1] Isayama, A., et al., Proc. 22nd IAEA Fusion Energy Conf. (2008); Nucl. Fusion 49,

055006 (2009).
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6.5 Fitting of the Modified Rutherford Equation: a Comparison between 

ASDEX Upgrade and JT-60 Results [1]

L. Urso1), H. Zohm1), R. Fischer1), A. Isayama, Y. Kamada,  

the ASDEX Upgrade team and the JT-60 team

1) Max-Planck-Institut für Plasmaphysik, EURATOM-Association, Garching, Germany 

Evolution of magnetic island associated with NTMs is described by the modified 

Rutherford equation (MRE). Since the MRE contains undetermined coefficients for the 

contribution from different physics such as the effect of bootstrap, the 

Glasser-Greene-Johnson (GGJ) effect. Determination of the range of the coefficients is 

important to predict the behavior of NTMs in ITER and establish scenarios for NTM controls. 

Although fitting of experimental data with the MRE and simulation of NTM stabilization 

were previously performed independently in JT-60U and ASDEX-U, the form of the MRE 

was not identical.  

To understand the NTM physics in a wider parameter range, comparison of the 

coefficients between ASDEX-U and JT-60U for an m/n=3/2 NTM was performed by using 

the same form of the MRE and the same analysis method. The MRE used in this comparison 

is as follows: �s / rs (dW / dt) = rs�' + csat (rs�'BS + rs�'GGJ). Here, �s, rs and �' are the resistive 

timescale, minor radius at the mode rational surface and the tearing parameter, respectively. 

�'BS and �'GGJ stand for contribution from bootstrap current and the GGJ effect, respectively, 

and they are evaluated by using parameters at the mode rational surface. The coefficients csat

can be estimated by evaluating the full island width at the mode saturation (dW/dt = 0), i.e., 

csat =�' / (�'BS +�'GGJ). The plasma parameters in JT-60U are as follows: the plasma current 

Ip = 1.5 MA, toroidal field Bt = 3.7 T, major radius R = 3.24 m, minor radius a = 0.76 m, 

safety factor at 95% flux surface q95 = 3.8 and normalized beta at NTM saturation �N
sat ~ 1.5,

and those in ASDEX-U are Ip = 0.8 MA, Bt = 2.2 T, R = 1.65 m, a = 0.49 m, q95 = 4.5 and �N
sat

~ 2. From the comparison, it was found that the value of csat is about unity while the plasma 

parameters are quite different in JT-60U and ASDEX-U. 

Reference 
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6.6 Triton Burn-up Experiment using Newly Developed Neutron Profile Measurement 
System 

K. Shinohara, K. Ishii1), T. Okuji1), M. Ishikawa,  
M. Baba1), M. Sasao1), M. Isobe2)

1) Tohoku University, 2) National Institute for Fusion Science 

1. Introduction 
Tritons with energy of 1.0 MeV are produced in the D + D -> p + T reaction at 

approximately the same rate as the DD neutrons with energy of 2.5 MeV from the D + D -> n 
+ 3He reaction. The study of the behavior of 1 MeV tritons can contribute to predicting the 
behavior of D-T-produced 3.5 MeV alphas, because 1 MeV tritons and 3.5 MeV alphas have 
similar Larmor radii. As the 1 MeV triton slows down into the peak of the DT fusion reaction 
cross-section, it may undergo a DT fusion reaction, D + T -> ��+ n, emitting a 14 MeV 
neutron, DT neutrons. Thus, we can investigate the triton behavior by measuring DT neutrons. 
Additionally, DD neutron gives us the information of DD reaction, namely the source of 
tritons. Thus, the simultaneous measurement of DD neutrons and DT neutrons is effective for 
the analysis of triton behavior. 

In the previous study[1], 14 MeV neutron detector based on scintillating fibers was used. 
The detector consists of an array of scintillating fibers, coupled to a magnetic-resistant 
phototube with a high current output base, enabling count rates up to 100 MHz. This system 
had excellent time resolution, but crude spatial resolution. The system observed almost whole 
plasma. This system was only sensitive to neutrons with energy of about 14 MeV. Another 
measurement using different sight line was required for the DD neutrons of 2.5 MeV.  

We have developed a new neutron profile measurement system with 7 chords in order 
to investigate both DT neutrons and DD neutrons using the 
same sight lines (Fig. 1). The system is based on the 
stilbene crystal detector and the fast Flash-ADC 
(analog-to-digital converter). In this paper, the new neutron 
profile measurement system is introduced and the 
preliminary results of triton burn-up measurements using 
this new system is described. 

2. Newly developed neutron profile measurement 
system 

The neutron profile monitor system to measure DD  
Fig. 1. Plasma configuration for 
triton burn-up experiment and the 
sight lines of neutron profile 
measurement system.�
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neutrons was installed in 2000, and produced fruitful 
results[2]. The stilbene detector adopted in this 
system is sensitive to not only neutrons but also 
gamma rays. Thus, neutron-gamma (n-�) pulse shape 
discrimination is required. In the original system, 
built-in analog discrimination circuit was used. This 
analog circuit limited the maximum count rate below 
~1x105 counts/s. This limitation defined the 
operational window of the system. Namely, the 
system could not cover a wide range of count rates 
which was indispensable for research of high 
performance plasma, including triton burn-up 
experiments. To increase the count rate, a digital signal 
processing method was developed[3,4]. In this method, 
anode signal of phototube coupled to the stilbene 
detector is directly fed into the Flash-ADC with the 
sampling rate of 200 MHz. Against the digitized 
signals, the n-� discrimination is carried out as a 
post-process in a personal computer with a software 
using an analogy of a charge comparison method. The 
neutron and � signals are discriminated by the 
difference of the decay time of each single pulse. In the

charge comparison method, pulse is integrated for two 
different time intervals (�tF and �tS as shown in Fig. 2) and 
the time scale of pulse is evaluated using these integrated 
areas of QF and QS. A typical result of n-� discrimination 
is shown in Fig. 3 as the two dimensional plot for pulse 
height vs pulse shape parameter using QF and QS. After 
the n-� discrimination, the DD neutrons and DT neutrons 
are discriminated using the pulse height. This method 
successfully achieved the counting rate higher than 1x105

counts/s and also observation of DT neutrons. As shown in 
Fig. 4, we can measure the temporal evolution of � rays, 
DD neutrons, and DT neutrons in the same sight line. 
Using this method, it has become possible that the time resolved line-integrated profile 
measurement of � rays, DD neutrons, and DT neutrons[5]. 

Fig. 2 Waveforms of pulses induced by 
neutron and gamma. And definission of 
�tF and �tS�

Fig. 3. Two dimensional plot for pulse 
height vs pulse shape parameter. Pulses 
enclosed by solid curve come from 
neutrons.�

Fig. 4. Measured temporal evolution 
of emission of � rays, DD neutrons, 
DT neutrons in a sight line.�

JAEA-Review 2009-045

－ 77 －



3. Preliminary results of triton burn-up measurements using the new system 
The experiments are carried out based on the discharge for the neoclassical tearing 

mode (NTM) study. For ease of analysis, intense NB was injected as a single pulse. NB was 
turned off before NTM appearance and there are small MHD activities. Experiments were 
carried out in Bt= 3.56 – 3.98T and Ip= 1.5-1.9MA. Figure 5 shows plasma parameters for a 
discharge in which PNBs were injected with 20 MW and Bt/Ip= 3.56 T/1.5 MA. ITB is 
formed for both ion and electron just after intense NB injection. The total neutron emission 
rate measured by fission chamber (FC) reaches 7 x 1015 s-1. The plasma configuration and 
sight lines of new profile measurement system are depicted in Fig. 1. The contour 
corresponds to the volume normalized �. The chord 1 goes through � ~0.1 and the chord 6 
goes through � ~0.8 at the most inner path. Figure 6 shows the temporal evolution of DD 
neutron emission and DT neutron emission. The count rate of DT neutron is small, a few 103

cps. It is necessary to apply longer counting time interval to raise statistical precision. Thus, 
the 100 ms averaged value is shown in Fig. 6.  

Although the temporal evolution of DD neutron emission is similar to that measured 
by FC, the difference, which is expected to come from the fast deuterons profile, was 
observed. We can observe that the start of the increase of DT neutron emission delayed, 
compared with the start of the increase of DD neutron emission. This is considered to imply 
the accumulation of tritons. The accumulation process informs the transport of tritons. The 
decay phase also gives the 
information of the transport of 
tritons. We can observe the 
decay of DT neutron with three 
time phases, which are 
indicated as I, II, and III in 
Fig.6. First phase might be 
effect of decay of fast deuteron. 
Interestingly, the plateau phase 
is observed, however, we do 
not have an idea what causes 
this plateau phase at present. 
The time scale of the decay is 
1/2 – 1/3 of that observed in the 
previous experiments[1]. The 
differences are in a plasma 
current, a plasma configuration, 
and the first wall shape. In the 

Fig. 5. Waveforms of plasma parameters. (a) plasma current and 
Power of NB, (b) total neutron emission rate measured by fission 
chamber and line averaged density measured by FIR 
interferometer, (c) electron density measured by YAG laser 
Thomson scattering system, (d) ion temperature measured by 
charge exchange recombination spectroscopy, (e) electron 
temperature measured by electron cyclotron emission.�
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previous experiments, the plasma configuration is highly elongated, and the first wall shape is 
characterized by the open divertor, namely no baffle structure. These might affect the 
confinement of the fast ions with a large Larmor radius. We are planning to make the analysis 
tools which evaluate the classical triton transport, considering the finite orbit size of fast ions 
by extending OFMC code for the further analysis. 

References 
[1] Nishitani T., Hoek M., Harano H., Isobe M., Tobita K., Kusama Y., Wurden G. A., and 

Chrien R. E., Plasma Phys. Control. Fusion 38, 355 (1996). 
[2] Ishikawa M., Nishitani T., Morioka A., et. al., Rev. Sci. Instrum. 73, 4237 (2002). 
[3] Ishikawa M., Itoga T., Okuji T., et. al., Rev. Sci. Instrum. 77, 10E706 (2006). 
[4] Itoga T., Ishikawa M., Baba M., et. al., Radiat. Prot. Dosimetry 126, 380 (2007). 
[5] Shinohara K., Okuji T., Ishikawa M., Baba M., Itoga T., Rev. Sci. Instrum. 79, 10E509 

(2008). 

Fig.6 Temporal evolution of DD neutron emission (dashed curve, 
right axis) and DT neutron emission (solid curve, left axis) for 7 
chords depicted in Fig.1. The right axis is for DD neutron, the left axis 
for DT neutron. Three different decay phase I, II, III were observed.�
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6.7 Study of Ion Cyclotron Emissions due to DD Fusion Product Ions on JT-60U  

M.Ichimura1), M.Katano1), Y.Yamaguchi1), S.Sato1), Y.Motegi1), H.Muro1), T.Ouchi1),

S.Moriyama, M.Ishikawa, K.Shinohara, Y.Sakamoto, A.Kojima, T.Kobayashi, T.Watanabe2)

1) Plasma Research Center, University of Tsukuba 
2) National Institute for Fusion Science 

1. Introduction 
In high-beta plasma experiments, fluctuations in the ion cyclotron range of frequency 

(ICRF) have been observed due to the anisotropy of energy distribution and the presence of 
non-thermal ion components. The Alfvén-ion-cyclotron (AIC) mode is one of the typical 
micro-instabilities excited in the mirror plasmas with the strong temperature anisotropy [1-3]. 
On the other hand, ion cyclotron emissions (ICEs), of which frequencies are the ion cyclotron 
frequency and its higher harmonics for the magnetic field strength of the outermost magnetic 
surface at the outer plasma edge, have been reported in a decade from 1990 on JET, TFTR 
and JT-60U [4-8]. The high-energy fusion-product (FP) ions are trapped in the local mirror 
configuration and undergo large excursion orbits from the plasma center to the plasma edge. 
Such high-energy FP-ions form the non-thermal ion distribution near the plasma edge. The 
excitation of the fast Alfvén waves is considered to be the most probable origin of ICEs due to 
FP-ions [5]. On the neutral-beam (NB) injection heated deuterium (D) plasmas in JT-60U, 
ICEs due to injected D-ions and FP 3He and T-ions 
have been analyzed by using ICRF antennas as 
pickup loops [9].  

The main motivation of this work is to study 
spontaneously excited waves in ICRF and the basic 
physics in the magnetically confined plasmas with 
non-thermal energy distribution. Recently, ICE due 
to FP P-ions is also identified. To use ICEs as a 
significant diagnostic tool for fusion reactions, it is 
necessary to understand the precise mechanism of 
the wave excitation 

2. Experimental Setup 
Conventional positive-ion based neutral beams 

(P-NBs), of which energy is 80 keV, and 
negative-ion based neutral beams (N-NBs), of 
which energy is 300 keV, are normally used for the 
high performance D-plasma operation on JT-60U 
[10]. Deuterium-deuterium (DD) fusion neutrons 
are detected and confirm the realization of DD 
fusion reactions and production of DD FP-3He, T 
and P-ions. Two ICRF antennas installed on the 
outer midplane of the vacuum vessel are used as 
pickup loops for detecting electrostatic and/or 

�
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Fig.1 Schematic drawing of ICRF antenna: 
four current loops are arrayed in two 
columns and two rows. Schematic drawing 
of loops for electromagnetic and 
electrostatic coupling schemes is indicated 
including the flow direction of induced 
current for the electromagnetic coupling 
and induced voltage for the electrostatic 
coupling.
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electromagnetic fluctuations. Two straps (separated with 0.44 m in the toroidal direction) are 
arrayed in each ICRF antenna. Straps are grounded at the center and both ends of each strap 
are connected to the output of rf generators through the vacuum feed-through, the matching 
components and the transmission lines. Then, four loops in two columns and two rows are set 
for each ICRF antenna as shown in Fig.1. The width of each strap is 0.19 m. Single layer 
Faraday shield is used and a good coupling for the rf field is expected electro-statically and/or 
electro-magnetically. The current in both loops on each strap induced by the time derivative of 
the magnetic field component has the opposite sign because of their opposite loop direction. 
On the other hand, electric potentials are detected when the plasma and antenna couples 
electro-statically. The voltage signals on both loops due to the electric field component have 
the same sign as indicated in the figure. Two sets of ICRF antennas, which are installed with 
the distance of 1.67 m in the toroidal direction, are used in this experiment and the toroidal 
wave number can be evaluated due to the small pitch angle of the toroidal magnetic field line.  

3. Observations of ICEs due to 3He and T-ions 
By using ICRF antennas as pickup loops, the electromagnetic fluctuations have been 

clearly detected and their toroidal structures have been evaluated from the phase differences 
between two antenna straps arrayed in the toroidal direction. Figure 2 shows the temporal 
evolution of (a) NB powers and (b) plasma parameters (line averaged density and diamagnetic 
signal). A typical intensity plot of the temporal evolution of the frequency spectrum is 
indicated in Fig.2(c). The temporal evolution of the amplitude of each frequency peak and the 
signal of fusion neutrons are also indicated in 
Fig.2(d). Two sharp peaks, of which 
frequencies are corresponding to the 2nd 
harmonic cyclotron frequency of 3He-ions, 
ICE(3He), and a fundamental cyclotron 
frequency of T-ions, ICE(T), near the outer 
plasma edge, are clearly observed. The 
relatively broad peaks are ICEs due to injected 
D-ions, ICE(D). The amplitude of the second 
harmonic ICE(3He) becomes weak when the 
density and the signal of fusion neutrons start 
to increase and becomes strong again at the end 
of the discharge. The amplitude of ICE(T) is 
almost proportional to the signal of fusion 
neutrons. As shown in Fig.2(a), several 
break-downs occur on N-NB and the signal of 
fusion neutrons follows the N-NB power and 
also ICE(T) has quick response to the N-NB 
power.  

The wave numbers of both excited waves 
are determined from the measurement of phase 
differences among three different antenna 
straps in the same discharge and those of the 
second harmonic ICE(3He) and the 
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fundamental ICE(T) in this discharge are 
determined to be around 4 and 8 m-1,
respectively. 

Recently, ICE due to P-ions, ICE(P), is 
identified in relatively high density plasmas as 
shown in Fig.3. In the discharge, the magnetic 
field strength at the outermost magnetic surface 
of the outer plasma edge is 1.82 T and the 
fundamental cyclotron frequency of D-ions is 
13.9 MHz. The second harmonic ICE(D) is 
detected as the broad frequency peak near 28 
MHz. Higher harmonic ICEs(D) are sometimes 
observed as such broad frequency peaks. A 
relatively sharp peak is observed just below the 
second harmonic ICE(D). ICEs due to FP-ions 
are always excited with the sharp frequency peaks in comparison with ICE(D). The observed 
frequencies of ICE(D) are just on the cyclotron frequency and higher harmonic frequencies at 
the plasma edge. On the other hand, the frequencies of ICE due to FP-ions are always detected 
as lower frequencies at the plasma edge as mentioned in reference 11. Most obvious difference 
between ICEs(D) and ICEs due to FP-ion is the wave number in the toroidal direction [9]. 
ICEs due to FP-ions have finite wave numbers and can propagate in the toroidal direction. It is 
confirmed the sharp peak just below the second harmonic ICE(D) has a finite wave number in 
the toroidal direction and is identified as ICE(P). In the figure, the second harmonic ICE(3He) 
is also observed from 15 s, where the density becomes lower than the former duration from 5 s 
to 13 s. 

4. Discussions  
In the previous section, experimental observations related to ICEs on JT-60U are 

presented. In this section, the characteristics and interpretation of FP-ICEs in DD fusion 
plasmas on JT-60U are discussed. In the previous manuscript [9], the obvious difference 
between ICEs due to FP-ions and ICEs(D) is described to be that of the toroidal wave 
numbers. The excitation of obliquely propagating fast Alfvén waves (magneto-acoustic 
waves) is the possible mechanism for ICE(3He) [5]. The dispersion relation of the fast Alfvén 
waves in D-plasmas with minority 3He-ions is shown in Fig.4(a). Here, the simple dispersion 
relation of two ion components with Maxwellian distributions is solved. The realistic 
dispersion relation including the distribution of energetic FP-ions and quantitative evaluations 
for the experimental observations are under investigation. Branches of ion-Bernstein waves 
due to 3He-ions intersect with a branch of fast Alfvén wave in D-plasma.  

As measured in the same discharge shown in Fig.2, the toroidal wave number of ICE(T) 
is larger than that of the second harmonic ICE(3He). This experimental fact indicates ICE(T) 
is no longer on the same branch of the fast Alfvén wave and ICE(T) may be on the branch of 
slow Alfvén wave as indicated in Fig.4(a). The dispersion relation of the slow Alfvén waves 
in D-plasmas with minority T-ions is shown in Fig.4(b). A new cut-off and a new hybrid 
resonance appear near the cyclotron frequency of T-ions. As also pointed out in the previous 
report [9], the frequency of ICE(T) is much lower than the cyclotron frequency of T-ions near 
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the outermost magnetic surface at the outer plasma edge. It is consistent with the experimental 
observations that the frequency of ICE(T) is somewhat lower than the cyclotron frequency of 
T-ions as indicated in Fig.4(b). The slow Alfvén wave is well-known to be unstable due to the 
temperature anisotropy as in the case of AIC-modes. The slow wave branch can be unstable 
when the minority of T-ions with the temperature anisotropy is included in the calculation.  

5. Summary  
In this section, ion cyclotron emissions due to deuterium-deuterium fusion-product 3He, 

T and P-ions on JT-60U are described. The electromagnetic waves are measured by using ion 
cyclotron range of frequency antennas. The toroidal wave numbers are evaluated from the 
phase differences between two antenna straps arrayed in the toroidal direction. The excitation 
of the fast Alfvén waves (magneto-acoustic waves) for ICEs due to 3He and P-ions, ICE(3He) 
and ICE(P), is consistent with those in the previous JET and TFTR experiments. The density 
dependence of the excitation of ICE(3He) is obtained. The anisotropy of the FP T-ions at the 
outer plasma edge is suggested. 
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6.8  Study of Current Decay Time during Disruption in JT-60U Tokamak 

Y.Shibata1), M.Okamoto2), K.Y.Watanabe3), N.Ohno1) , A.Isayama, K.Kurihara, T.Nakano, 
N.Oyama, Y.Kawano, G.Matsunaga, S.Sakakibara3), M.Sugihara4), Y.Kamada  

and the JT-60 team 

1) Nagoya University, 2) Ishikawa National College of Technology, 3) National Institute for 
Fusion Science, 4) ITER Organization,  

1. Introduction 
In order to predict the electromagnetic force acting on in-vessel components during 

disruption, the precise estimation of plasma current decay time ���is important. The database 
for ITER [1] is established by using the � normalized by the plasma cross-sectional area S.
The area-normalized � is derived from the L/R model based on a simple series circuit of the 
plasma resistance Rp and inductance Lp, where�� can be described by Lp/Rp. In this model, the 
area-normalized � can be represented by (Lp/2�R0)/�p, which has a weak dependence on the 
device size and a strong dependence on the electron temperature Te and effective charge Zeff.
Here, R0 and �p are the plasma major radius and resistivity, respectively. In the ITER 
database, the lower boundary on area-normalized �, which is taken as 1.7 ms/m2 [2], is used 
as the criterion value for design of ITER. The value is corresponding to Te ~ 5eV when Zeff =3 
is assumed. In order to verify the L/R model in the existing experimental devices, it is 
necessary to measure Te and Zeff of the plasma during disruption in the range from a few eV to 
tens of eV. However, in mid- and large size tokamak devices, it is difficult to measure the Te

at several eV by using conventional measurement systems with high time evolution. In 
DIII-D, Te and Zeff during the current quench have been estimated with collisional radiative 
analysis in recombining helium plasma [3, 4]. However, the systematic analysis of relation 
between the � and Te during current quench has not been reported yet. 

In this paper, we analyze the radiation induced disruptive plasma discharges with 
massive neon gas puffing in JT-60U, and Te profile during current quench is estimated by 
ECE diagnostic system and measurement of He I emission intensity ratios. We investigated 
the validity of the L/R model during the initial phase of current quench. The measurement of 
Te using ECE diagnostic system in a plasma core region is available during the initial phase of 
relatively slow current decay disruption with �/S = 5 ~ 40 ms/m2. In the edge region, Te can be 
measured by He I emission intensity ratios. In addition, the time evolution of plasma 
inductance during current quench is focused, and the relationship between � and Lp is 
evaluated. MHD equilibrium parameters are evaluated by CCS(Cauchy-Condition Surface) 
method [5] and MCCP (Maximum Correlation Coefficient Product) method[6] to estimate the 
Lp.

2. The evaluation method of the plasma inductance using CCS method 
Evaluation of the current decay time based on the circuit equation requires the plasma 
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inductance. The plasma inductance, Lp, is expressed as the following by the internal 
inductance, li, the major radius of plasma, R0, and the plasma minor radius, a, for torus 
plasmas,  

,iep LLL ��   (1)              ,
2

),28(ln i
00i

0
00e

lRL
a
RRL �� ���   (2)  

Here Le and Li are the external and internal plasma inductance, respectively. In this paper, li

and a are evaluated by the CCS method using the magnetic sensor signals. R0 is evaluated as 
the toroidal current centroid, Rj, which is evaluated by the MCCP method. In the MCCP 
method, the correlation between the magnetic sensor signal observed in experiment and that by the 
single filament current source virtually located in vacuum vessel is calculated, and the location of a 
virtual filament, which has the largest correlation with the experimental signals, is recognized as the 
center of the toroidal current centroid Rj.

3. Experimental Result 
The radiation-induced disruption experiment by massive neon gas puffing was carried 

out in order to investigate the mechanism of current decay time. After neon gas puffing, the 
current quench with a rapid increase of en  was observed. In this study, 9 disruptive plasma 
shots were analyzed. Typical parameters just before the current quench are as follows: the 
safety factor of plasma surface qsurf, varies in the range 5-10, toroidal magnetic field strength 
Bt, is in the range 1.5-3.8 T. The plasma volume and the major radius are maintained almost 
constant, 58 m3 and 3.22 m, respectively. We focus on the current decay during the initial 
phase of the current quench shown by the region enclosed by dotted line in figure 1, where Ip

drops by 10%, because the measurement of Te using ECE diagnostic system in plasma core 
region is available. In the edge region, Te can be estimated by He I emission intensity ratio. 
Figure 1 shows the time evolution of Ip, Te by ECE and Te by He I line intensity ratios during 
the current quench. In figure 1, thermal quench occurs at 12.089 sec and current quench starts 
at 12.092 sec. After the thermal quench occurs, the plasma current has a peak, which is a 
typical behaviour of the disruptive discharge. It is 
found in figure 1(b) that Te profile becomes flat 
just after thermal quench occurs, and then returns 
to a peaked profile in the initial phase at current 
quench. In this phase, Te in the core region is 
about 400 eV. Since the optical thickness is small 
at Te < 100 eV under the present experimental 
condition, the sensitivity of ECE diagnostic 
systems decreases and Te at normalized minor 
radius � > 0.4 cannot be measured by ECE 
diagnostic system. Then, the Te at edge region 
was obtained from the He I emission intensity 
ratio method. The He I emission intensity is 
measured from the outer diverter region though 
the edge region of � > 0.7. Figures 1(c) shows the 

Figure 1. The time evolution of (a)the 
plasma current Ip, (b)Te profile by using 
ECE diagnostic system, (c)electron 
temperature by using He I emission 
Intensity ratios.
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measured Te by using He I emission intensity ratio 
method. Since the He I emission intensity is the 
integrated value along the line of sight, it is difficult to 
identify the measurement position of Te estimated by He 
I emission intensity ratio. In our analysis, the 
measurement position is assumed to be � = 0.7 because 
He I emission intensity could be strong around � = 0.7, 
which is the nearest position from the plasma center to 
the line of sight. Figure 2 shows the Te profile measured 
with ECE diagnostic and He I emission intensity ratios 
method at t = 12.094 sec. The Te at � = 0.4 - 0.7 and 0.7 
- 1 is interpolated by a linear function. The ionic fraction 
of neon calculated by Arnaud and Rohtenflug [7] was 
used to estimate the Zeff. Plasma resistivity �p is also 
calculated by classical Spitzer formula with the 
calculated Zeff. In order to investigate the relation 
between area-normalized � and plasma resistivity, the 
area-averaged �p is calculated. The relation between 
area-normalized � and area-averaged �p is shown in 
figure 3. Here the experimental current decay time 
during the initial phase of current quench, �100-90%, is 
defined by the following equation, 
              ),/( p0p%90100 tII ���

�

�  (3)
where Ip0 is the plasma current at the maximum of the 
plasma current after the thermal quench, � Ip is 10% of 
the Ip0, and t�  is the time interval between Ip0 and 

�9.0 Ip0. It is clearly found from figure 3 that �
�������

/S
obtained in the experiments has a very weak dependence 
of �p. This result suggests that the L/R model cannot be 
applied to this dataset. One major reason is that Lp

changes in time during the initial phase of the current 
quench. 

We apply the CCS method using magnetic sensor 
signals to evaluate the temporal evolution of plasma 
inductance and plasma shape. Figure 4 shows the time 
evolution of the plasma inductance, the poloidal 
cross-section area and the major radius of the plasma current center, which are evaluated by 
the CCS and MCCP method. Figure 4(d) shows that R0 is constant and S changes a little in the 
initial phase of current quench. As shown in figure 4(b), the current profile could be flat at 
thermal quench because li decreases rapidly around t = 12.089 sec. After that, the current 
density profile could be peaked because li increases. Li and Le are calculated by eq. (2) in 
figure 4(c). It should be noted that time derivative of Li is much larger than that of Le and time 

Figure 4. The time evolution of (a) the 
plasma current, (b)the internal 
inductance, (c)the plasma internal and 
external inductance, (d)plasma 
cross-section and major radius 
evaluated by CCS method .
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derivative of Lp is mainly determined by that of Li. Figure 5 shows the time averaged value of 
Rp, Lp and time derivative of Lp ,which is denoted by �Lp/2� t, in the initial phase of current 
quench as a function of inverse of the current decay time �100-90%. The Rp and Lp are calculated 
by Rp = 2�R0�p/S and Lp = Li + Le, respectively. It is found that the time derivative of Lp is 
about 10 times as large as Rp in the small region of �100-90%. The time derivative of Lp

increases dramatically with an inverse of the �100-90%. The fact suggests that the time 
derivative of Lp should be taken into account in the circuit equation in order to accurately 
predict the current decay time in the initial phase of current quench. When the time derivative 
of Lp cannot be neglected, an improved model of current decay time[8], �L/(R+dL/dt), can be 
represented by

,
2/ pp

p
dL/dt)L/(R RtL

L
���

�
�

�  (4) 

Figure 6 shows a plot of �L/R and �L/(R+dL/dt) as a 
function of �100-90%. As shown in figure 6, although 
�L/R is about 10 times as large as the �100-90% in the 
shorter decay time region (the area-normalized 
current decay time �

�������
�S���10ms/m2), �L/(R+dL/dt) is 

considerably consistent with the �100-90%. The time 
evolution of Lp is almost determined by the derivative 
of Li. The above result indicates that the time 
derivative of the plasma internal inductance 
associated with current profile plays a key role to 
predict the precise current decay time during initial 
phase of current quench in the JT-60U radiation 
induced disruptive plasmas.  
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Figure 6. The comparison of the 
experimental value and predicted 
current decay time by improved 
model in initial phase of current 
quench.

Figure 5. The plasma resistance Rp,
the plasma inductance Lp and the 
time derivative of the plasma 
inductance as a function of current 
decay time.
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7 Plasma Control and Heating/Current Drive Physics 
7.1 Integrated Plasma Control using Real-Time Measurements and Control Systems 

M. Yoshida, Y. Sakamoto, M. Sueoka, Y. Kawamata, N. Oyama, T. Suzuki, Y. Kamada,  
and the JT-60 Team 

1. Introduction 
A major target of the large tokamak research is to sustain high beta plasmas with high 

bootstrap current fraction (fBS) in steady state. In such high performance plasmas, pressure, 
rotation and current profiles play critical roles in determining transport and MHD stability 
interacting with each other. Therefore, development of real-time control systems for these 
parameters is essentially important in sustaining the high performance plasmas. Toward the 
steady-state operation with high � and high thermal energy confinement, the real-time 
measurement and feedback control systems have been developed. 

For the real-time measurements of the ion temperature (Ti) and the toroidal rotation 
velocity (Vt) profiles, development of a new charge exchange recombination spectroscopy 
(CXRS) system was needed. Concerning the logic for Ti control, an integral term is newly 
installed in addition to the proportional and differential terms, and the proportional gain has 
been improved to be a function of plasma parameters such as Ti in order to treat temperature 
dependence of thermal conductivity. Using the real-time CXRS system and the feedback 
control logic, real-time controls of the Ti gradient at high beta plasmas (�N~1.6-2.8) and Vt in 
ELMy H-mode plasmas have been demonstrated. In addition, real-time control of pressure 
gradient has been performed in high fBS reversed magnetic shear plasmas. �

2. Control Schemes 
The schematic diagram of the feedback system and the off-line system is shown in 

Fig. 1. For the purpose of real-time measurement and feedback control of Ti and Vt, the fast 
CXRS system has been developed [1]. The charge-coupled device (CCD) is controlled by 
windows XP acquisition software. The CXR spectra from JT-60U plasma are measured, and 
then Ti and Vt are calculated by the real-time analysis in the windows PC. The calculated Ti

and Vt are sent to the JT-60 plasma control system via a reflective memory network for fast 
real-time communication, and the NB heating power is controlled by the JT-60 plasma 
control system so that the measured value agrees with the reference one. The control interval 
for the NB system is 10 ms. The 30-channel data are also analyzed with Gaussian 
curve-fitting in off-line system after the discharge, and the calculated Ti and Vt are transferred 
to the JT-60U database [2]. The difference in Ti between two spatial positions is defined as Td

in keV in this report.
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Concerning the Td feedback control, the number of NB units for feedback control (U)
is determined as, 

U core
�Uoffset

core
� GP

core
�Td (t) � GD

core �Td (t) ��Td (t ��t)
�t

� GI
core

�Td (t)� �t  ,  (1) 

U edge
�Uoffset

edge
� GP

edge
�Td (t) � GD

edge �Td (t) ��Td (t ��t)
�t

� GI
edge

�Td (t)� �t  , (2) 

where Uoffset, GP, GD, GI and �Td in keV represent the offset in the number of NB units, 
proportional gain, differential gain, integral gain and the difference between the reference 
value of Td (Td

ref) and the observed one (Td
obs), i.e. �Td = Td

ref – Td
obs, respectively. The cycle 

time of the real-time feedback (�t) is 10 ms. The superscripts of “core” and “edge” mean the 
core (on-axis) and edge (off-axis) NB heating units, respectively. The second term of the 
equations determines the response (the number of NB units) to the current error from the 
reference value. The third term determines the response to the rate at which the error has been 
changing. The fourth term determines the response based on the sum of recent errors. 

Prior to the feedback control 
experiment of Td, the target range of 
Td from the power scan is 
investigated. In order to form a 
strong ITB, we carried out the 
experiment at low density 
(ne~1.8-2.2 � 1019 m-3 at r/a~0.2)
and high toroidal magnetic field 
(IP=1 MA, BT=3.0 T). The relation 
between the achievable Td and the 
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proportional gain (GP) on Ti at r/a~0.3 (Ti core). 

Fig. 1. Schematic diagram of the feedback system.  
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number of NB units in the strong ITB plasma is shown in Fig. 2(a). The slope (Td/NB unit) 
significantly increases from 4 units of NBs in spite of the fact that the electron density 
increases with increasing the number of NB units. This means the ITB becomes stronger. 
Roughly speaking, because the horizontal axis implies the heat flux (Q), the slope means the 
inverse of the ion heat diffusivity (�i) from the power balance for steady states Q= – �i ni

�(Ti). The slope indicates the proportional gain as mentioned above, therefore, the slope (GP)
means the quality of energy confinement, and the energy confinement could change with Ti

and density and so on. As shown in Fig. 2(b), we found that the slope can be well described as 
a function of Ti at r/a~0.3 (Ti core) for each data point in Fig. 2(a). From this data, we 
introduced the functional form of GP as GP(1+A Ti core

B), where GP, A, and B are the time 
constant values and fitted as 0.124, 48.5 and –0.878, respectively. 

3. Ion temperature gradient control in high beta positive shear plasmas 
A result of feedback control 

experiment (IP=1 MA, BT=3.5 T) is 
illustrated in Fig. 3. The feedback control 
starts at t=5.0 s, and the reference value of 
the Td (dashed line in Fig. 3(a)) was 
pre-programmed to be in the range from 3 to 
5 keV at the measurement positions between 
r/a=0.3 and 0.55. While the toroidal 
magnetic field is increased about 17%, we 
use the proportional gain shown in Fig. 2(b) 
(GP(1+A Ti core

B), GP=0.124, A=48.5 and 
B=–0.878). The values of GD and GI are set 
at zero to examine the effect of the 
proportional gain alone. The Td

obs (solid line 
in Fig. 3(a)) follows to Td

ref within the error 
1/GP (hatched region in Fig. 3(a)). Through 
the discharge, GP varies from ~1.8 to ~1.1 
according to the change in Ti at the core 
region (r/a=0.3) as shown in Fig. 3(b). Waveform of NB power is shown in Fig. 3(c). 
Moreover, the real-time control of Vt has been demonstrated from counter to co-direction. 
Then the ELM behavior changed by controlling the Vt [1]. 

4. Ion pressure gradient control in high fBS reversed shear plasmas with low q95

High fBS plasmas are characterized as a self-regulating system or a self-organized 
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system, where the linkage between 
pressure and current profiles are 
strengthened. Therefore development of 
simultaneous feedback control scheme 
of pressure and current profiles is 
important for the steady sustainment of 
high fBS plasmas. Although the 
real-time measurement of pressure 
profile is unavailable at present, it is 
confirmed that the product of nel�Td is 
applicable to the indicator of pressure 
gradient at the ITB. Here nel is the 
line-integrated electron density, and Td

is the difference in Ti between r/a~0.5 
and 0.7 (CXRS 18ch and 24ch). Then 
we improved the control logic: “�Td =
Td

ref – Td
obs” in equations (1) and (2) is 

replaced by “�Td = (nel�Td)ref – (nel�Td)obs”. In addition, control of current profile is set to keep 
qmin constant [3]. The simultaneous control of pressure and current profiles has been 
attempted in the experiment for the reversed shear plasma above no-wall beta limit 
(IP=0.85 MA, BT=2.35 T, q95~5.3, fBS>70%). Figure 4(a) shows the waveforms of the 
measured nel�Td, and the reference (GP=0.7, GD=0.03, GI=1 and Uoffset=3). The feedback 
control starts at t=5.0 s. The reference of nel�Td is proportionally increased from 30 to 35 (1019

m-2 keV) during t=5-5.5 s and increased from 35 to 65 (1019 m-2 keV) during t=5.5-6 s. The 
plasma disrupted at t=6.0 s due to destabilization of RWM. In order to avoid the disruption, 
the slop of the reference of nel�Td is decreased as shown by dashed line in Fig. 4(b). We also 
optimized the control gains as GP=0.233, GD=0.01 and GI=0.333. The measured nel�Td follows 
the reference without disruption and was kept constant from t=6.5 s to 7.0 s. However, we 
could not demonstrate the current profile control simultaneously because LH conditioning and 
optimization of plasma configuration were not enough to achieve good coupling conditions, 
as shown in Fig. 4(c) where the inter-lock of LH system works due to large reflected power.  
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7.2 Simultaneous Real-time Control of Current and Pressure Profiles 

T. Suzuki, M. Yoshida, M. Sueoka, H. Hosoyama, Y. Kawamata 

N. Oyama, A. Isayama, and Y. Kamada 

1. Introduction 
From the start of operation, JT-60U developed various real-time control systems in 

order to achieve and sustain high performance plasma, e.g. feedback control of stored energy 
using NB heating. Recently, real-time control systems controlling spatial profiles of 
current [1] or pressure [2] were realized and demonstrated, separately. It is well known that 
current profile, and its equivalent q profile, is essential to plasma confinement and stability. 
Especially rational-q surface having low-q is responsible to appearance of MHD instability 
(e.g. neoclassical tearing mode (NTM)) that limits attainable plasma pressure. From the 
viewpoint of avoiding such MHD instability, the minimum of the safety factor profile (qmin) is 
related to the existence of such rational-q surface having low-q, and hence, the real-time 
control of qmin was demonstrated [1]. Concerning to the pressure profile, pressure gradient at 
core region is essential parameter from the viewpoint of stability especially at the internal 
transport barrier (ITB) required for higher confinement. Since the temperature gradient is a 
part of the pressure gradient (�p = n�T + T�n), and since the ion temperature and its 
gradient are usually larger than those of electrons in neutral beam (NB) heated tokamaks, 
control of ion temperature gradient �Ti was demonstrated [2]. In this way, real-time controls 
of current profile and pressure profile were demonstrated, separately. However, since both of 
them in close cooperation with each other affect stability and confinement, simultaneous 
control is inevitable to explore optimized operation regime on current and pressure profiles 
for development and optimization of advanced tokamak (AT) operation scenarios in view of 
ITER and DEMO. Thus, here we have simultaneously applied the real-time control of qmin

and �Ti that are characterizing current and pressure profiles, respectively. In this 
simultaneous control, qmin and �Ti are controlled independently, where we assume that qmin

and �Ti weakly depend on each other in the controlled plasma. This assumption is discussed 
in the last section (Summary and Discussion). 

2. Control Schemes 
Safety factor profile is evaluated using motional Stark effect (MSE) diagnostics at 30 

spatial channels at 3 optical systems. One of the 3 optical systems having 17 spatial channels 
has the highest spatial resolution and accuracy (measurement points indicated as squares in 
Fig. 1). Eleven channels are used for real-time evaluation of safety factor profile in this 
experiment. The minimum of safety factor profile is calculated as the quadratic minimum of 
the 3 lowest q of the 11 channels. That is, q profile is adjusted to function q(�)=C(�
-��qmin)2+qmin and �=r/a by three parameters C, �qmin and qmin using the 3 lowest q data. If the 
parameter C is negative (qmin is not the minimum but the maximum), qmin is set to the lowest q 
of the 3 channels. This qmin is controlled by power of off-axis LHCD via PI controller in this 
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experiment. Since qmin is raised by an increase in off-axis 
LHCD current in the positive shear plasma, the LHCD 
power PLH is controlled according to the following 
equation:

PLH (t ) � PLH (t0 ) �GP
q
�qmin (t ) �GI

q
�qmin ( ��t )d ��t

t0

t
� , (1) 

where �qmin (t ) � qmin (t ) � qmin,ref (t ). 
Two constants of control GP

q  and GI
q  are the 

proportional and integral gains for qmin control, 
respectively. The control system including qmin evaluation 
works in 10 ms cycles. 

Ion temperature profile is evaluated using charge 
exchange recombination spectroscopy (CXRS) 
diagnostics at 30 spatial channels. The ion temperature at 
4 channels out of the 30 CXRS channels can be evaluated 
in real-time, and 2 of the 4 real-time Ti data are used for 
evaluation of �Ti. Instead of directly controlling the �Ti,
its equivalent quantity Td�-�Tidr is controlled, where dr 
is the distance between the two CXRS channels. This Td

is a difference of ion temperatures at the two CXRS 
channels. Since Ti is raised by an increase in the NB 
heating power, on-axis perpendicular NB heating is used as an actuator; see Fig. 1. This NB is 
injected almost perpendicular to the toroidal direction so that this NB has little effect in 
current drive. JT-60U has 4 units of this on-axis perpendicular NB. Since one of these 4 NBs 
is the diagnostic beam for CXRS diagnostics, the rest 3 NBs are allocated for control. The 
control system is a PID controller and the number of NB units (U) is calculated according to 
the following equation:  

U (t ) �U (t0 ) �GP
Td
�Td (t ) �GD

Td d
dt

�Td (t ) �GI
Td

�Td ( ��t )d ��t
t0

t
� , (2) 

where �Td (t ) � Td (t ) �Td ,ref (t )  in keV unit. Control constants GP
Td , GD

Td , GI
Td are the 

proportional, differential, and integral gains for Td control, respectively. The control system 
including the CXRS system works in 10 ms cycles. 

3. Experimental Results 
The two real-time control systems have been applied to a high-bp ELMy H-mode 

plasma at Ip=0.8 MA, Bt=2.2 T (q95=5.2). As shown in Fig. 1, a large volume plasma is used 
in order to obtain good coupling of LH waves to plasma. Magnetic axis is placed on 
diagnostic beam of MSE diagnostic in order to measure q profile in the whole plasma region. 
Diagnostic beam for CXRS is also placed as close to the magnetic axis. For Td control, we 
selected two CXRS channels at r/a~0.3 and r/a~0.57 indicated by filled circles as shown in 
Fig. 1. Hatched region in Fig. 1 indicates the region where the Td is controlled and where the 
on-axis perpendicular NBs deposit their power. During the Td control, power of NBs other 

Fig. 1 Configuration of plasma 
with NB trajectories. CXRS and 
MSE channels are shown in 
circles and squares, respectively. 
CXRS and MSE channels used for 
real-time control are indicated in 
filled circles and filled squares, 
respectively. The hatched region 
indicates the region where ion 
temperature gradient was 
controlled. 
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than these 3 on-axis perpendicular NBs are fixed as shown by base in Fig. 2 (c). Control gains 
are set to: GP

q =1 MW and GI
q =2 MW/s GP

Td =20units/keV, GD
Td =0 unit s/keV, GI

Td =10 
units/s keV (integration time of 0.5 s). Thus, both qmin and Td are controlled via PI controllers. 
Optimization of these control gains could not be performed due to limitation in machine time. 
The reference of qmin is set to 1.5. The reference of Td is set to 1 keV during t=7-9 s and is 
proportionally increased to 1.8 keV during t=9-10.5 s. The LH power and the number of NBs 
at the start of each control are PLH(5.5s)~0.8 MW and U(7s)=1 unit. Parallel refractive index 
N// of the LH waves is 1.9 at phase difference between adjacent antenna modules of 120o.

Figure 2 shows the waveforms of the discharge. Flattop of plasma current starts at 
t=5.4 s in this discharge. Injection of LH waves starts from t=5.0 s and the real-time control of 
qmin starts from t=5.5 s, where qmin is decreasing due to the current penetration just after the Ip 
ramp-up; see Fig. 2 (d). Since qmin is larger than its reference at t=5.5 s, LH power decreases 
due mainly to the integration term in the control equation (1). At t=6.2 s, since qmin becomes 
smaller than its reference, LH power starts increasing to raise qmin, although qmin continues 
decreasing until t~7.2 s. Then, after t=7.2 s, qmin starts increasing. Some part of this increase 
in qmin can be attributed to an increase in off-axis bootstrap current caused by an increased 
pressure gradient for Td control, as shown in Fig. 2 (b). Since the difference between qmin and 
its reference gradually decreases after t=7.2 s, LH power gradually decreases due mainly to 
decrease in proportional term, according to the control equation (1). Finally, qmin approached 
to its reference value (1.5) at t~10.3 s, as shown in Fig. 2 (d). 

Here, we examine the 
Td control that starts at t=7 s as 
shown in Fig. 2. Figure 2 (a) 
shows the measured Ti at two 
spatial channels located at 
r/a~0.3 and 0.57. Figure 2 (b) 
shows the corresponding Td

and its reference. Due to the Td

control, Td is maintained about 
1 keV during t=7-9 s by the 
control of on-axis NB heating 
power as shown in Fig. 2 (c), 
while Td is about 0.7 keV at 
the start of control. Although 
there is a small oscillation in 
Td about its reference value by 
less than ±0.1 keV, this is as 
expected from the choice of 
the proportional gain 
(1/ GP

Td =0.05 keV/unit) and 
~50 ms delay of NB injection 
system. During t=9-10.5 s, 

Fig. 2 Waveforms of discharge for simultaneous real-time 
control of Td (t=7-10.3 s) and qmin (t=5.5-11 s). (a) Ion 
temperature at two channels (ch1: r/a~0.3, ch4: r/a~0.57) used 
by real-time control. Ti measurement was terminated at t~10.3 s 
due to the stop of diagnostic NB due to interlock on temperature 
of NB facing tiles. (b) Difference of ion temperature Td (hatched 
in Fig. 2(a)) and its reference value (Td,ref). (c) total NB heating 
power controlling Td. Hatched part of the total NB power is the 
fixed base component. (d) qmin and its reference value (qmin,ref = 
1.5). (e) LHCD power controlling qmin.
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reference value of Td is raised from 1 
keV to 1.8 keV. According to this 
increase in Td,ref, Td increases by the 
increase in effective NB heating 
power as shown in Fig. 2 (c). This Td

control unexpectedly stopped at 
t~10.3s due to stop of the diagnostic 
NB for CXRS by interlock on 
NB-facing-tile temperature. 

Figure 3 (a) shows the ion 
temperature profiles at the start of 
control (t=7 s) and during control (t=8 
s and 10 s). ITB structure having steep 
pressure gradient is observed in r/a~0.3-0.5 at t=10 s (Td=1.5 keV, �Ti=5.5 keV/m along the 
direction of CXRS diagnostic NB), and is controlled by the system. Figure 3 (b) shows q 
profile during the control, where qmin locates at r/a~0.15 (MSE channel 11) as described in 
section 2. Although change in qmin is small, q at r/a~0.2-0.5 clearly increases due to the 
controlled LHCD and the increase in bootstrap current. The ACCOME calculations show that 
the LH driven current is 0.14 MA (~17 % of Ip) at t=8.0 s and that the bootstrap current 
increases by 0.05 MA from 0.21 MA (~26 %) at t=8.0 s to 0.26 MA (~32 %) at t=10.0 s. 

4. Summary and Discussion 
Here, simultaneous real-time control of current and pressure profiles has been 

demonstrated. The minimum of the safety factor profile representing current profile evaluated 
by MSE diagnostics has been controlled by the off-axis LHCD power. The difference in ion 
temperature at two spatial location measured by CXRS diagnostics has been controlled by the 
on-axis heating power. One of reasons of successful control by this system could be attributed 
to the fact that the actuators are almost orthogonal in their functions (heating, current drive, 
and momentum input), as schematically described in Fig. 4. Since the functions of 
perpendicular NB and LHRF are not strongly coupled, independent application of two 
controls worked fine without taking into account of non-orthogonal term in control matrix, e.g. 
heating effect of current driver. Another reason would be that self-regulations on pressure and 
current profiles through bootstrap current are not 
strong in this plasma. However, strong self-regulations 
are expected AT operation scenarios in ITER and 
DEMO so that control of such plasma must be studied 
and realized in JT-60SA in advance to ITER and 
DEMO.

References
[1] Suzuki, T., et al., Nucl. Fusion 48 (2008) 045002 
[2] Yoshida, M., et al., accepted for publication in  

Fusion Eng. Des. 

Fig. 4 Schematic image of function of 
actuators in this study. the functions of 
perpendicular NB and LHRF are not 
strongly coupled with each other. 

Fig. 3 (a) Ion temperature profile at t=7.0s, 8.0s, and 
10.0s. Two CXRS channels used by real-time control 
are shown by filled symbols. (b) Safety factor profile at 
t=7.0s, 9.0s, and 10.0s. Real-time control used 11 MSE 
channels in order to evaluate qmin.
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7.3 Particle Control Study in JT-60U towards Burning Plasma Control [1] 

H. Takenaga and the JT-60 Team 

Particle control study has been conducted in JT-60U to expand understanding of 
burning plasma controllability. In order to understand controllability of density profiles, 
mechanisms for regulating the density profile was investigated. The density peaking factor 
increased with decreasing the effective collisionality, which is consistent with ITG/TEM 
turbulence theory. This dependence indicates that a density profile in ITER should be peaked 
and also indicates that an increase in density reduces the density profile peakedness. Since 
fusion gain (QDT) significantly decreases with decrease of pressure profile peakedness [2], the 
reduction of the density profile peakedness associated with a density increase could modify 
the density dependence of QDT from the square of density. The evidence for existence of 
dependence of the density peaking factor on other parameters such as toroidal rotation, i.e. 
density peaking factor increased with counter-rotation, suggests possibility of density profile 
control in a fusion reactor. Tungsten impurity accumulation was observed with peaked 
density profiles, while light impurity accumulation was not observed even with peaked 
density profiles. Heavy impurity accumulation is one of the large concerns with peaked 
density profiles. In order to improve the controllability, supersonic molecular beam injection 
(SMBI) was installed in collaboration with CEA-Cadarache [3], which was expected as a 
faster response actuator for fuelling compared with gas-puffing. Confinement degraded with 
SMBI as well as gas-puffing, while it was kept constant with HFS shallow pellets, indicating 
flexible control using combined fuelling as accelerator and brake. Optimization of SMBI 
conditions to attain high confinement at high density is future issue for expanding the 
controllability of SMBI. The dynamic plasma-wall interaction experimentally observed was 
modeled using the 2-D divertor simulation code UEDGE. The simulations suggested that 
dynamic plasma-wall interaction makes the plasma responses to divertor pumping smaller and 
slower. By using the burning plasma simulation scheme [2], responses of burning plasmas to 
fuelling were investigated. It was demonstrated to reduce the simulated fusion gain for 
keeping the control margin with SMBI due to confinement degradation and flattening of 
pressure profile. In future, it is important to establish an effective particle control scenario 
using various fuelling methods and divertor pumping for burning plasma control considering 
the plasma responses highlighted in this study. 

Reference 
[1] Takenaga H. and the JT-60 Team, J. Nucl. Mater. 390-391 (2009) 869. 
[2] Takenaga H., et al., Nucl. Fusion 48 (2008) 035011. 
[3] Takenaga H., et al., Section 4.4 in this JAEA-Review.
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7.4 Demonstration of Real Time Control in Burning Plasma Simulation Experiments 

H. Takenaga, M. Yoshida, M. Sueoka, Y. Kawamata, Y. Miyo 

1. Introduction 
In tokamak plasmas, “self-regulating” system is spontaneously formed due to strong 

linkages among various plasma parameters such as density, temperature, current density and 
rotation even in a DD non-burning phase. In a DT burning phase, self-heating due to alpha 
particle heating induces a new linkage, where a heating profile is determined by the pressure 
profile and the pressure profile is affected by the heating profile, in addition to the above 
linkages. Consequently, degree of the self-regulating system becomes higher in DT burning 
plasmas than in present DD non-burning plasmas. Burn control has to be performed under 
these linkages involving various physics in a fusion reactor. A burning plasma simulation 
(BPS) scheme has been developed in JT-60U [1], in order to experimentally introduce in DD 
non-burning plasmas the linkage between pressure and heating profiles similar to the alpha 
particle heating in DT burning plasmas. In this report, burn controllability was investigated 
using external heating and fuelling with the BPS scheme. 

2. Analysis Results using 1.5D Transport Code 
Since density is one of a few controllable parameters for burn control in a fusion reactor, 

density dependence of the fusion gain (QDT) is discussed in this section based on the results 
calculated using the 1.5 dimension transport code TOPICS. In the TOPICS calculation, the 
plasma parameters similar to the ITER baseline scenario were used, i.e. a plasma current of 
Ip = 15 MA, a toroidal magnetic field of BT = 5.3 T, a major radius of R = 6.2 m and a minor 
radius of a = 2 m. The pressure profiles used in these analyses are shown in Fig. 1. A peaked 
profile shown by solid line in Fig. 1 was assumed with a ratio of p(r/a=0)/p(r/a=0.7) ~ 2.5. In 
order to investigate effect of the pressure profile, a more peaked profile with 
p(r/a=0)/p(r/a=0.7) ~ 5 was also used. Dependence of QDT on the density was calculated by 
assuming the fixed density and temperature profiles with constant ion temperature or constant 
confinement improvement factor over the IPB98(y,2) ELMy H-mode scaling (HH98(y,2)). The 
ratio of deuterium density to tritium density was assumed to be 1:1. The central ion 
temperature (Ti(0)) was assumed in the range of 10-25 keV, where the DT fusion reaction rate 
is almost proportional to square of Ti. The external heating power and the density range were 
assumed to be 40 MW and 0.8-1.2nGW. Here, nGW is the Greenwald density. 

In the case of the pressure profile at p(r/a=0)/p(r/a=0.7) ~ 2.5, the value of QDT varied 
as ~ n2 with a constant temperature as shown by solid lines in Fig. 2. In this figure, QDT is 
plotted as a function of volume averaged density normalized by the Greenwald density. The 
strong temperature dependence was observed in this Ti(0) range. When the density was 
increased with a constant HH98(y,2), the dependence of QDT on the density became weaker than 
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~ n2 as shown by dashed lines in Fig. 2. In 
the case with the more peaked pressure 
profile (p(r/a=0)/p(r/a=0.7) ~ 5), the value 
of QDT increased by 50-70% with the 
constant HH98(y,2) of 1.0 as shown by 
hatched region in Fig. 2. These results 
indicate that QDT strongly depends on not only the density but also confinement time and 
pressure profile due to Ti dependence of the DT fusion reaction rate. Therefore, it is important 
to incorporate the Ti dependence of the DT fusion reaction rate into the BPS scheme. 

3. Burning Plasma Simulation Scheme 
The BPS scheme has been developed using 2 groups of NBs, where one simulates alpha 

particle heating (P�) and the other simulates external heating (PEX), as shown in Fig. 3. 
JT-60U has 11 positive-ion-based NB units with the beam energy of 80-85 keV and the 
injection power of 2-2.2 MW/unit. In this scheme, the heating power for the simulation of 
alpha particle heating is changed stepwise, because NB power is controlled by the number of 
NB units. The control interval for the NB system is 10 ms and there is a delay time of 30 ms 
for the NB injection. The value of P� was 
calculated as ne

2f(Ti), where ne is a line 
averaged electron density and f is a 
function for consideration of Ti

dependence of the DT fusion reaction 
rate. Here, f is assumed to be proportional 
to Ti

2. The line averaged electron density 
used here was measured in real-time with 
CO2 laser interferometer with the 
tangential beam line passing through the 
central region. The central ion 
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temperature at r/a ~ 0.3 was also measured in real-time with the fast charge exchange 
recombination spectroscopy system [2]. The value of PEX was determined by pre-program or 
feedback (FB) control systems for stored energy (Wdia). Supersonic molecular beam injection 
(SMBI) [3] installed in collaboration with CEA-Cadarache and gas-puffing were used for 
fuelling. Feedback control of P� using gas-puffing was also installed into the scheme. 
Gas-puffing was used for reducing P� due to confinement degradation and flattening of the 
pressure profile rather than for increasing P� in according to the density dependence shown in 
Fig. 2. The simulated fusion gain was defined here as Qsim = 5P�/PEX.

4. Burn Control using External Heating 
The BPS experiments were first performed with the Wdia FB control in ELMy H-mode 

plasmas [4], where SMBI was used for investigation of fuelling effect. In the discharge 
without SMBI, Wdia was well controlled at a constant value by reducing PEX against the 
increase in P�. The value of Qsim increased from 3.7 to 40 with relatively small change in 
HH98(y,2) from 0.87 to 0.83 and pressure profile peaking factor � = p(r/a=0.2)/p(r/a=0.8) from 
8.5 to 9.8. SMBI decreased Qsim from 24 to 5.1 due to confinement degradation 
(HH98(y,2) = 0.89 to 0.72) and flattening of pressure profile (� = 9.1 to 7.9). 

Next, the BPS experiments were performed in reversed shear (RS) plasmas with Ip = 1 
MA and BT = 3.7 T. Figure 4 shows time evolution of the discharge, where the Wdia FB 
control was applied from t = 4.3 s and the BPS scheme was applied during t = 5.5-8 s. The 
Wdia was sustained at constant value even in the discharge with strong internal transport 
barrier, where the linkage becomes stronger. In the BPS phase, oscillation of PEX for keeping 
constant Wdia (constant ITB strength) seems to be large compared with that after t = 8 s due to 
stronger linkage induced by the BPS scheme. The value of Qsim varied from ~ 10 (t ~ 6.5 s) to 
~ 27 (t ~ 6.8 s) in this discharge. The oscillation of PEX in the BPS scheme also seems to be 
larger in RS plasmas than in ELMy H-mode plasmas. In the previous scheme, where the alpha 
particle heating power was proportional to the DD neutron yield rate, larger oscillation of PEX

was observed in the RS plasma compared with that in the ELMy H-mode plasma [5]. The 
analysis using the TOPICS code indicated that the larger oscillation of PEX in the RS plasma 
cannot be explained by the difference of the thermal diffusivity profiles or their temperature 
dependence. The quick change in the thermal diffusivity related to the change in the heating 
power could trigger the larger oscillation of PEX in the RS plasma. 

5. Burn Control using Gas-puffing 
Based on the confinement degradation and flattening of the pressure profile with 

fuelling, the P� FB control was developed using gas-puffing. In this FB control, the 
gas-puffing rate proportional to difference between reference and measurement of P��was 
applied. In ELMy H-mode plasmas with Ip = 1 MA and BT = 2.1 T, the P� FB control was 
demonstrated with constant PEX as shown in Fig. 5. Although time delay existed, P� was 
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decreased as reference due to confinement degradation and flattening of pressure profile 
induced by gas-puffing. Fast response actuator such as SMBI has to be developed for the FB 
control in future for improving the feedback control system.  

6. Summary 
The BPS scheme has been developed in JT-60U. The heating power for the simulation 

of alpha particle heating was calculated with consideration for temperature dependence of the 
DT fusion reaction rate using real-time measurements of density and ion temperature. In the 
BPS scheme, good controllability was demonstrated based on the FB control using external 
heating or gas-puffing. In future, it is important to demonstrate the flexible control by 
combining pellet injections (to keep confinement) and SMBI (to degrade confinement). 

References 
[1] Takenaga H., et al., Nucl. Fusion 48 (2008) 035011.  
[2] Yoshida M., et al., Section 7.1 in this JAEA-Review. 
[3] Takenaga H., et al., Section 4.4 in this JAEA-Review. 
[4] Takenaga H. and the JT-60 Team, J. Nucl. Mater. 390-391 (2009) 869. 
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7.5 Off-axis NBCD Measurement 

T. Suzuki, J. Hobirk 1), M. Murakami 2), J. M. Park 2), K. Shinohara, 

 T. Fujita, T. Oikawa, K. Hamamatsu, O. Naito 

1) Max Planck Institute for Plasma Physics, Garching, Germany 

2) Oak Ridge National Laboratory, Oak Ridge, U. S. A. 

1. Introduction and Background 
Neutral beam current drive (NBCD) is an important tool not only to sustain plasma 

current but also to tailor current profile for establishing advanced tokamak operation scenarios 
in tokamak plasmas. Especially optimization of current profile using off-axis NBCD is 
envisaged in ITER and JT-60SA. In spite of the importance of the off-axis NBCD, its driven 
current profile has not been fully recognized yet. This issue was first raised by ASDEX 
Upgrade (AUG), where disagreement in MSE pitch angles between the experimental 
measurement and theoretical prediction was observed, in a certain condition (strong heating in 
low triangularity plasma) [1]. (Recently, this disagreement in AUG can be recognized by a 
hypothesis of fast ion transport (redistribution) [2].) Considering the importance of the 
off-axis NBCD, off-axis NBCD measurement was conducted in 2006 in JT-60U. In the 
experiment, we found the following facts [3]. 

(1) Spatially localized off-axis NBCD is measured, for the first time, by motional Stark 
effect (MSE) diagnostics using both loop-voltage-profile analysis, and direct analysis 
of MSE pitch angle change. 

(2) The NBCD location by MSE diagnostics was consistent with neutron emission profile 
diagnostics [4]. 

(3) Integrated off-axis NBCD current using MSE diagnostics was consistent with both 
ACCOME calculation and measured change in loop voltage. 

(4) However, the measured NBCD location was outside (by about 0.15 in r/a) than the 
calculated one by the ACCOME code. 

(5) Off-axis NBCD measurements at different Ip (0.8MA and 1.2MA) were done, but the 
similar results were obtained. In both Ip cases, no MHD activity (such as sawtooth) 
except ELM was observed. 
Based on the above backgrounds, and on the importance of the off-axis NBCD in 

ITER, joint experiment SSO-6 (now IOS-5.1) started under ITPA SSO (now IOS) topical 
group activity from 2007. The off-axis NBCD measurement reported here is conducted as a 
part of this activity on May 2008, as well as to clarify the unresolved issue (item (4) above) in 
the 2006 campaign. J. Hobirk from AUG participated this experiment on site, and M. 
Murakami and J. M. Park remotely from DIII-D. In this report, result of analysis on the item 
(4), the NBCD location, is mainly described. 
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2. Experimental Results 
In this campaign, systematic scans were carried 

out on (i) NBCD location (on-axis, slightly off-axis, 
and off-axis), (ii) beam energy (Eb~85 keV using P-NB 
and ~350 keV using N-NB), (iii) NB heating power 
affecting plasma beta and (iv) plasma triangularity 
(�=0.25 and 0.45). The scanned parameters are 
summarized in Table 1 and Figure 1, where two 
parameters, NBCD location and beam energy, are not 
fully separated. Figure 2 shows the magnetic 
configurations at different triangularity (�=0.25 and 
0.45), with superimposed on NB trajectories. In this 
experiment, high power NB mode (~2.5 MW/unit but 
for 10 s period) is selected in order to maximize NBCD 
current. Within this 10 s period, toroidal magnetic field 
(3.7T) is set as high as possible in order to avoid 
sawtooth instability. Plasma current (1.2MA) is set as 
large as possible (under �=0.45 configuration), in order 
to minimize the shift of the drift surface. As a result, 
q95 is 5.6-5.8 for both high and low � cases (q95~5.4 at 
Ip=1.2MA, �~0.35 in 2006 campaign). Line averaged 
electron density varies in a range 1.2-2.3x1019m-3 (c.f. 2.2x1019m-3 in 2006), and is higher in 
higher heating power cases. It should be noted that configuration with smaller minor radius 
was employed in 2006 than in 2008 (as shown in Fig. 2) in order to investigate far off-axis 
NBCD. 

Table 1 Scanned parameter regime 
on NBCD location (on-axis, slightly 
off-axis and off-axis) and beam 
energy (Eb). 

Fig. 2 magnetic configurations (left: �=0.25, right: �=0.45) with NB trajectories (dot-dashed 
curves: on-axis NBCD using P-NB#9, thick dashed curve: slightly off-axis NBCD using N-NB(U), 
and thick solid curves: off-axis NBCD using P-NB#10). 

Fig. 1 Scanned parameter regime on 
PNB and �, using various NBCD 
shown in Table 1. 
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Figure 3 shows typical waveforms of discharges for off-axis NBCD measurement. Left 
figures are for low power at low triangularity, while right figures for high power. Application 
of NBCD starts at t=9.0 s sufficiently after the start of Ip flattop (t=3.0 s) in order to minimize 
effect of current penetration on current profile change. During the NBCD, one or two units of 
NBs almost perpendicularly injected to the toroidal field are stopped in order to minimize 
change in the bootstrap current through change in the plasma pressure. Thus, as shown in Fig. 
3, diamagnetic stored energy Wdia and electron density ne are kept unchanged. Therefore, 
decrease in loop voltage Vloop shown in Fig. 3 and change in total current profile measured by 
the MSE diagnostics (described hereafter) are mainly caused by the application of the NBCD 
itself. Drop in Vloop during NBCD is larger in the low power case than in the high power case, 
since ne is lower and NB driven current is larger in the low power case. Figures 4 (a) and (b) 
show temporal evolution of current density and safety factor profiles measured using MSE 
diagnostics, respectively. Increase in current density around r/a~0.4 is observed during the 
off-axis NBCD application. With this change in current profile, the safety factor (q) outside 
r/a~0.4 becomes smaller and the q profile broadens. This broadening of q profile brings about 
increase in internal inductance (li(1)), as shown in Fig. 3. Corresponding NB driven current 

Fig. 3 Waveforms of two discharges at low triangularity (�=0.25) for low power case (left) and high 
power case (right). From the top to the bottom: plasma current Ip (solid curve), internal inductance li 
(dotted curve), total heating power PNB(total) (solid curve), NBCD power PNB(off-axis) (dotted curve), 
loop voltage Vloop, diamagnetic stored energy Wdia (solid curve), line average electron density ne
(dotted curve). 

Fig. 4 (a) change in current density profile and (b) safety factor profile measured using MSE 
diagnostics in low power, low � case (E048806, left of Fig. 3); t=8.6 s: just before the start of 
off-axis NBCD, t=10.0 s: after 1 s of the start of off-axis NBCD, t=12.0 s: after 3 s of the start of 
off-axis NBCD. (c) NB driven current profile calculated using the ACCOME code. 
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profile calculated using the ACCOME code 
is shown in Fig. 4 (c), where the peak in 
driven current is r/a~0.5. 

This change in current profile is more 
clearly observed, when we plot change in 
current density profile (dj) with respect to 
that at t=8.6 s just before the start of NBCD. 
Figure 5 shows increase in j with light color 
and decrease in dark color. Increase in j at 
r/a~0.4 only during the NBCD (t=9-13 s) is 
clearly observed, which is a result of 
off-axis NBCD. However, slight increase in 
j at r/a~0.8 during t~11-14 s in Fig. 5 has not 
been recognized yet. This spatiotemporal 
change is deduced directly from the MSE 
signal, and small change in j can be detected. To be noted here is that this increment in j (dj) 
is not the NB driven current but the change in total current due to the application of NBCD, 
however, peak in dj will be a good measure of NBCD location. To investigate relation 
between measured NBCD location and the calculated one, the peak location of the total 
current profile change (dj) and the peak of the calculated NB current density by ACCOME are 
plotted in Fig. 6. Results on off-axis NBCD using P-NB#10 and slightly off-axis NBCD using 
N-NB(U) are included in Fig. 6. Both the measurement and the calculation roughly agrees, 
but some of them (e.g. N-NB(U) at high � and high power case) still scatter, as well as a result 
in 2006. Under the current analysis, it is difficult to 
come to some conclusion. Further analysis is ongoing to 
evaluate NBCD profile itself using the 
loop-voltage-profile analysis, not only the change in 
total current profile. Crosscheck using neutron emission 
profile diagnostics [4] representing beam population 
will also be done. 
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Fig. 5 Spatiotemporal change in current density 
with respect to the current density profile at 
t=8.60s shown as dotted curve in Fig. 4 (a) for 
off-axis NBCD at low power and low � case. 

Fig. 6 Comparison of measured 
NBCD location determined from the 
change in total current as shown in 
Fig. 5 and calculated NBCD location 
evaluated using the ACCOME code 
at different conditions on PNB and �.
A result in 2006 using similar 
analysis is shown by a square. 
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7.6 Plasma Current Start-up Experiment by ECH 

T. Maekawa1), H. Tanaka1), M. Uchida1), S.Nishi1), Y.Takase2), K. Hanada3), S.Ide 
1) Kyoto University, 2) The University of Tokyo, 3)Kyushu University 

1. Introduction 
Removal of the central solenoid (CS) from tokamak reactors is an attractive option to 

simplify the central structure of rectors. However, we need alternative methods to start-up the 
plasma current. ECH/ECCD is potentially an attractive candidate for this purpose since 
plasma initiation and current start-up and ramp-up could be realized simultaneously by an 
injection of microwave power from a small launcher remote from the plasma. It is also 
beneficial for future superconducting tokamak reactors even if plasma current can be started 
up to a level only sufficient for production of initial closed flux surface without the induction 
from CS. While a number of experiments in small devices have been done and successful in 
production of closed flux surfaces [1-3], it is highly required to demonstrate its feasibility for 
reactors in large devices such as JT-60U. Previously, we attempted ECH start-up experiments 
on JT-60U, where we used VT and VR coils for vertical fields Bv and examined various 
combinations of currents of these coils as well as various locations of electron cyclotron 
resonance (ECR) layers. We found that combination of the VT-out coil (no use of inboard VT 
coil) and the VR coil and the ECR location around R=2.8m gave relatively good results of 
Ip=17 kA [4]. In this experimental campaign we have attempted again an ECH start-up 
experiment under the same combination of the coils, in which some new observations have 
been obtained and analyses have been conducted as follows. 

2. Experimental Results 
Figure 1 shows a typical discharge in which Ip reaches 21 kA by the microwave pulses 

of the oblique O-mode polarization from four 110 GHz gyrotrons (0.3-0.8 MW for each tube 
and 2-4 seconds duration). Plasma images on the CCD camera shows that discharge takes 
place at the ECR layer immediately after ECH is turned on and the plasma expands toward 
the lower field side and reaches the outboard wall in 0.1 second after discharge initiation. The 
radial position of the current center (Rj) in figure 1 shows that plasma current initiates near the 
ECR layer and then moves quickly toward the outboard wall in accordance with the 
expansion of plasma as observed on the CCD images. The current position then moves toward 
the ECR layer as Ip increases. When Ip reaches 21 kA a flash appears suddenly on the top wall 
as shown by an arrow in the plasma image at t=2.08 s. The flash point is near the top of the 
current profile. The flash disappears in the next flame of the CCD camera images (The 
framing speed is 30 frames per second), and then Ip quickly decreases. In these times the CCD 
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image shows that the plasma shrinks towards ECR layer as shown in the plasma image at 
t=2.28 s. Finally Ip disappears. Oblique X-mode injection was also examined with the same 
discharge condition except for the injection mode. The maximum current was Ip=13 kA, 
which was significantly lower compared with the oblique O-mode case. 

3. Analyses and Discussions 
Wave theory predicts that in the case of oblique X-mode injection, the wave power is 

reflected at the right-hand cyclotron cutoff layer before arriving at the ECR layer, while in the 
case of oblique O-mode injection, almost injection power remains after passing through the 
ECR layer and reaches the inboard wall since in this mode very small ECR absorption is 
expected in the present low temperature plasma. The optical depths of both modes upon 
passing through the ECR layer are estimated to be TO~1.3Te and TX~400Te, respectively, 
where Te is in keV and ne=1019m-3 is assumed, showing that absorption of X-mode is quite 
large even if Te is as low as Te=0.01 keV, while O-mode absorption is negligible. Upon mirror 
reflection on the inboard wall with the present injection angle (~20 degrees from 
perpendicular direction to the toroidal field at the injection points to the drift direction of the 
expected current carrying electrons), ~80 % of the remained O wave power is mode converted 
into X wave power. The linear theory predicts that this reflected X-wave can reach the ECR 
layer and is strongly absorbed. The discharge may be maintained by this absorption. 

The flash event quenched the discharge, suggesting the ejection of a large amount of 
impurities from the wall by a strong bombardment of energetic electrons.  While  
interaction between the wall and the plasma always takes place at the ECR layer as observed 
in the top photo in figure 1, the plasma current still increases, indicating that the interaction is 
due to the thermal particles and not fatal. Although the field structure is still open near the 
time of the flash event, it is deformed significantly from the vacuum field. Therefore, these 
energetic electrons might be mirror-trapped at the local mirror fields and heated via the EC 
resonance at the Doppler shifted frequencies. The resonance condition predicts that such 
heating is possible for the mirror trapped energetic electrons at ~100 keV and the pitch angles 
of �~70o when the wave parallel refractive index is N// > 0.8. Such high N// waves might be 
generated after random reflections at complicated wall structures of the vacuum vessel. Some 
portion of the current may be carried by the toroidal precession of these energetic electrons. 

Figure 2 shows the evolution of equilibrium characteristics of the plasma loop in 
figure 1 as compared with the extended Shafranov formula [5]; 

� � � �� �
2

P0PPiP0V 8,,,4 IPSaRGRIB ������� ��� �

[��G R a,�,l i� �� ln 8R a� �� l i 2� 3 2, in the case of Shafranov formula]. 
While this figure shows that the Bv level for the control of plasma loop is still appropriate, 
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somewhat smaller Bv level might be more advantageous to prevent the flash event via earlier 
closure of field line at a smaller current level where energetic electrons are also fewer. Once a 
closed flux surface is formed direct bombardment may not take place. 
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Fig. 1. Time evolutions of ECH power (PEC), VT-out and VR coil currents, plasma current, radial 
and horizontal locations of the plasma current center (Rj and Zj), line density along tangential 
chord on the mid-plane (neLt), D-alpha emission and deuterium gas pressure.  Current profiles 
(the center is denoted by +) with poloidal projections of field lines and plasma images at the times 
of t=1.6s, 2.08s and 2.28s are also shown. 
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Fig. 2. Comparison of equilibrium characteristics of plasma loop with the extended Shafranov 
formula for the discharge in figure 1.  Contours show the product of the plasma cross section and 
the averaged plasma pressure. The horizontal axis shows the product of the radial coordinate of 
plasma current center and the external vertical field Bv at this location. G=3.5  

R Bv (x 10-4 m·T) 
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 7.7 ECH Wall Conditioning Discharges in JT-60U [1] 

K. Itami, N. Asakura, H. Tamai, S. Moriyama, A. Kaminaga 

  In order to reduce impurity influx to the core plasmas and to control particle recycling level, 
first wall conditioning by the hydrogen and helium discharges, such as glow discharge 
cleaning (GDC) and Taylor discharge cleaning (TDC) are widely used in fusion devices [2]. 
For the control of the recycling level, He TDC plasmas with Ip = 50 kA, BT = 0.7 T and tpulse = 
20 ms are applied for 3 – 7 minutes after disruptive discharges in JT-60U. 
  However, GDC cannot be utilized due to the stationary toroidal field in superconducting 
tokamaks, such as ITER and DEMO. There is also restriction on the applicable voltage on the 
superconducting poloidal coils and the toroidal electric field must be below 0.3 V/m. TDC 
plasmas won’t break down in such low electric field conditions. 
  In order to address these issues, wall conditioning discharges under high BT = 3.6 T were 
investigated by using the 110 GHz ECRF system of JT-60U in 2000. Homogeneous He 
plasmas for wall conditioning were reproducibly obtained with the fundamental ECH when 
the horizontal field (0.5 % of BT strength) was applied. It was found that 2.4 Pa·m3 of He gas 
puff was optimum in terms of homogeneous plasma and the maximum H2 outgas amount with 
PECRF = 0.59 MW and tpulse = 1 s. With PECRF = 1.27 MW and tpulse = 1 s, the efficiency of H2

outgas in a minute was found to be as large as 79 % of that in He TDC, which had been 
routinely used in JT-60U. 
  In 2008, additional experiment was carried out to investigate the horizontal field effect with 
reduced horizontal field (0.3 % of BT strength) and enhanced PECRF. It was found that the 
horizontal field is crucially important to expand He plasma toward the high field side from the 
fundamental ECH resonant surface. 
  The ECH wall conditioning discharge with PECRF = 2.5 MW and tpulse = 1.5 s was applied 
after the plasma disruption with W = 3.3 MJ. The following experimental plasma was 
successfully started up with 0.5 V/m of ohmic electric field by applying ECH pre-ionization. 
While this start-up field is slightly higher than that required for ITER, 0.3 V/m, ECH start-up 
assist with 0.26 V/m has been successful in JT-60U [3]. Therefore we expect that the wall 
recovery by the ECH wall conditioning discharges is a promising technique for the fusion 
reactors. Further studies, including ECH power scan, will be necessary to improve accuracy 
for assessment of this technique for ITER and DEMO.
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8. Divertor and SOL plasmas

8.1 Balance of Ionization and Recombination of Carbon Ions in High

Density Peripheral Plasmas of the JT-60U Tokamak [1]

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

In a fusion reactor, heat and particles exhausted from the main plasma are trans-

ported predominantly along the magnetic filed lines through the peripheral plasma and

finally into the divertor plasma. In order to suppress the damage of the target plates,

the divertor plasma is required to be cooled sufficiently. One of the most straightforward

methods is radiative cooling, in particular, by impurities. It has been found that the

line-radiation from C3+ is one of the dominant energy loss processes in a tokamak diver-

tor with carbon target plates. However, the source of C3+ has not been investigated. In

the present work, the ionization flux of C2+ into C3+ and the recombination flux of C4+

into C3+ were compared to determine the C3+ source. Further the contribution of C2+

and C3+ to the total radiation power was determined.

The spectra from the radiative zone of the divertor plasma of an L-mode discharge

with a plasma current of 1.0 MA, a toroidal magnetic field of 3.5 T, an NB heating power

of 4.5 MW and a line-averaged electron density of the main plasma of 3.0 × 1019 m−3

were observed with a vacuum-ultra-violet spectrometer and a visible spectrometer with

absolutely calibrated sensitivities. The intensity ratio of C III (C2+) lines was analyzed

with a collisional-radiative model, and indicated that the C III line emission was due

predominantly to the ionizing plasma component ( an excited state originates from the

ground state, and is finally lost through ionization by an electron impact) with an electron

temperature and density of 7.8 eV and 1.0×1020 m−3, respectively. Similar analysis for

C IV (C3+) indicated that the C IV line emission from n ≤ 4 levels ( n: principal quantum

number) were due to the ionizing plasma component and that from n ≥ 5 levels the

recombining plasma component (an excited state is produced by volume recombination,

and finally de-excites to the ground state ) with an electron temperature and density of

6.3 eV and 7.8 × 1020 m−3. The difference of the evaluated electron temperature and

density presumably resulted from the difference of the spatial distribution of the C III

and the C IV emission in the observation volume of the VUV spectrometer ( ∼ 12 cm

on the poloidal cross-section).

From the above results, the balance of the ionization and the recombination fluxes

and the radiation power were determined and the results are summarized in Fig. 1. The

C3+ production flux, i.e., the recombination flux of C4+ into C3+ and the ionization

flux of C2+ into C3+ were, respectively, 2.2 × 1020 m−2 s−1 and 1.8 × 1020 m−2 s−1.

In contrast, the C3+ loss flux, i.e., the recombination flux of C3+ into C2+ was not

detected and the ionization flux of C3+ into C4+ was 0.02×1020 m−2 s−1. Hence the C3+

production flux was higher by two orders of magnitude than C3+ loss flux, suggesting
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significant transport loss of C3+ from the radiative zone. The line-radiation power from

the ionizing plasma component of C2+ and C3+ were evaluated to be, respectively 30%

and 60% of the total radiation power, measured by a bolometer, while the line-radiation

power from the recombining plasma component is only a few percent.

In conclusion, the dominant radiator, C3+, is produced by ionization of C2+ and

recombination of C4+ at similar rates around the radiative zone, and that C2+ is the

second dominant radiator. Further the transport loss of C3+ will be investigated by an

impurity transport code ( IMPMC ), in addition to comparison of the radiation power

and atomic processes.
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Fig. 1: From the left, the radiation power from the ionizing plasma
component, the ionization flux, the reconstructed spatial distribution of
the emissivity, the recombination flux, and the radiation power from the
recombining plasma component of C3+ (upper) and C2+ (lower).
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Fig.1. (a) Location of the reciprocating probes and (b) probe 
structure.

8.2 Fluctuation Characteristics of the L-mode and H-mode SOL Plasmas 

H. Tanaka1), N. Ohno1), N. Asakura, Y. Tsuji1), H. Kawashima, S. Takamura2), Y. Uesugi3)

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

1. Introduction 
Intermittent convective plasma transport, so-called “plasma blobs”, have been reported 

in scrape off layers (SOLs) of several tokamak devices by using Langmuir probe and imaging 
measurements. This non-diffusive transport is thought to play a key role for cross-field 
transport making a density profile in SOL much flatter, and so it has strong influence on the 
recycling flux and impurity generation from a first wall. Characteristics of blobby plasma 
transport was investigated by application of statistical methods to time series of ion saturation 
current because the positive spikes appear in the electrostatic fluctuation when plasma blobs 
pass by the probe electrode. 

Theory [1] predicts that plasma blobs in tokamak devices move toward the first wall at 
the low-field-side (LFS) due to �� �  drift, where the charge separation in the blobs is 
driven by gradient and curvature of magnetic fields. Hence, the characteristic of blobby 
plasma transport at the high-field-side (HFS) SOL is expected to be quite different with that at 
the LFS SOL. Therefore, the comparison of electrostatic fluctuations between the LFS and 
HFS SOLs is important for understanding of generation and propagation of the plasma blobs. 
The measurements of the electrostatic fluctuation at the HFS were reported only in Alcator 
C-Mod [2], T-10 tokamak [3].  

We report the detailed comparison between intermittent fluctuation characteristics both 
at the HFS and LFS SOLs in addition to near the X-point in L-mode plasmas and 
between-ELMs in ELMy 
H-mode plasma.  

2. Experimental Setup 
Three reciprocating 

Mach probes are installed near 
the LFS midplane, above the 
HFS baffle and just below the 
X-point in figure 1(a) [4]. The 
fluctuation characteristics were 
mainly investigated from fast sampling (500 kHz) signals of the ion saturation current (js),
applying a constant DC voltage of 150�180 V. Each reciprocation probe has 5 electrodes as 
shown in figure 1(b), and four electrodes are used as two sets of double probe facing upstream 
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Table I. The list of experimental conditions. 
Shot number ne [1019m-3] Ip [MA] Bt [T] PNB [MW]

45723 1.7 1.0 3.2 4.0 
48473 2.1 1.0 3.2 3.5 
49819 2.0 1.0 1.8 5.2 

Fig.2. (a) Averaged js profiles measured with 
LFS midplane (circles) and HFS (squares) Mach 
probes in L-mode. (b) Fluctuation level of js, (c) 
skewness and (d) flatness.

side and downstream side of the magnetic field lines. Here, upstream and downstream sides 
are defined as the double probe facing the midplane and divertor, respectively. Floating 
potential Vf is also measured with the electrode at the top.  

3. Poloidal Dependence of Fluctuation Characteristics in L-mode Plasmas 
Fluctuations of ion saturation currents js were measured at the three poloidal locations 

in L-mode plasmas (shot number 
#45723 for HFS SOL and LFS SOL, 
shot number #48473 for X-point as 
reference). Plasma parameters are 
given in Table I.  

Figure 2 shows radial profiles of the averaged ion saturation currents sj  and 
fluctuation amplitude normalized by the averaged value � �ss jj� . Here, the double probe 
data at the upstream side is used for this analysis. r�  is a distance from separatrix at the LFS 
midplane. The each probe positions are mapped to the LFS midplane by the tracing of 
magnetic field lines. ss jj�  at the LFS is much larger than one at the HFS, similarly to the 
experimental results in the references [2, 3].  

Figure 3 shows the probability density functions (PDFs) of js at each poloidal position, 
where r�  is selected to be 40 mm, 40 mm and 
10 mm, respectively. The PDF at the LFS SOL is 
skewed positively, indicating that non-diffusive 
plasma transport (blobby transport) frequently 
occurs at the LFS midplane.  

Skewness and flatness are defined by the 
3rd and 4th moments of PDF, i.e. 

232
s

3
s

~~ jjS �  and 
22

s
4

s
~~ jjF � ,

respectively. When large positive bursts occur in 
the fluctuation signal, PDF is positively skewed 
and becomes flatter compared with the Gaussian 
distribution, leading to 0�S  and 3�F .
Skewness at the LFS SOL becomes maximum 
around 5��r  cm and is positive value in wide 
radii ( 10��r  cm) in Fig. 2(c). On the other 
hand, skewness and flatness of the PDF at the 
HFS SOL are close to 0 and 3, respectively, in 
wide radii, meaning that the PDF at the HFS 
SOL shows Gaussian distribution.  

JAEA-Review 2009-045

－ 113 －



- 3 - 

Fig.5. (a) Time evolution of ion saturation 
current js at the LFS SOL, (b) localized 
variance va (solid line) and product of 
variance multiplied by k (dots). (c) Detection 
function av.

Fig.3. Log-linear plots of probability density 
function (PDF) of js at the LFS (solid line) 
and HFS SOLs (dashed-dotted line) and 
X-point (chained line). 

Fig.4. Power spectra of js at the three 
poloidal positions and background power 
spectrum at the LFS SOL. 

The scaling features of the fluctuation can be 
studied by mean of Fourier analysis. Figure 4 shows 
the spectral density S(f) of js. The shapes of S(f)
allow one to conclude whether the scaling behavior 
of a time series can be described by power-law 
dependences, � �

��ffS ~ . The power spectrum of 
turbulent fluctuation quantifies the characteristic of 
the process. In the LFS SOL, scaling sub-range with 
respect to the frequency is clearly observed in Fig. 4. 
The typical value of the scaling exponent � of the 
power spectrum in the scaling sub-range is 1.5, 
which is almost same as that observed in several 
tokamak devices [5]. Some noise peaks are seen 
in the high-frequency range, which are picked up 
in the probe measurement circuit.  

4. Analysis of positive burst's profile at the 
LFS SOL in L-mode Plasma 

In this section, conditional averaging (CA) 
method is employed so as to reveal the typical 
burst's profile at the LFS SOL. This method is 
standard and useful statistical tool. However, the 
conventional CA method has some problems, for 
instance, the burst's detection is not unique, and 
the high-frequency noise components easily give 
a strong distortion for the averaged feature.  

To obtain the burst's waveform precisely, 
we apply the VITA (variable-interval 
time-averaging) method [6], which allows to detect 
bursty events associated with the sudden variation 
of the signal in the time domain. In this method, 
when the localized variance, defined by  

� � � �� � � � ,'d'1'd'1 2
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exceeds the value being k-times as large as the 
variance of full signal, detection function av is set 
to be 1. Figure 5 shows va and av, where the time 
window T and k are 52 �s and 1, respectively. The 
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Fig.6. Cross-CA results of js (solid line) and 
floating potential Vf (dashed-dotted line) at 
the LFS SOL with VITA method. 

Fig.7. Power spectra at around some radial 
positions at the LFS SOL in H-mode plasma, 
and additionally power spectrum in L-mode 
plasma. 

positive burst's profile reconstructed by CA with 
VITA method provides the precisely feature with 
fast rump-up and slow decay as shown in Fig. 6.  

5. Fluctuation characteristics between ELMs in 
ELMy H-mode plasma 

Fluctuation characteristics of js between 
ELM-spikes in ELMy H-mode plasma (shot 
number #49819) were analyzed to compare to the 
L-mode plasmas. The discharge parameters are 
indicated in Table I. Similarly in the L-mode 
plasmas, intermittently positive events appear only 
at the LFS SOL.  

Figure 7 shows power spectra of js between 
ELM-spikes in ELMy H-mode plasma at different 
radial positions at the LFS SOL, which shows that 
coherent frequency component around 60 kHz 
appears near the separatrix in the ELMy H-mode. 
On the other hand, all spectra profile of less than 
about 10 kHz shows the same tendency in the 
L-mode plasma.  

6. Summary
It is clearly shown that the blobby plasma transport frequently occurs at the LFS 

midplane in L-mode and ELMy H-mode plasmas. The fluctuation characteristic at the LFS 
SOL corresponds to that of other devices, and is quite different with that at the HFS SOL. We 
could reconstruct a precise burst profile of the positive events associated with plasma blobs 
by using a CA with the VITA method, which can reduce the distortion due to the 
high-frequency noise components.  
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8.3 Fluctuation Characteristics in the Detached Divertor [1] 

N. Asakura, N. Ohno1), H. Tanaka1), H. Kawashima, T. Nakano
                            1) Nagoya Univerity 

  Statistical analysis of a probability distribution function (PDF) and conditional average 
�CA� was applied to determine intermittent events in fluctuations of ion saturation current 
(js) and floating potential (Vf) measured in the low-field-side (LFS) and high-field-side (HFS) 
SOLs, using the reciprocating Mach probes. Understanding of SOL fluctuation characteristics, 
particularly determination of the intermittent events and their temporal scale, has progressed 
in the L-mode plasmas, where Ip = 1 MA, Bt = 3.2 T, PNB = 4 MW, plasma triangularity (�� of 
0.32, elongation (���of 1.4, safety factor at 0.95 (q95� of 4.7.  

For the low to medium densities, i.e. ne  = 1.3-2.0x1019 m-3 ( ne /nGW= 0.31-0.48), the 
fluctuation level (�js/<js>) was found to be large (20-70%) at the LFS midplane, compared to 
those near the X-point (4-20%) and at the HFS SOL (4-10%). Characteristics of the 
fluctuation was represented by the third moment of PDF, normalized by the standard 
deviation: Skewness is defined as S =<x3>/<x2>3/2, where Gaussian distribution is 
characterized by S = 0. Large “burst events” were observed at the LFS midplane, and positive 
Smid = 0.3-0.8 extended over the wide SOL region (0 < rmid < 10 cm). Time scale of the “burst 
events” was determined to be ~5 �s by CA, and positive correlation between js

mid at upstream 
and downstream sides of the Mach probe suggested either the radial or poloidal transport of 
the filaments.  
  For the relatively high density of ne  = 2.4x1019 m-3 ( ne /nGW= 0.54), the plasma detachment 
extended to the upstream from the outer divertor target and js

Xp near the X-point (rmid< 0.5 cm) 

decreased, resulting in a reduction in the local plasma pressure by a factor of 2 compared to 

that at the LFS midplane. On the other hand, js
Xp in the attached region (rmid > 0.6 cm) 

increased, and the Mach number of the parallel flow became a sonic level (M//
Xp = 0.8-1). Here,

at the LFS midplane, �js
mid/<js

mid> of 20-40% was comparable to that for the lower ne , and 
positive Smid was slightly increased to 0.4 - 1.2, and it extended to the far SOL. 

  Fast sampling of js
Xp showed that large “burst events” appeared near the X-point (0.5 < rmid

< 1.5 cm) and that radial profiles of �js
Xp/<js

Xp> and SXp changed significantly. The large “burst 
events” were observed only at one side of the X-point Mach probe, i.e. facing to the main 

plasma, suggested that they are transported from the 1ain SOL. Peak js
Xp of the large “burst 

events” became 2-5 times larger than the averaged value <js
Xp>, and the waveform was 

characterized by large positive skewness (SXp up to 1.8) and long time scales of 40-80 �s.

They can be considered as a candidate mechanism to enhance the radial transport and the SOL 
flow towards the divertor. 
Reference  
[1] Asakura, N., et al., J. Nucl. Maters. 390-391 (2009) 364.�
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8.4 SOL Flow and Plasma Profiles in High-Field-Side SOL 

N. Asakura, T. Nakano, N. Ohno1), H. Tanaka1)

1) Nagoya Univerity 

1. Introduction  

  Understanding of parallel plasma flow in SOL (SOL flow) has recently progressed due to 

systematic measurement over several poloidal locations both at High-Field-Side and 

Low-Field-Side [1]. In particular, Mach number of the SOL flow (M//) is increased to a 

sub-sonic or sonic level (0.5-1) at the HFS SOL. Such fast flow plays an important role on 

enhancing the friction force with intensive gas puffing into the main SOL, resulting in 

impurity reduction in the core plasma [2]. The SOL plasma transport at the HFS is also 

important to determine the wall separation to minimize interaction between the plasma and 

the first wall. In 2008, SOL characteristics were investigated in the L- and ELMy H-mode 

plasmas, where the separation from the inner wall was decreased.  

2.  Measurement of SOL plasma  
   SOL flow measurement was taken 
with Mach probes at three different 
poloidal locations: at LFS midplane, 
near the null-point (X-point), and 
above the HFS baffle in two plasma 
configurations as shown in Fig. 1. 
Plasma parameters of the L-mode 
plasmas were Ip = 1 MA, Bt = 3.2 T 
with the ion B �� �B drift direction 
toward the divertor, PNB = 4 MW, 
and medium ne  was increasing from 
1.6 to 2.0x1019 m-3 ( ne /nGW =
0.38-0.47) during the gas puffing of 15-20 Pam3s-1. Corresponding values of ne near the LFS 
midplane separatrix were 0.9-1.2x1019 m-3. Compared to a standard case as shown in Fig. 1(a), 
Figure 1(b) was a special configuration with small separation between the upper-inner first 
wall and the separatrix. For the standard and small separation cases, the magnetic field lines in 
SOL connected between the HFS and LFS divertors were within 9 and 2.5 cm midplane radii.   
  Figure 2 shows the radial profiles of electron pressures (pe = neTe) measured at the main 
plasma side of the Mach probe and M// in the standard plasma configuration. Here, the radial 
coordinate of profiles is mapped at the LFS midplane (rmid). Positive and negative directions 
indicate parallel flow toward the HFS and LFS divertors, respectively. Three pe profiles are 

Fig. 1 Plasma configurations and location of the 
three Mach probes: (a) standard SOL, (b) small 
separation at the inner-upper SOL.  
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comparable on the magnetic surfaces. In contrast, 
flow patterns are different: SOL flow away from 
the LFS divertor (toward the plasma top) occurs 
in the wide region at the LFS midplane (rmid < 
5 cm), and M// becomes subsonic (M// = 0.3). The 
fast SOL flow is continuously toward the HFS 
SOL, and faster subsonic M// of ~0.5 was seen in 
a wide region at the HFS SOL: the radial 
location of the fast M// extends to the outer flux 
surfaces (far SOL). Here, M// in the narrow 
region near the separatrix shows small flow 
reversal toward the top (M// = –0.1).  
  It was also found that the SOL flow direction 
at the LFS midplane reversed for ion B � �B
drift away from the divertor, i.e., a SOL flow was 

generated opposite to the ion B � �B drift 
direction, and the SOL flow toward the HFS 
divertor was enhanced at the HFS. These results 
suggest that a combination of, at least, two 
driving mechanisms, i.e. a Bt-independent
component of the SOL flow is produced toward 
the HFS SOL and a Bt-dependent component 
appears in opposition to the ion B � �B drift, 
forms the complicated SOL flow pattern. 

3. HFS plasma and SOL flow 
  In order to understand the influence of the 
driving mechanism of the Bt-independent
component on the HFS SOL plasma, 
measurement was performed in the small 
separation configuration. Profiles of ion 
saturation current (js) and electron temperature 
(Te) for the three locations are comparable as 
shown in Fig. 3. Change in e-folding length of 
the js profile is clearly observed in the separated SOL (rmid > 2.5 cm), and Te becomes low 
(1-5 eV) compared to that in the connected SOL (11-18 eV). These observations show that 
parallel convective and conductive transports of the SOL plasma are dominant compared to 

Fig.2 Profiles of (a) electron pressure, (b) 
Mach number measured by three Mach 
probes. Positive value presents the SOL 
flow towards the HFS divertor.

Fig. 3  Profiles of (a) ion flux, (b) 
electron temperature measured by three 
Mach probes with small separation 
between the inner-upper wall and the 
separatrix (rmid =2.5 cm).  
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the radial diffusion. The HFS Te in the connected SOL is decreased from the LFS Te (65 eV 
near the midplane separatrix and 40 eV at rmid ~ 2.4 cm). Influence of the gas puffing at the 
plasma top on the HFS SOL plasma is significant because the SOL flow is produced from the 
LFS midplane to the HFS SOL. 
  Next, Fig. 4(a) shows that profiles of electron 
pressure (pe = neTe) in the connected SOL are 
comparable. On the other hand, the HFS pe in the 
separated SOL is reduced compared to that at the 
LFS midplane, where connection lengths from the 
upper-inner wall to the two Mach probes are 
comparable, i.e., Lc = 50 and 40 m to the HFS and 
midplane Mach probes, respectively. The sonic 
level of the HFS M// is also reduced in the 
separated SOL as shown in Fig. 4(b).  
   As a result, for the connected SOL in the 
single null divertor, the convective transport is 
dominant in the HFS SOL rather than the 
transverse transport—a large part of the HFS SOL 
plasma is transported from the LFS SOL. Similar 
results of in-out asymmetry in the plasma pressure 
in the separated SOL and stagnation of the SOL 
flow at HFS were demonstrated in the double null 
divertor configuration on Alcator C-mod [3]. Generally, in the connected SOL, the static 
pressure (neTe + niTi) plus the dynamic pressure (mini[M//Cs]2) should be balanced along the 
field line, assuming no pressure/momentum source nor loss in the SOL. In future, 
measurements of Ti distribution and the in-out asymmetry in the radial diffusion in SOL will 
determine the mechanism of the Bt-independent SOL flow component more quantitatively.  

4. HFS plasma and SOL flow in ELMy H-mode 
   Influence of the small separation on the SOL plasma profiles were investigated also in the 
ELMy H-mode plasma with Ip = 0.95 MA, Bt = 2.0 T, PNB = 5.5 MW, ne  = 1.75x1019 m-3

( ne/n
GW = 0.43), and ne at the LFS midplane separatrix of 0.4x1019 m-3. Dynamics of the ELM 

filaments and the SOL flow was summarized in Ref. 4. In this section, difference in the SOL 
plasma for the standard (rmid = 8 cm) and small separation cases (rmid = 2.6 cm) is described. 
Figure 5 shows comparison of the plasma profiles at the HFS SOL such as js, Te, pe and M//. It 
is noted that js (and ne) in the H-mode SOL is by the factor of 5 lower than that in the L-mode 
with gas puffing, while ne in the core plasma is comparable. Radial distributions of the large 

Fig. 4  Profiles of (a) electron 
pressure, (b) Mach number measured 
by three Mach probes for the small 
separation at the upper-inner SOL.  
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js peaks (js
HFS(ELM)) and corresponding M// values (M//

HFS(ELM)) are plotted in Fig. 5(a) and 
(d), respectively.  
  For the small separation case, flat js

HFS(ss) profile 
at the far SOL (rmid > 3 cm) disappears, and at the 
same time, js

HFS(ELM) is decreased. Change in 
js

HFS(ss) and js
HFS(ELM) distributions is gradual, 

while Te is decreased to 1-10 eV at the far SOL 
(rmid > 3 cm). As a result, change in the js

HFS and 
Te

HFS for the small separation is relatively small 
compared to that in the L-mode with gas puffing. 
M//

HFS(ss) in the H-mode is generally small (0 
-0.25) compared to that in the L-mode (0.5-1).  
  These results suggest that the radial transport 
(diffusion or intermittency) appears more than its 
influence in the L-mode. As shown in Ref. 4, 
subsonic to sonic M//

HFS(ELM) is seen just near the 
separatrix, while flow reversal (M//

HFS(ELM) < 0) is 
seen in the outer flux surfaces. Influence of the 
small separation on M//

HFS(ELM) is not seen. 

5. Summary 
 Change in the SOL plasma characteristics for the 
small separation was investigated both at HFS and 
LFS in the L- and H-mode plasmas. Influence of 
the plasma configuration on the plasma pressure 
and the SOL flow appeared only at the HFS SOL: 
reduction in the plasma pressure was seen on the 
separated field lines at the HFS, which suggested 
that the parallel convection from the LFS (rather 
than the transverse transport) is dominant on the 
connected field lines at the HFS. 

References 
[1] Asakura, N., and ITPA SOL and divertor topical group, J. Nucl. Maters. 363-365 41 (2007). 
[2] Asakura, N., et al., 30th EPS Conf. Contr. Fusion and Plasma Phys., St. Petersburg, ECA 

27A P-2.153 (2003). 
[3] LaBombard, B., et al., Nucl. Fusion 44 1047 (2004). 
[4] Asakura, N., et al., Journal of Physics: Conference Series 123 012009 (2008). 

Fig. 5 Radial distributions of (a) js
HFS 

peaks (square) and js
HFS between ELMs 

(circle) measured at the HFS Mach 
probe, (b) electron temperature, (c) 
electron pressure, (d) Mach numbers 
corresponding to js

HFS(ELM) and js
HFS(ss). 

Closed (and plus in  square) and open 
symbols represent the small separation 
and standard cases, respectively. 
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8.5 Kinetic Simulation of Impurity Transport in Detached Plasma [1] 

K. Shimizu, T. Takizuka, K. Ohya 1), K. Inai 1), T. Nakano, A. Takayama 2),
H. Kawashima, K Hoshino

1) Tokushima University, 2) National Institute for Fusion Science 

To investigate the power and particle control method by the divertor, 2D multi-fluid 
divertor codes have been developed, where the impurities are treated usually as fluid species. 
The fluid modelling for the impurity transport contains the insufficient descriptions; (1) 
assumption of instantaneous thermalization of impurity ions, (2) neglecting the kinetic effect 
on the thermal force and (3) simplification for the complicated dissociation process of 
hydrocarbons. The MC approach is suitable as modellings for such effects, i.e. interactions 
between impurities and walls/divertor related to gyro-motion, and kinetic effects and 
methane breakup processes. The MC approach has flexibility in modelling, at the same time, 
it contains the disadvantage of (i) long computational time, (ii) large MC noise, and (iii) 
assumption of steady state. Thus, time-evolutional simulation with an MC impurity code 
coupled self-consistently to a plasma fluid code has not been presented so far.  

We solved the problems (i) and (ii) of MC modelling by developing a new diffusion 
model for scattering process and optimizing on the massively parallel computer. Recently, 
we solved the problem (iii) by extending the IMPMC (2D impurity Monte-Carlo code) to a 
time-dependent simulation code, where increasing number of test particles with time is 
suppressed by a particle reduction scheme. Thereby we have accomplished a coupling of 
non-steady IMPMC code into a 2D divertor code (SOLDOR: 2D plasma fluid code 
/NEUT2D: 2D neutral Monte-Carlo code). The integrated divertor code (SONIC) enables us 
to investigate the details of impurity transport including erosion/redeposition processes on 
the divertor plates by further coupling of an 3D plasma-surface interaction MC code 
(EDDY).

The simulation was performed for a JT-60U discharge with NB heating power of 
PNB=14MW and a very strong deuterium gas puff of �puff=150Pam3/s. The dynamic evolution 
of an X-point MARFE observed in the experiments was reproduced well with the SONIC 
code. The EDDY/IMPMC code of a full dissociation modelling for hydrocarbons confirmed 
that the dome with a small sticking coefficient enhanced the contamination of hydrocarbon 
into the main plasma and that the dissociation process was not able to be simplified down to 
ionization process of carbon with low energy, especially in the attached divertor plasma. 
Taking advantage of the MC modeling of IMPMC code, the kinetic thermal force was 
investigated for JT-60SA detached plasmas. Without the helium recycling at the divertor 
plates, the kinetic effect improved the helium compression, compared with the conventional 
(fluid) evaluation. This effect was, however, masked by the helium recycling. Further 
simulation studies are required for various flow patterns. 

Reference 
[1] Shimizu, K., Takizuka, T., et al., Nucl. Fusion 49, 065028 (2009). 
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9. Plasma-Wall Interactions

9.1 Particle Balance of Long-Pulse Discharges

T. Nakano and N. Asakura

1 Introduction

One of the issues in steady-state devices is tritium inventory. In ITER, an admin-

istrative limit of the tritium inventory is 700g by safety reasons. On the assumption that

all the plasma facing-components of ITER are made of carbon, the tritium inventory is

predicted to reach 700g in about 75 pulses [1]. Thus, wall-pumping, which is effective to

control plasma density in short-pulse discharges, should be suppressed.

The wall-pumping is ascribed predominantly to surface absorption, permeation

deep into the wall and co-deposition with impurities such as carbon. The surface ab-

sorption is expected to saturate in limited time period and the permeation reduces with

ion fluence [2]. In contrast, the co-deposition neither saturates nor reduces unlike the

above two processes. Hence with increasing pulse-length, the contribution of the co-

deposition to the wall-pumping increases compared to those of the surface absorption

and the permeation. Therefore, suppression of the co-deposition leads to reduction of

particle inventory in steady-state devices.

The amount of retained particles in carbon depends on the temperature of the car-

bon [3]: at a temperature lower than 420 K, the limit is constant at a ratio of deuterium

to carbon of 0.4, and it decreases with increasing temperature down to a very low level at

1000 K. Hence studies on the dependence of the particle inventory on wall temperature

is of significance to predict the particle inventory in future devices.
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Fig. 1: The divertor structure, the
magnetic configuration, and the view-
ing chord for the visible spectrometer.

In JT-60U, the baking temperature could be

set at lower and higher than the temperature (

420 K ) at which the particle retention starts to

decrease with increasing temperature. Thus, it

is possible to investigate the dependence of the

particle inventory on the wall temperature. For

this purpose, particle balance studies in 30s-H-

mode discharges were performed at three baking-

temperatures around 420 K.

2 Experimental

In the present study, a particle balance anal-

ysis was performed for long-pulse H-mode dis-

charges with a low X-point configuration as shown
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in Fig. 1. The discharge conditions were as follows; a plasma current of 1.2 MA,

a toroidal magnetic field of 2.3 T, a neutral beam (NB) heating power of 8 MW, a

volume-averaged electron density of 2.3 − 3.8 × 1019 m−3, and a baking temperature

of 350 K, 420 K and 550 K. A discharge with a volume-averaged electron density of

2.3× 1019 m−3 (ne/nGW
e ∼ 0.55) was repeated by about 10 pulses, and then the electron

density was raised pulse-by-pulse up to 3.8× 1019 m−3 (ne/nGW
e ∼ 0.9) . In total, about

20 long-pulse discharges were repeated at each baking temperature.

Three pumping systems were available: the divertor-pumping, the main pumping

and the NB pumping system. The pumping speed of the divertor-pumping system was

evaluated to be 28 m3s−1 for a pressure measured by a penning gauge at the U2 lower

port with a gas flow test. Similarly the pumping speed of the main pumping system was

evaluated to be 14 m3s−1 for a pressure measured by an ion gauge at the manifold from

a decay rate of the pressure inside the vacuum vessel (167 m3). The cryopumps in the

tangential NB chamber worked as a pump for the JT-60U vacuum vessel because the

gate valves for these beam lines were not closed after the NB injection. The pumping

speed of the NB pumping system was evaluated to be 31 m3s−1 for a pressure measured

by an ion gauge at the drift tube of the beam line.

3 Analysis

The equation used for the particle balance analysis is expressed as

d

dt
(Nion(t) + Nneutral(t)) = ΓNB(t) + Γgaspuff(t)−Γdiv(t)−ΓNBcryo(t)−Γturbo(t)−Γwall(t).

(1)

Here, Nion(t), Nneutral(t), ΓNB, Γgaspuff, Γdiv, ΓNBcryo, Γturbo and Γwall indicate the

number of deuterium ions, the number of neutral deuterium atoms, the particle-fueling

rate of NB, the gas-puffing rate, the divertor-pumping rate, the NB-pumping rate, the

main pumping rate, and the wall-pumping rate, respectively. The first and the second

term of the left hand side can be ignored in the case that the steady-state plasma is

analyzed. The divertor-pumping rate, the NB-pumping rate and the main pumping rate

can be measured with the pumping speeds described above. The NB fueling rate and

the gas-puffing rate are known. Then, the wall-pumping rate during a discharge can

be evaluated from Eq.(1). Given that ΓNB and Γgaspuff are zero in Eq. (1) between

discharges, the wall-pumping rate, which is usually negative between discharges, can be

evaluated with the same equation. The wall inventory is calculated by integrating the

wall-pumping rate from the start time of a discharge to that of the next discharge.

4 Results and discussion

Figure 2 shows waveforms of a long-pulse discharge with a Greenwald density frac-

tion of 50%. During a constant NB power injection, the line-averaged electron density
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was controlled by a feed-back control technique of the gas-puffing rate, which gradually

decreased and reached a very low level at the latter half of the discharge. In con-

trast, the divertor-pumping rate gradually increased and became nearly constant. The

wall-pumping rate, calculated with Eq.(1), finally became negative, indicating deuteri-

ums were released from the walls, i.e., outgassing. Under the outgassing condition, the

plasma stored energy and the ELM activity were maintained as shown in Fig. 2.
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Fig. 2: Waveforms of (a) line-
averaged electron density, NB heating
power, (b) gas-puffing rate, NB fueling
rate, divertor-pumping rate, (c) wall-
pumping rate, (d) stored energy and Dα

intensity from the outer divertor.
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Fig. 3: Waveforms of parameters sim-
ilar to Fig. 2. Note the scale of Fig.
(b) is different from that of Fig. 2 (b).

Figure 3 shows waveforms of a long-pulse dis-

charge with a Greenwald density fraction of 70%.

As shown in Fig. 3 (c), the wall-pumping rate was

positive even at the latter half of the discharge.

This discharge was performed after the discharge

shown in Fig. 2, where the wall pumping was

no more effective. Nonetheless, the wall-pumping

rate of this discharge was positive. This effect is

discussed later.

Figure 4 compares the deuterium inventory

at three baking temperatures. In discharges with

the inner and the outer divertor detached and at-

tached, respectively, (a Greenwald density fraction

of 50%), the deuterium inventory decreased with

pulse at 570 K. In contrast, at 420 K, the deu-

terium inventory decreased more gradually com-

pared to that at 570 K, and the deuterium inven-

tory did not change at 350 K. Possible interpre-

tation is as follows; due to increase of the tem-

perature at the strike point of the outer divertor,

the outgassing from the outer divertor plates were

expected. The temperature rise of the main cham-

ber wall was so small that the main chamber wall

could still absorb deuteriums at a baking temper-

ature of 350 K. In contrast, at 570 K, it is inter-

preted that the absorption at the main chamber

wall was not effective and that the outgassed num-

ber of deuterium was larger than the absorbed,

resulting in the decrease of the deuterium inven-

tory. The absorption of deuterium at 420 K seems

intermediate between those at 350 K and 570 K.

Hence, it is considered that the difference of the changes of the wall inventoryis due to

the difference of deuterium absorption in the main chamber wall.

In contrast, in discharges with both the inner and the outer divertor detached (a
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Greenwald density fraction of ≥ 70%), the deuterium inventory at the three baking tem-

peratures increased. This is due probably to the co-deposition of deuterium with carbon;

as shown in Fig. 5, the CD4 generation, which was determined from the spectroscopic

measurement with viewing chords shown in Fig. 1, does not correlate with the deuterium

retention in the discharges with the outer divertor attached. In contrast, the CD4 gen-

eration increased in particular in the outer divertor with increasing deuterium retention

in the discharges with the outer divertor detached. This suggests that the deuterium

retention is due predominantly to a process which depends on impurity amount such

as co-deposition. On the assumption that the fraction of deuterium to carbon in the

co-deposition layer is 0.4 and that the net-deposition rate of the co-deposition layer is

80%, the co-deposition can explain all deuterium retention.
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In the discharges with the outer divertor de-

tached at 420 K, 13CH4 was injected from the

outer divertor. Post mortem analyses are planned

to evaluate the number of deuteriums included in

the co-deposition layer with 13CH4. This provides

a direct comparison of the deuterium retention

evaluated by the particle balance analysis and the

post mortem analysis.

5 Summary

In the 30s-H-mode discharges, the changes of

the wall inventory were compared at three baking

temperatures. In discharges with the outer diver-

tor attached, the absorption at the main chamber

wall, which temperature rise was small, seemed to

affect the wall inventory. In contrast, in discharges

with both the divertor detached, the co-deposition

of deuterium with carbon became a dominant con-

tributor to the wall inventory. The contribution of

the co-deposition to the wall inventory would be

confirmed by planned post mortem analyses.
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9.2 Deuterium Depth Profiling in Graphite Tiles not Exposed to Hydrogen 
Discharges before Air Ventilation [1] 

T. Hayashi, K. Sugiyama1), M. Mayer1), K. Krieger1), K. Masaki, T. Tanabe2) and M. Sato 

1) Max-Planck-Institut für Plasmaphysik, Germany, 2) Kyushu Univ. 

Depth profiles of deuterium trapped in graphite tiles of the W-shaped divertor not 
exposed to hydrogen discharges just before air ventilation were determined by the 
D(3He,p)4He resonant nuclear reaction analysis. The analyzed depth was 16.4 �m, which is 
deeper than that of the previous work [2].  

The highest concentration was found in the inner divertor area, and the D 
concentration at the surface is 19 at.%, which was higher than that exposed to H discharges at 
the same location (1.2 at.% [3]). This indicates that the H discharges removed 94% of the 
trapped D due to isotope exchange only at the very surface, assuming that the D concentration 
before H discharges was same as that of the tile not exposed to H discharges, even though the 
experimental period and plasma conditions were different each other. In the outer divertor, the 
D concentration was relatively low (2.6 at.%) even in the surface, because the surface 
temperature of the outer divertor tile was high. 

In the deeper region of all samples except dome top sample, D concentrations 
without H discharges were similar to that with H discharges. These results indicate that the 
trapped D only in the shallow region was removed by H discharges. The removal depth, 
where D concentrations of the tiles with and without H discharges were comparable, depends 
on the sample location. The minimum removal depth was found at the outer divertor and the 
dome top (0.4 �m). The maximum depth was found at the inner divertor (2.6 �m). 

According to the integrated deuterium retention within the analyzed depth (16.4 �m), 
the highest and the lowest D retention were found in the outer dome wing and the outer 
divertor, respectively, in the both cases of with and without H discharges. The D retention 
only for the dome top sample with the H discharges (0.39 � 1022 D atoms/m2) was lower than 
that without H discharges (1.25 � 1022 D atoms/m2). Thus, H discharges removed 69% of the 
trapped D due to isotope exchange, assuming that the D concentration before H discharges 
was same as that of the tile not exposed to H discharges. 
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9.3 H+D Retention in the First Wall Graphite Tiles [1] 

M. Yoshida1, K. Sugiyama1, J. Yagyu, Y. Miyo, T. Hayashi, K. Masaki, M. Sato, T. Tanabe1

1) Kyushu University 

Fuel retention of plasma facing graphite tiles in a fusion reactor is one of the important issues 
from the viewpoint of tritium safety and economy.  Although fuel inventories in redeposited layers 
on divertor tiles and remote area at rather low temperature regions have been extensively studied, the 
mass balance among fuel input, output and retention in the vacuum vessel is not consistent. The 
retention has the largest uncertainty and needs more precise measurements. In particular, the fuel 
retention in the first wall tiles has not been measured except for few works.  Although the first wall 
is mostly eroded and hydrogen retention has been believed to be small so far, the huge surface area of 
the first wall could have large contribution on the total fuel retention.  

In this work, hydrogen (H) and deuterium (D) retentions and depth profiles in the first wall tiles 
were analyzed by thermal desorption spectroscopy (TDS) and secondary ion mass spectroscopy 
(SIMS), and compared with those of the divertor tiles [2].  The first wall tiles measured here were 
exposed to about 18000 DD discharges in the period from Jun. 1992 to Nov. 2004. During the 
exposure, the vacuum vessel was kept at 573 K (1992-2002) and 423 K (2003-2004), and the 
temperatures of the first wall tiles must be higher to some extent.  Several hundred HH discharges 
were performed before the air ventilation to remove tritium produced by the DD discharges. During 
the period, boronization was performed several times with B10H14 + D2 mixture gas and B10D14.
Accordingly some of the first wall tiles were fully covered by the boronized layers.  In this work, we 
selected eroded tiles without any boronized layers from the outboard first wall tiles.  

The measured retentions (H+D) in the eroded first wall tiles and the eroded divertor tiles were 
nearly the same, in spite of the lower temperature of the first wall.  This suggests the saturation of 
hydrogen isotope retention in the topmost surface layers (>0.1 �m). Because of isotopic replacement 
during the HH discharges, the most of D retained at the topmost surface layers during the DD 
discharges was replaced by H, giving very small deuterium to hydrogen ratio (D/H).  The D/H ratio 
increased with the depth (<1 �m) and far deeper region (>1 �m) no more D retention was observed.  
The D/H in the retention of the eroded first wall tiles was much larger than that for the eroded 
divertor tiles, indicating isotopic replacement of D by H during the HH discharges was suppressed 
due to the lower tile temperatures of the first wall.  Furthermore D retention in a little deeper region 
(~0.5 �m) of the first wall tiles was significantly larger than that of the eroded divertor tiles. This is 
most probably caused by the injection of high-energy deuterons and neutrals originating from NBI by 
the orbital and ripple loss mechanisms. Although the flux of the energetic particles onto the first wall 
tiles must be much smaller than that onto the divertor tiles, the lower D concentration in the deeper 
regions compared to the topmost surface layers would allow the build-up of deuterium up to a certain 
level, resulting in significantly higher D/H in the deeper regions (<1 �m).  The injection of high 
energy hydrogen ions by the orbital and ripple loss mechanisms could not be avoided for metallic 
walls or even result in larger hydrogen retention owing to rapid hydrogen diffusion into more deep. 
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9.4 Analysis of Residual Gas by High-Resolution Mass Spectrometry  
during Helium Glow Discharge Cleaning [1] 

T. Hayashi, A. Kaminaga, T. Arai and M. Sato 

The residual gas analysis has been conducted by high-resolution mass spectrometry 
in order to investigate the effect of helium glow discharge cleaning (He-GDC). The residual 
gas species in the vacuum vessel were analyzed by the residual gas analyzer (RGA) connected 
to the vacuum manifold. A high-resolution quadrupole mass spectrometer was equipped in the 
RGA. The spectral resolution was determined by a gas puff test with He and D2. The half 
width at half maximum (0.018 amu) of deuterium and He peaks is smaller than the difference 
(0.024 amu) between He peak and D2 peak. These results indicate that the RGA system has 
sufficient resolution to distinguish between He and D2 gas species.  

The flow and the pressure of helium gas during He-GDC were 5.5 � 103 Pa m3 h–1

and ~0.27 Pa, respectively. The current and the voltage of glow discharge were 2 A and 
180–300 V, respectively. The temperature of vacuum vessel was kept at 423 K. The tokamak 
discharge just before He-GDC was carried out by deuterium gas, and finished normally 
without disruption. The He-GDC started in 35 minutes after the final tokamak discharge, and 
continued for 7 hours. Once the He-GDC started, the partial pressure of D2 gas increased with 
time and in 61 s, reached the highest pressure of 3.8 � 10–4 Pa, which was about ten times 
larger than the D2 partial pressure (3.5 � 10–5 Pa) just before starting He-GDC. Then, the 
pressure of D2 decreased with time. The total amount of released D2 during the He-GDC (7 h) 
was evaluated to be 4.4 Pa m3 at 423 K, or 1.5 � 1021 deuterium atoms. The average areal 
density of the released deuterium was 8.4 � 1018 D atoms m–2.

Because the gas puff of He stopped after stopping the He-GDC, the pressure of He 
decreased. Since the pressure of He decreased, the D2 gas released again. The pressure of D2

just after He-GDC was 1.6 � 10–5 Pa, which was significantly lower than that of before 
He-GDC. Moreover, the D2 pressure slowly decreased with time and reached 5.7 � 10–6 Pa at 
t = 50,000 s. Therefore, the He-GDC is effective to remove the deuterium from plasma facing 
components.
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9.5 Characterization of Re-deposition Layer with Ferritic Steel 

N. Ashikawa1), J. Yagyu, A. Yoshikawa2), Y. Miyo, M. Yoshida3), Y. Inagaki2) A. Sagara1),
K. Nishimura1), K. Tsutsumi, Y. Oya2), K. Okuno2), T. Nakano, K. Itami, M. Sato 

1) National Institute for Fusion Science,  2) Shizuoka University, 3) Kyushu University 

The plasma facing materials (PFMs) in next generation fusion devices, such as ITER 
and FFHR [1] will be exposed to severer heat load and neutron flux than those in current 
devices. Thus, low-radio activate ferritic steel has been developed for PFMs or base materials 
with high Z coating.  

In JT-60U tokamak, graphite tiles had mainly been used for PFMs. In 2005, additional 
1122 ferritic steel tiles of 8%Cr, 2%W and 0.2%V, which cover about 9.1% areas of the torus, 
were installed. Although additional metaric depositions of impurities were observed on in-
vessel components, sufficient data of these re-deposition layers was not provided yet. 

Material probes made of SS 316L, graphite and Si samples were installed on the outer 
port inside the vacuum vessel, and were exposed to 1328 deuterium plasma discharges during 
one experimental campaign. These sample holders were installed at different 5 toroidal 
positions before and after installation of ferritic tiles, and fresh samples into these holders 
were set for each campaign. Depth profiles of their impurities on these samples were 
analyzed using the X-ray Photoelectron Spectroscopy (XPS) [2].  

For example, an iron atomic concentration of 45 % was observed after ferritic tile 
installation at P-15 section, where thick carbon deposition layer was also found before and 
after ferritic tile installation. At the same depth of 2 nm from the top surface, carbon of 34 %, 
oxygen of 15 %, boron of 6 % are observed after ferritic tile installation. A thickness of 
deposition layer is about 12 nm and it is similar on each sample before and after ferrite tile 
installation at P-15. Results of XPS analysis showed the different atomic concentrations of 
iron due to erosion of ferritic tiles in every position of the torus. 

This ferritic steel tile contains 2% of tungsten in wt and a tungsten coating material was 
used for the divertor target tiles in this experimental campaign. However tungsten element 
was not observed from any samples.  

From these results, it is shown that deposited layer of iron was found after ferritic tile 
installation. Initial atomic concentrations of ferritic steel were not kept due probably to long-
term erosion/deposition processes. The distribution of thickness of deposition layer after the 
ferrite tile installation was similar to that before the ferrite tile installation. 
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9.6 Localized Tungsten Deposition in Divertor Region [1]

Y. Ueda1), M. Fukumoto1), J. Watanabe1), Y. Ohtsuka1), T. Tanabe2), T. Arai, N. Asakura, 
T. Nakano, Y. Nobuta, M. Sato, J. Yagyu, K. Ochiai, K. Takakura and JT-60 Team

1) Osaka University, 2) Kyushu University 

Tungsten local transport in the diverter region emitted from the outer divertor was studied. 
Tungsten coated CFC tiles were installed in the outer divertor position (toroidal section P-8), 
on which outer strike points did not normally stay. This tile array covered about 1/21 toroidal 
length. The thickness of W coating layer was about 50 �m with Re interlayer between W 
coating and the base CFC tiles.   

A neutron activation method was used for the first time for the absolute measurement of 
deposited W by the 186W(n,�)187W reaction by slow neutrons in JAEA/FNS (Fusion Neutrinos 
Source). Conventional surface analysis methods such as EDX (Energy Dispersive X ray 
spectrometry) and XPS (X ray photoelectron spectroscopy) were also used. Tungsten 
deposition on the dome tiles was found only near the top surface (within depth of a few �m), 
while tungsten on the inner divertor tiles was codeposited with carbon to the depth up to 
about 60 �m. The neutron activation method can measure tungsten in these thick codeposition 
layers. Depth profiling by XPS in this thick layer is not appropriate. 

Poloidal distribution in the same toroidal section as the W-tiles showed dense W 
deposition near the inner strike points, the dome top and outer wing of the dome, while W 
deposition on the inner wing of the dome was much less than those. Tungsten composition 
ratio in the mixed redeposition layer on the inner divertor tile was about 1%. Considering 
tungsten tile area (1/21 toroidal length) and low erosion yield (about two orders of magnitude 
lower than that of CFC), it is suggested that W deposition on the inner divertor emitted from 
the outer divertor is very localized. Carbon ions by puffing 13CH4 from the outer divertor at 
the same toroidal position of the W-tiles were also deposited mainly near the inner strike 
points.  

In terms of toroidal distribution of W deposition, tungsten surface density on the inner 
divertor and the outer wing of the dome was much higher at the toroidal angle of 0 deg (at the 
center of the W-tile array) than those at 60 deg (toroidal section P-5). Especially in the outer 
wing, tungsten deposition was less than the detection limit at 60 deg. Detailed measurement 
of W toroidal distribution on the outer wing showed significant localization near the W-tile 
array within the toroidal angle of about ±20 deg. The reason of this significant localization 
could be attributed to inward drift of W ions or deposition of sputtered W atoms without 
ionization in the thin private plasma in the case of plasma operation with the outer strike 
position on the W-tiles. In addition, toroidal asymmetry of W distribution on the outer wing 
was observed. This toroidal asymmetry could be due to the plasma parallel flow in the 
divertor plasma.  
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9.7 Modeling of Tungsten Impurity Transport Using IMPGYRO Code 

K. Hoshino, M. Toma1), A. Hatayama1), K. Shimizu, T. Takizuka, 
Y. Ueda2), N. Nakano, N. Asakura 

1) Keio University, 2) Osaka University 

1. Introduction 
Tungsten is the most promising candidate for a plasma facing material in future fusion 

devices. Advantages of tungsten are low sputtering yield, low tritium retention, etc. However, 
large radiation loss in the core plasma might occur because tungsten is not fully ionized even 
in the core plasma. Therefore, it is important to understand the transport process of tungsten 
impurity and estimate the radiation loss in the core plasma. 

In JT-60U, tungsten coated tiles were installed in 
the outer divertor. The position of tungsten (W) tile 
was upper part of the outer divertor only in P-8 
section as shown in Fig.1. After the experimental 
campaigns, the tungsten deposition profile was 
measured in the poloidal and toroidal direction [1]. 
However the effect of transport process on the 
deposition profile is not clear so far. 

The numerical analysis of the deposition 
mechanism with the IMPGYRO code is in progress. 
Here the preliminary results are described. 

2. Numerical model 
The Monte-Carlo transport code IMPGYRO [2] has been developed in order to study a 

global transport process of high-Z impurity in the whole tokamak plasma and predict the 
impurity flux penetrating into the main plasma. The code includes important processes for 
high-Z impurity transport, such as Larmor gyration, Coulomb collisions [3], the thermal force 
[4] and the multi-step ionization/recombination processes [5]. The three dimensional equation 
of motion is directly solved in a real tokamak geometry. The plasma-surface interaction, such 
as a sputtering and a reflection, is taken into account by coupling with the erosion and 
deposition code “EDDY” [6, 7]. The plasma-surface interaction greatly depends on the 
incident angle. Therefore in addition to the sheath effect on the incident energy, the change of 
the incident angle by the sheath acceleration is calculated for each incident particle [8]. 

The transport process and the deposition profile were analyzed on two magnetic 

Fig.1 Position of tungsten coated tile 
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configurations: (a) standard configuration – the outer strike point is positioned on the lower 
divertor tile of CFC, and (b) W experiment configuration – the outer strike point is positioned 
on the W-tile.  

The background plasma profiles were calculated by the divertor code SOLPS [9]. The 
boundary condition at the core interface boundary (r/a~0.9) was nD � 2.5�1019  m-3 and 
Qin �15 MW  for both configurations. The spatial profile of the electron temperature is 
shown in Fig. 2. The peak of the electron temperature on the outer divertor is higher than 50 
eV in both cases.  

In the present analysis, the following simple setup has been adopted. As for the initial 
generation of the tungsten impurities, 106 test neutral particles were uniformly launched from 
the W-tile array with monotonic energy of 10 eV. An absorption condition was set in the main 
plasma at r/a~0.995. The plasma-surface interaction (EDDY) was switched off. 

3. Simulation results 
The spatial profile of tungsten density is shown in Fig. 3. In the standard configuration, 

initial generated neutral tungstens are ionized close to the divertor plate. Then tungsten ions 

Fig.3 2D profile of W density for (a) standard configuration and (b) W experiment 
configuration. W density nW is the sum of all charge states and normalized by 
the amount of initial generation.  

(a) (b) 

(a) (b) 

Fig.2 Spatial distribution of electron temperature for (a) the standard configuration 
and (b) the W experiment configuration. 
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are returned to the outer divertor plate or led toward a SOL plasma top along the magnetic 
field line by the thermal force. The deposition on the dome or the inner divertor cannot be 
seen. In the W experiment configuration, the transport of tungsten ions ionized in the divertor 
region is similar to that in the standard configuration. In the contrast, the tungsten neutrals 
generated near the separatrix pass through the private region. Some of them are deposited 
directly on the outer dome wing. The others reach the inner area and are ionized near the inner 
separatrix. Then they are led to the divertor plate along the magnetic field line. 

Figure 4 shows the poloidal profile of the 
deposited tungsten in the W experiment 
configuration. The significant deposition on 
the inner divertor and the outer dome wing 
can be seen. The features on the outer dome 
wing agree with the experimental data [1].  

In order to investigate the transport 
process and the deposition profile of tungsten 
impurities, the analysis with the EDDY code 
and comparison with the experimental data 
are in progress. 
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Fig.4 Poloidal distribution of the W deposition. 
The horizontal axis is the distance along 
the surface from the inner divertor to the 
outer dome wing. 
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9.8 Tungsten Stripe Coatings on the Lower Divertor Plate

T. Nakano, N. Asakura and Y. Ueda.
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Fig. 1: Position of W stripe
coatings on the lower divertor
plates.

One CFC plate with tungsten (W) stripe coatings

was installed as a lower target of the outer divertor in

2007 for the purpose of investigation on the prompt re-

deposition onto the divertor plates. Figure 1 shows the W

stripe coatings. Three W stripes with a width of 10 mm

and a thickness of 5 µm were coated: One stripe was coated

in the poloidal direction and two stripes in the toroidal di-

rection. Because the lower stripe was located below the

dome, the outer strike point was not usually put on it. In

contrast, on the upper stripe, the outer strike point was

often located in various experiments. In that magnetic

configuration, intense W emission from the main plasma

was occasionally observed.

To identify the source of W, relation between the core

W XLVI intensity and the outer-strike-point position dur-

ing the outer-strike-point sweep around the upper stripe

was investigated in an H-mode discharge with a plasma

current of 1.0 MA, a toroidal magnetic field of 3.7 T and

an NB heating power of 12 MW. As shown in Fig. 2, the W XLVI intensity started to

increase when the outer strike point was located just below the upper stripe, and the

W XLVI intensity continued to increase with increasing distance from the bottom edge.

The W XLVI intensity was kept high when the outer strike point was located above the

upper stripe. This is probably due to another W source from the W-coated upper target

of the outer divertor by sputtering during ELM.
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Fig. 2: W XLVI intensity as a func-
tion of the outer-strike-point ( OSP )
position from the bottom edge of the di-
vertor plates with W stripe coatings.

This trend was exactly reproduced during

the downward outer-strike-point scan: while the

outer strike point was moved downward, the W

XLVI intensity started to decrease when the outer

strike point was located just above the upper

stripe, and then the W XLVI intensity continued

to decrease to nearly zero when the outer strike

point was located below the upper stripe.

Consequently, it is probable that the source

of W in the main plasma was the upper W stripe

in the case that the outer strike point was located

on the upper W stripe. This plate was removed

during the experimental campaign.
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10 Diagnostics 
10.1 Development of a High-Brightness and Low-Divergence Lithium Neutral Beam for 

a Zeeman Polarimetry [1] 

A. Kojima, K. Kamiya, H. Iguchi1), T. Fujita, H. Kubo, Y. Kamada and the JT-60 Team

1) National Institute for Fusion Science 

A new lithium beam probe (LiBP) has been developed on JT-60U, whose ion beam is 
characterized by a low-divergence with a high-brightness, for the Zeeman polarimetry to 
measure the edge current density. The diagnostic system is also utilized for the electron 
density measurement as a beam emission spectroscopy (BES). So LiBP is a powerful tool to 
study the H-mode physics, including pedestal and ELMs dynamics. Optimization of the beam 
injector is essential to improve both higher spatial (~1 cm) and temporal resolutions 
(~1 ms for BES and ~1s for Zeeman polarimetry). In the development of the lithium beam 
on JT-60U, targets of the performances are as follows; Beam energy is required to be 
relatively low (~10 keV) which is the optimum value for the pedestal density range in the 
H-mode plasma on JT-60U, beam current over 1mA at the plasma edge is required for the 
good signal-to-noise ratio, and the divergence angle of 0.4 degree for the effective transport 
and clear separation of the narrow Zeeman-splitted spectrums. In order to obtain the ion 
beam current over 10 mA, a newly-developed thermionic ion source utilizing a porous 
tungsten disk with � eucryptite is heated by an electron beam. Moreover, to aim the 
low-energy and large-extraction simultaneously, the negatively-biased extractor electrode is 
installed in front of the emission surface of the ion source. The beam optics is designed after 
detailed numerical simulation taking the space charge effects into account because a low 
divergence angle of the neutral lithium beam leads to a narrow spectrum of the beam 
emission. It is also necessary to keep the beam radius small for good spatial resolution due to 
a long beam line of 6.5 m.  

The newly-developed ion gun is operated on a test stand which simulates the diagnostic 
arrangement on JT-60U, having a 6.5m beam line. Ion beam current of 10mA at beam energy 
of 10 keV is successfully extracted from the ion source operated at the temperature over 1400 
degree Celsius. The ion beam is focused by the optimized Einzel lens. The FWHM (Full 
Width at Half Maximum) radius of the ion beam at the neutralizer is about 9 mm. A sodium 
vapor neutralizer neutralizes the collimated ion beam fully at the temperature of 300 degree 
Celsius. The neutral beam profiles are measured at two locations of the beam line at 2.3 m 
(corresponding to the beam monitor position) and 6.5 m (corresponding to the plasma region) 
from the neutralizer, respectively. The FWHM radius of the neutral beam of 52mm and the 
equivalent beam current of 3 mA with the beam divergence angle of 0.2 degree which is the 
half-angle divergence has been obtained, achieving the parameter required for the Zeeman 
polarimetry in addition to the edge BES. Moreover, the long pulse operation up to 50 seconds 
is demonstrated. 
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Fig. 1. LiBP system on JT-60U 

10.2 Development and Operation of Lithium Beam Probe 
A. Kojima, K. Kamiya, T. Fujita, H. Kubo and the JT-60 Team 

1. Introduction 
H-mode plasmas are characterized by the pedestal structure and ELM activities in the 

edge region. The pedestal structure is formed in the narrow region about several cm and the 
ELM activities have the frequency range up to 1 kHz. Therefore, H-mode study requires the 
edge diagnostics having the high spatial and temporal resolutions, simultaneously. Toward 
such requests, Lithium beam probe (LiBP) is one of powerful tools for the edge diagnostic, 
and is widely utilized at a lot of tokamak devices, such as DIII-D [1], JET [2] and 
ASDEX-U [3]. In JT-60U, the newly-developed LiBP system with low-energy and high 
brightness Li injector has been developed and installed in order to measure the time 
evolution of the edge density profile during ELMs and the edge current profile in H-mode 
plasmas [4]. The edge current density and electron density measurements have been 
successfully demonstrated after the beam conditioning and beam axis alignment. 

2. LiBP System on JT-60U
LiBP system consists of the Li 

beam injector and the detectors as shown 
in Fig. 1. As for the injector, the 
high-brightness and low-divergence ion 
gun has been installed in the diagnostic 
hall. In the beam injection to JT-60U, the 
leakage magnetic field affects the beam 
steering seriously. The poloidal coils 
apply the leakage magnetic field of 10-4 T, 
which is the marginal value to control the 
beam position within the long and narrow 
beam line. Therefore, the ion gun has 
been shielded by the magnetic shield 
which has the capability to reduce the 
magnetic field from 3x10-2 T to 2x10-5 T. 
The magnetic shield has the three-layer 
structure and consists of SS400 (40mm) 
and Permalloy (2mm dual layer). Since 
the magnetic shield has worked 
successfully, the beam displacement due 
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to the magnetic field has not observed 
during the beam injection. As for the 
detectors, the optical system has been 
installed at the horizontal port of 
JT-60U. It consists of the optical lens, 
the photo elastic modulators (PEMs), 
the linear polarizer and the optical 
fiber array. The optical lens has the 
magnification of 0.2 and the effective 
diameter of 120 mm. S-TIH6 material 
is utilized for the lens which is the 
alternative to the low Verdet constant 
glass SFL6. In front of the lens, the 
slit is installed to reduce the solid 
angle to the direction of the beam axis. 
Optical fiber array has 20 channels for 
the diagnostics and 3x2 channels for 
the beam profile and axis monitors. The spatial resolution in the radial direction is 1 cm, 
depending on the intersection of the beam and the sight line. Four fibers with each core 
diameter of 1 mm are bundled in each diagnostic channel. The 600 �m fibers are arranged at 
up- and down-stream for the beam profile monitor, having 3 channels perpendicular to the 
beam axis. The photo-multipliers with the etalon (��~0.1 nm) and bandpass filters (��~1 nm) 
detects the Doppler-shifted Li beam emission (�=670.8 nm). The high-speed oscilloscopes are 
utilized for the data-acquisition system. 

3. Operation of LiBP
During the experimental campaign, the operation period of LiBP is determined by the 

short life time of the neutralizer. The life time of the ion source with � eucryptite of 1.5 g is 
estimated to be 52.5 A.sec. In the case of the beam current of 5 mA which is the typical value, 
the ion source can keep the beam extraction for 10000 seconds corresponding to 200-300 
shots. As for the neutralizer, the neutralizer with Na of 1g keeps the effect by 10 hours at the 
temperature of 300 degree Celsius. Typically, Na of 8g is reserved in the Na reservoir tank. 
Then, the neutralizer needs to be refilled after 10 operation days. The optimization of the 
neutralizer configuration or the alternative methods of the charge exchange are issues to 
improve the life time of the neutralizer. 

Injecting Li beam to JT-60U, the beam current is maintained by the PID control of the 
electron beam (EB) power to the ion source as shown in fig. 2(a). After high voltages are 
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applied, EB filament current is 
increased gradually. The relation 
of the filament power and the EB 
power are obtained and utilized for 
the EB power control. After 
pre-heating of the ion source, the 
EB power is decreased to maintain 
the expected beam current. 
Because it takes several 10 
seconds for the temperature profile 
of the ion source to reach 
stationary state, the ion source 
needs to be ready before the beam 
injection to the plasma. At the beginning of the plasma injection, the relative sensitivity 
across the all detectors is carried out by use of the gas injection phase before the plasma 
ignition in every shot. During the beam injection, the beam chopping by the deflector is used 
to monitor the background light. To obtain the wavelength characteristic of the etalon filters, 
the effective method by use of the beam energy sweeping is developed as shown in Fig. 2(b). 
The acceleration, extraction and Einzel voltages are synchronously scanned to change the 
beam energy and to keep the beam current in this method. 

For the beam axis alignment, the two pairs of high voltages to the XY deflectors are 
scanned by the high-speed HV amps. And then the Einzel lens voltage is adjusted. The beam 
position and profile are examined by 
the XY wire probes (without plasma 
injection) and the beam profile 
monitors (with plasma injection). The 
beam alignment is important for the 
diagnostic because the beam emission 
intensity strongly depend on the beam 
quality corresponding to the beam 
alignment and focusing as shown in 
Fig. 3. This figure shows the �
progress of the beam emission 
intensity normalized by the beam 
current and line-integrated electron 
density. The horizontal axis implies 
the beam intensity corresponding to 
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the beam quality. Control of low 
energy and large beam current 
injections are difficult and require 
the accurate alignment and 
repeatability because of the space 
charge effects. 10 keV injections 
for the density measurement have 
been carried out mainly which is 
the design value of beam energy, 
and also 7.5 and 7.8 keV 
injections have been tried to 
measure the edge current profile; 
these beam energies correspond 
to the characteristic of etalon 
filters. The beam emission spectra 
are obtained in the gas injection 
(without toroidal magnetic field) 
and ohmic heating plasma as 
shown in Fig. 4. This figure 
shows that the full width at half maximum of 0.05 nm which is caused by the beam 
divergence and solid angle of the optical system is small enough to separate each Zeeman 
splitting spectra. 

The density measurement is carried out at beam energy of 10 keV. In the density 
reconstruction, only the 2s-2p emission is considered and the whole shape of the beam 
emission profile is estimated from the measured profiles. Including the full atomic process to 
the reconstruction is the future task. The typical beam emission profiles and the reconstructed 
electron density are shown in Fig. 5. The background signal is estimated from the beam-off 
signal of beam chopping method. In the case of the L mode (low density), the beam emission 
profile is almost identical to the density profile. In the H mode plasma (high density), the 
beam is fully attenuated within the observation area. Therefore, the penetration length of 
10 keV beam is short enough to reconstruct the edge density profile of the JT-60U H mode 
plasma.
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10.3 Zeeman Polarimetry Measurement Using Li-beam Probe 

K. Kamiya, T. Fujita, A. Kojima and H. Kubo 

1. Introduction 
It is well known that the edge current density plays an important role for the 

determination of the edge stability limit according to theory, which affects on the Edge 
Localized Mode (ELM) behavior and pedestal physics [1]. Recent theoretical studies have 
pointed out that variations in the ELM characteristics (e.g. Type-I, II and III, including 
QH-mode and grassy ELMs) could be explained in terms of a low n toroidal mode number 
MHD model with 2nd stability access (so-called, “peeling-ballooning” model) [2]. The 
peeling-ballooning instability is driven by pedestal 
gradients in both pressure and current. In the recent 
experiments in many tokamaks, the pressure limit in 
the plasma peripheral region has successfully described 
with this model. However the edge current density was 
only inferred from calculations of the edge 
Pfirsch-Schluter and bootstrap currents using the 
measured pedestal profiles and neoclassical bootstrap 
model [3].  

A direct measurement of the edge current 
profiles is very important for understanding the edge 
MHD stability. Recent experiment on DIII-D, the first 
direct measurements of the edge poloidal field were 
made at the outer midplane with a new Li-beam 
Zeeman polarimetry diagnostic [4], although one of the 
challenges of this measurement is separating the � and 
� components of the Li triplet, which are orthogonally 
polarized and only ~0.03 nm apart for full field 
operation on DIII–D at ~2.1 T [5]. 

2. Zeeman polarimetry measurement using Li-beam 
probe 

A 10keV Li-beam probing system has been 
developed on JT-60U for the edge current density 
measurement using Zeeman polarimetry (ZP), which 
has 20 channels with spatial resolution of up to 1cm at 

Fig 1. (a) Poloidal cross section for
E049489 at 7.0s (elongation �~1.3 and
triangularity �~0.543 with plasma 
volume Vp~55.8 m3) showing the 
lithium beam injection line from the 
top of the vacuum vessel and the 
viewing geometry from the outer
mid-plane. (b) expanded view of (a).
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r/a~0.8-1 as shown in figure 1. The diagnostic 
system makes it possible to measure the 
electron density and its fluctuation by Beam 
Emission Spectroscopy BES, simultaneously 
[6].  

In the recent experiment on JT-60U, we 
have achieved that the Li-beam injection to the 
NBI heated plasma with beam current of up to 
~5mA [7]. An advantage of ZP on JT-60U is 
higher toroidal magnetic field Bt operation up to 
~4T, which enables us to measure the edge 
current density with high precision due to wider 
line separation given by the Zeeman effect 

(0.021 nm per Tesla in the case of lithium for 

fields greater than about 1 T). Optimization in 

the beam focusing with electro-static lenses is 

also important, since each of split line profiles is 

broadened due to Doppler effects in the beam. 

 As shown in figure 2, we confirmed that each circular polarized components are fully 
separated by +/-0.1 nm from linear polarized one at Bt~4T using a high throughput 
spectrometer CLP-400 (focal-length f~400 mm with the F number ~ 2.8). Doppler broadening 
is also found to be as small as 0.04-0.05 nm. In order to select the � component of the 
Zeeman triplet of the Doppler shifted Li emission, the etalon filter having FWHM of 
~0.08-0.1 nm is utilized. This task is not so difficult due to almost fully splitting of � and �
components at the maximum Bt operation on JT-60U (up to ~4T). In this study we have used 
both temperature and rotational stage tuned fused silica solid etalons, whose parameters are 
50.0 mm diameter, 0.5 mm thick, a surface figure of �/20, and a reflectivity of 70%. The free 
spectral range, FSR=�2/2nd=3.1 Å, where n=1.45 is the index of refraction. The reflectivity 
finesse is given by FR=�[R/(1-R)]1/2=8.76, where R=0.7 is the reflectivity. This results in a 
bandwidth of 0.35 Å, which would easily resolve the � component. However, the finesse is 
reduced by the surface figure of the etalon and the fact that the light is not perfectly 
collimated. A surface figure finesse Fsurface=s/4.7=4.3, where s is the surface figure given as a 
fraction of the wavelength (i.e., s=20 for �/20 surface figure). The pinhole finesse, 
Fpinhole=4�L2/ndD2=9.3, where L=100 mm is the focal length of the collimating lens and D=2 
mm is the diameter of the input fiber bundle. The resulting finesse F is estimated to be ~3.53, 
which is determined from the formula as the following inverse quadrature sum; 1/F2=1/FR

2

Fig. 2. Measured line profile from
CLP-400 spectrometer for E048868 and
Etalon transmission when illuminated with
white light by the integrated light sphere.

+1/Fpinhole
2 +1/Fsurface

2. This results in a bandwidth of ��FWHM=FSR/F~0.88 Å, which is 
consistent with the measured one as shown in figure 2. 
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3. Development of a new tuning method of wavelength for etalon. 
The pitch angle of the magnetic field is obtained from measurements of the 

polarization state of a �� (or � �) component of the lithium triplet, which is used as a constraint 

for the MHD equilibrium code to identify the edge current density profile [8]. To accurately 

determine the ratio of circular to linear polarization using modulation techniques requires 

lock-in measurements at four different frequencies (fundamental and second harmonic of each 

of the two PEM resonant frequencies). The most important point to improve the signal to 

noise ratio is that, the �� (or ��) component must be separated as completely as possible not 

only from the orthogonal linear polarized � component, but also the oppositely handed 

circularly polarized �� (or � �) component. And hence, a fine tuning for the central wavelength 
of Etalon towards both side direction (namely towards longer and shorter wavelength) is 
essential, which is possible with the use of both temperature and rotation control systems.

A new tuning method of central wavelength has been demonstrated, scanning the 
beam acceleration voltage Vacc during a single shot as shown in figure 3. During the Vacc scan, 
there is the local minimum in the digital lock-in detected signals in the 2f (~40 kHz or 46 kHz) 
component (Linear Polarization, LP) when the 1f (~20 kHz) component (Circular Polarization, 
CP) passes through nearly zero. On the contrary, there are the local maximum in the digital 
lock-in detected signals in the 2f (~40 kHz or 46 kHz) component when the 1f (~20 kHz) 
component reaches either minimum or maximum value. The former Vacc (i.e. Vacc at the CP 
component ~ zero) corresponds to the central wavelength of central � component in the 
Zeeman triplet at the maximum transmitted location of the Etalon. The latter Vacc (i.e. Vacc at 
the CP component ~ local minimum or maximum) corresponds to the central wavelength of 
the �� or �� components in the Zeeman triplet at the maximum transmitted location of the 
Etalon. It is noted that the sign in the LP components depends on the phase adjustment 
relatively to the reference signals from PEMs. Once the Vacc is known for the central peak in 
the � or � components, the location of the optimized wavelength of the Etalon is determined 
by the conversion of the Vacc towards wavelength unit using a calculation of the Doppler-shift 
�� as follows: �� =670.784(1-vbeam/c)cos�. Here, vbeam=(2eVacc/mLi)1/2 is velocity of the 
accelerated Li-neutrals where e is the electron charge and mLi mass of the Li-neutrals, c is the 

light speed and � is the angle between the beam line and viewing chords, respectively. It 

should be noted that each spatial channel has a slightly different wavelength caused by the 

Doppler shift of the accelerated lithium neutrals due to the variation in viewing angle. As a 

result, we could tune the central wavelength of the etalon for each channel to the central 

wavelength of the �� component at the Vacc=7.5 (or 7.8) keV for the edge current 
measurements and � component at the Vacc= 10 keV for the edge electron density 
measurements, respectively.

JAEA-Review 2009-045

－ 142 －



Figure 3. Temporal evolution of (a) toroidal magnetic field BT, plasma current IP and NBI power PNB,
(b) acceleration voltage Vacc, beam extraction current Iacc and sweep voltage Vsweep, (c) DC, (d) CP 
and (e) LP components of the phase modulated signals using PEMs. Both CP and LP are detected by 
the digital lock-in method. In order to check the effect of the background light, the Li-ion beam is 
electro-statically deflected by the Vsweep between the parallel plates equipped in front of the aperture of 
the neutralizer in the ion-gun. Both CP and LP components plotted against (f) Vacc and (h) relative 
wavelength. (g) Modeling of the � and � components, broadened to FWHM of 0.05 nm, together with 
the etalon transmission function whose central wavelength is tuned to the central wavelength of the ��

and � component for the edge current and density measurements, respectively, are also shown. 
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10.4 Equilibrium Reconstruction Using the Lithium Beam Probe Data 

T. Fujita, K. Kamiya, A. Kojima and H. Kubo 

1. Introduction 
A lithium beam probe (LiBP) has been developed for measurement of density and 

current profiles in the pedestal region with high spatial resolution. The current profile 
measurement relies on the fact that the fraction of the circular and linear polarizations of the 
Zeeman split components has information on the orientation of local magnetic field. In this 
paper, the procedure for evaluating the current profile using the LiBP data and initial results 
on the current profile measurements are presented. 

2. Diagnostics principle and optimization of PEM parameters 
In the magnetic field B, the 2S-2P resonance line of a lithium atom is split into a � and 

two � lines due to the Zeeman effect. For emission perpendicular to B, the � line and the two 
� lines are linearly polarized, parallel and perpendicular to B, respectively. For emission 
parallel to B, there is no � line and the two � lines are circularly polarized. Since the sight 
lines are nearly parallel to the flux surface, as shown in Fig. 1 in [1] for achieving good 
spatial resolution, the component of B parallel to the sight line is needed for evaluating the 
pitch angle of B. Hence, it is need to use � lines and the �� line was used in the experiment. 
The intensity of circular polarization ICL and that of linear polarization ILP of the � line are 
related to the angle � between the local magnetic field and the plane perpendicular to the 
sight line, as shown in Fig. 1, through the following equation. 

ICP

ILP

�

2sin�
cos2

�

                       (1) 

The MHD equilibrium code for analysis of MSE 
data [2] was modified to calculate the angle � along the 
lithium beam line for a given equilibrium. The code was used 
to evaluate change in � caused by a local change in the 
current density, and it was found that accuracy of ~0.1° in � is 
needed to measure a local current peak with accuracy of 
~30% in the edge region for typical conditions (q95~5).

A pair of Photo Elastic Modulators (PEMs) with 
driving frequencies of f1 = 20 kHz and f2 = 23 kHz was 
employed for polarization measurement. The ICP and ILP are 
obtained by 1f and 2f components of the signal: Fig. 1. Definition of angles �

and � for denoting orientation 
of magnetic field B with respect 
to the sight line S. 
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ICP
ILP

�

I20 /a(�20)

I40 /b(�20)� �
2
� I46 /b(�23)� �

2
,     (2) 

where I20, I40 and I46 denote 20 kHz, 40 kHz and 46 kHz Fourier amplitudes, with signs, of the 
signal, and �20 and �23 denote retardations (in unit of radian) of 20 kHz and 23 kHz PEMs. 
Though the functions a(�) and b(�) are given by J1(�) and J2(�), respectively, in theoretical 
calculation, where J1 and J2 being the first and second order Bessel functions, these 
coefficients need to be calibrated in the real geometry. Though the retardation �20 and �23 are 
set � [rad] for linear polarization measurement like MSE, this value is not optimum for 
circular polarization measurement. In the experiment, �20 = 0.7� [rad] and �23 = � [rad] were 
used, so as to obtain a lager a(�20) and hence a larger I20 for a given ICP, for which a(�20)/a(�)
~1.37 and b(�20)/b(�) ~0.78 were obtained in the calibration. Finally, it was found that the 
effect of background light to be discussed in 3.2 was larger for I40 than I46 by a factor of 3, 
and hence ILP was evaluated without using I40 but with I46 and calculated value of I40/I46, the 
latter of which is determined by the plasma shape and is not varied by the local current 
profile. 

3. Calibration of polarization measurement and compensation of background light effect 
The equation (1) holds only for ICP and ILP of a pure � line. The intensity obtained 

from equation (2) in the real experiment, ICP
m/ ILP

m, is different because of contamination with 
(i) undesired � and the other � lines and (ii) the polarized component of the background light, 
namely light other than the beam emission. The first effect is determined by conditions of 
lithium beam operation and etalons, while the second effect depends on the plasma conditions. 
These two effects will be discussed separately in the following. 

3.1. Calibration of polarization measurement 
Measurement of beam emission without plasma, namely by injecting the lithium beam 

into a gas filled torus in a given magnetic field generated by external coils, is an ideal method 
for the calibration of the polarization measurement. However, it was found that the signal 
intensity was too weak to obtain calibration data with required accuracy (<0.1°) even with the 
maximum gas (helium and argon) pressure for which the operation of lithium beam injector 
was possible. As the second method, measurement of the peripheral region of a stationary OH 
plasma was attempted. It is expected that in the very edge region (0.93<�<1), � can be 
evaluated within accuracy of 0.1° even without measurement of the current density profile, 
taking into account reasonable variations in the current density profile. By changing the 
plasma surface position shot by shot, all of the LiBP channels can be located in 0.93<�<1 and 
thus can be calibrated. However, it was found that the calibration data obtained in a peculiar 
shot was not valid in other shots. This seems to be because the operation condition of the 
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lithium beam was not fixed in the experiment but was varied shot by shot in order to improve 
the beam current and divergence. Finally, the calibration for the measurement on the H-mode 
was made using the OH or L-mode phase of the same shot. For this calibration, it is needed to 
assume the current profile at least in the edge region, which causes additional errors. These 
errors, however, are expected to be small because of absence of an edge current peak in OH 
and L-mode plasmas. 

3.2. Compensation of background light effect 
The background (BG) light had a significant fraction of polarization (~14%) and thus 

affected the measurement of the polarization component as well as that of emission intensity 
for density measurement [3]. The polarized BG light seems to be generated by reflection of 
bremsstrahlung light on the first wall. The magnitude of the BG light depended strongly on 
the location of strike points. Compensating the BG light effect was inevitable in order to 
measure � with required accuracy of ~0.1°. In the electron density measurement, the BG 
component was evaluated by chopping the beam through applying a voltage to the reflector in 
the ion gun. In the current density measurement, however, this method was not available 
because averaging the data for a period longer than 1 s was needed to achieve the required 
accuracy. Instead, we repeated two 
discharges with and without lithium beam 
injection and then evaluated net signal 
caused by the beam emission by their 
difference. This needs, of course, 
reproducibility of the BG light. Some of the 
channels were therefore adjusted not to 
receive the beam emission at all so as to 
monitor the BG light for all discharges 
regardless of lithium beam injection. 

Figure 2 shows time evolution of 
polarization components in repeated 
discharges. The circular polarized component 
of BG light was nearly zero as shown in (a), 
while a nonnegligible amount of linear 
polarized component of BG light was 
observed as shown in (b). The BG light was 
large during the high power heating phase 
and reproducibility of BG light was quite 
good as shown in (c). 

Fig. 2. Polarization components for two repeated 
discharges for compensating the background 
light effect. Solid lines denote the discharge with 
beam injection (E49775) while dotted lines 
without beam injection (E49776). (a) NB power. 
(b) 20 kHz component (circular polarization) of 
CH 10. (c) 46 kHz component (linear 
polarization) of CH 10. (d) 46 kHz component of 
CH 8 for monitoring the background light. 
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4. Evaluation of edge current density profile in an H-mode plasma 
The current density profile for an H-mode plasma was evaluated using the data averaged 

from t = 5.2 to 8 s in the shot shown in Fig. 2 (E49775). During this period, small ELMs 
having mixed grassy and small type-I ELMs (so-called ‘mixture’ ELMs) were maintained 
with NB power of 8 MW. The plasma parameters were: Ip = 0.80 MA, Bt (at the plasma 
center) = 3.74 T, q95 = 7.9, �95 = 1.23, �95 = 0.46, �p = 1.30. The calibration was made using 
the L-mode data in the same shot averaged from t = 9.5 to 12.5 s, with NB power of 2 MW, 
where the BG light component was also compensated. Due to the adiabatic heat capacity (I2t) 
of the VT coil used for high triangularity configuration, a plasma shape different from that for 
the H-mode phase, with �95 = 1.38 and �95 = 0.16, was employed for the L-mode phase, 
though the plasma surface position on the lithium beam line was unchanged. 

The symbols in Fig. 3 (a) denote � for the H-mode phase from the LiBP measurement 
calibrated using the L-mode data. The open symbols show the data outside the separatrix or 
with weak intensity due to beam attenuation. The error bars evaluated from standard 
deviations during the averaged period were shown in the figure, which was ~0.1° for most of 
the channels. The solid lines in Fig. 3 (a) denote � from the equilibrium code assuming the 
current density profiles shown in Fig. 3 (b). For the profile without an edge peak shown by a 
thin solid line, the calculation does not agree with the measurement. For the profile with an 
edge peak located at � ~ 0.9, the slope of the 
line is changed and better agreement to the 
measurement was obtained. For some of the 
channels (two around Z = 0.9 m and one 
around Z = 0.85 m), the agreement was not 
obtained, the reason of which is not identified 
yet. If the channels with solid symbols except 
for these three are considered, the magnitude 
of the edge current density peak is found to 
be around 0.2 MA/m2, as shown in the figure. 
This value will be compared with the 
bootstrap current evaluated with measured 
density and temperature profiles. 
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Fig. 3. (a) The angle � as a function of position 
on the lithium beam line. Symbols are measured 
values while lines denote calculated values 
assuming the current density profile shown in (b).
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10.5 Development of Doppler Reflectometer and Correlation Reflectometer in JT-60U 

N. Oyama, H. Takenaga, T. Suzuki, Y. Sakamoto, A Isayama 

1. Introduction 
 The formation and control of transport barriers in fusion plasmas are essential for the 
establishment of advanced tokamak plasmas. Transport barriers at the edge and/or core 
regions, i.e., the edge transport barrier (ETB) and internal transport barrier (ITB), have been 
observed in many fusion devices. In JT-60U, the Broadband O-mode reflectometer has been 
developed [1] and applied to the density fluctuation measurement at ETB and ITB [2]. For the 
further investigation of the transport physics between the anomalous transport and density 
fluctuations, measurements of the radial electric field (Er) and the radial correlation of the 
density fluctuation are important. Therefore, new reflectometer system using synchronized 
synthesizers, which can sweep the frequency of the incident wave rapidly, has been developed 
to complement existing three channels fixed O-mode reflectometer for density fluctuation 
measurements in JT-60U. 

2. Doppler reflectometer and correlation reflectometer using synchronized synthesizers 

 The previous reflectometer system consists of one fixed channel with a frequency of 34 
GHz and two selectable frequency channels with frequencies in the range of 36–40 and 48–50 
GHz, which correspond to cutoff densities of 1.4×1019 m-3, (1.6–2.0)×1019 m-3 and 
(2.8–3.1)×1019 m-3, respectively. To cover these frequencies in Q-band (33-50 GHz), new 
reflectometer consists of synchronized synthesizers with the frequency range of 8-12.5GHz 
and x4 active multiplier (output frequency is 32-50 GHz) as shown in Fig. 1. 
 Two synthesizers with phase lock loop (PLL) having short time constant to reduce the 
pull-in time are synchronized to the same reference clock with the frequency of 32 MHz. The 
typical value of the pull-in time is less than 500 �s. A frequency difference of 32 MHz set 

Fig. 1. Schematic of new reflectometer system for Doppler reflectometer and correlation 
reflectometer. 
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between two synthesizers used for RF and LO provides 32 MHz intermediate frequency (IF) 
signal by the heterodyne detection at the mixer. The IF signal is fed to x4 active multiplier to 
obtain the reference signal with 128 MHz. On the other hand, the main wave branch from two 
synthesizers are multiplied by 4 using other active multiplier to produce Q-band wave and 
then fed to plasma as a probe beam or the double balanced mixer as a local wave. The 
reflected wave at the cutoff density layer is also fed to the double balanced mixer for the 
heterodyne detection. 
 The IF signal outputs with the frequency of 128 MHz from two mixers are transferred to 
the shield-room using the optical fiber link system. The quadrature-type phase detection 
system (IQ detector) provides sin- and cosine-components of the received signal. The IQ 
outputs are acquired by a PC-based 14 bit digitizer providing the real time streaming to HDD 
with the sampling speed of 20 MS/s for 2 channels, providing a longtime data acquisition 
covering whole plasma duration. 
 The frequencies and duration of each step of the synthesizer can be preprogrammed up 
to 20 steps. The parameters for the operation of the synthesizer can be set on the control PC 
and be downloaded to the synthesizer using RS-232C. In the density fluctuation measurements 
in JT-60U, 12 different frequencies are cyclically changed with 20 ms duration at each step, 
which is required for the ensemble averaging. 

3. Experimental results 

3.1 Evaluation of Er using Doppler reflectometer 

 The principle of the Doppler reflectometer is found in ref [3]. In the condition that the 
incident wave is injected into plasmas with the tilt angle to the mean cut-off layer normal (see 
Fig. 2), only scattered wave, which satisfies the Bragg condition (kf = -2k0N, where kf is the 
turbulence wavenumber, k0 is the wavenumber of 
the incident wave in vacuum and N is the 
refractive index at the reflection layer.), can be 
received. Thus, the poloidal rotation speed of the 
density fluctuation, u

�
, can be evaluated using 

the relation of 2�fD ~ u
�
k
�
 assuming k// << k

�
,

where fD is the Doppler shift. 
 The fD is determined by fitting to the 
Gaussian distribution as shown in Fig. 3. In the 
configuration shown in Fig. 2, negative Doppler 
shift corresponds to the poloidal rotation in the 
direction to the electron diamagnetic drift. 
Corresponding to the direction of the toroidal 

Fig. 2. Schematic of configuration for 
Doppler reflectometer. Example of ray 
tracing with f0=49.5GHz is also shown. 
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rotation, the sign of the Doppler shift changes. From the series of the same analysis at each 
incident frequency, the radial profile of the poloidal rotation is obtained. Then, Er profile 
shown in Fig. 4(b) can be evaluated from the relation of Er = u

�
Btotal, where Btotal is the total 

magnetic field at the cut-off layer, assuming the phase velocity of the diamagnetic drift is 
much smaller than E�B velocity. The comparison of Er profile deduced from Doppler 
reflectometer and from the radial force balance equation of carbon ions using TOPICS code 
assuming neoclassical theory indicated that good agreement in co-rotating plasma and large 
discrepancy in counter-rotating plasma. 

3.2 Change in radial correlation of density fluctuation 

 When the frequency of the probe beam varies around the frequency of the fixed O-mode 
reflectometer, the radial correlation of the density fluctuation can be evaluated. This 
correlation reflectometer has been applied to the density fluctuation measurement at ITB in 
order to understand the reason of the degradation of ITB with ECH. 
 Figure 5 compares two discharges, E49780 for ITB degradation case and E48973 for 

Fig. 3. Frequency spectrum in (a) counter-rotating plasma and (b) co-rotating plasma. 

Fig. 4.(a) Toroidal rotation profile. (b) Radial electric field evaluated by topics code 
(solid lines) and Doppler reflectometer (symbols). 
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ITB unaffected case. The response of the frequency spectrum of density fluctuation seems to 
be similar between two discharges. However, the coherence in longer distance becomes higher 
in the Ti-ITB degradation case as shown in Fig. 5(b), suggesting that the longer correlation of 
the density fluctuation in this case is a possible mechanism for the degradation of Ti-ITB with 
ECH [4]. 

4. Summary 

 The new reflectometer system using the synchronized synthesizers has been developed 
for Doppler reflectometer and correlation reflectometer in JT-60U. The synchronized 
synthesizers provide a fast sweep of the frequency of the probe beam, 12 radial points every 
250 ms typically. The system has been applied to the density fluctuation measurements and 
the Er profile measurement using Doppler reflectometer and the radial correlation 
measurement using correlation reflectometer are measured. The further analysis in various 
experimental conditions will provide useful information for the relation between the 
anomalous transport and density fluctuations. 
 This work was supported by the Grant-in-Aid for Young Scientists (A) 18686076, Japan 
Society for the Promotion of Science. 

Reference 
[1] Oyama, N. and Shinohara, K., Rev. Sci. Instrum 73, 1169 (2002).
[2] Oyama, N.,et al., Plasma Phys. Control. Fusion 46, A355 (2004). 
[3] Conway, G. D. et al., Plasma Phys. Control. Fusion 46, 951 (2004). 
[4] Takenaga, H. et al., Nucl. Fusion 49, 075012 (2009); Section 4.3 in this JAEA review. 

Fig. 5.Comparison of ion temperature and coherence of density fluctuation between two 
discharges, E49780 for ITB degradation case and E48973 for ITB unchanged case. (a), (c) Time 
evolution of ion temperature measured at inside ITB and at ITB foot. (b), (d) Coherence of density 
fluctuation in the frequency range from -100 to -50 kHz. Closed and open symbols show the data 
without and with ECH, respectively. 
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10.6 Magnetic Fluctuation Profile Measurement Using Optics of 

Motional Stark Effect Diagnostics in JT-60U [1] 

T. Suzuki, A. Isayama, G. Matsunaga, N. Oyama, T. Fujita, and T. Oikawa 

Motional Stark effect (MSE) diagnostics in JT-60U works as polarimeter to measure 

the pitch angle of magnetic field as well as beam-emission-spectroscopy (BES)
monochromator simultaneously at 30 spatial channels [2]. Distance between adjacent MSE 

channels is 6-10 cm. Fluctuation in the BES signal using MSE optics (MSE/BES) contains 

fluctuations in not only the density but also the pitch angle or the magnetic field. Since the 

magnetic fluctuation in the tokamak plasma is usually caused by the rotation of deformed 

magnetic field structure, measurement of magnetic fluctuation profile enables identification of 

the deformed magnetic field structure, which helps identification and investigation of the 

magnetohydrodynamic (MHD) activity. Here, we have developed a new method evaluating 

spatial correlation between the magnetic fluctuations directly measured using the MSE/BES 

diagnostics.

This correlation analysis of the magnetic fluctuation between two spatial channels of 

the MSE/BES is applied to high-beta plasma with an MHD activity at frequency of about 0.9 

kHz. In the MSE/BES diagnostics, density fluctuation mainly appears in the frequency of the 

MHD activity f (0.9 kHz here), while the magnetic fluctuation mainly appears in the other 

frequencies 2fPEM�f, where fPEM (20.2 kHz or 23.2 kHz) is the modulation frequency of two 

photoelastic modulators (PEMs) for conventional MSE diagnostics measuring magnetic pitch 

angle. The complex spectral intensity at frequencies 2fPEM�f contains not only the amplitude 

but also the phase of the magnetic fluctuation. Thus, the special profile of the complex 

spectral intensity gives the spatial profile of the deformation of the magnetic field line. It has 

been found, for the first time in this analysis, that the magnetic fluctuation measured by the 

MSE/BES is spatially localized near the magnetic flux surface having safety factor q=2 and 

that the phase of the magnetic fluctuation is inverted at about the surface, suggesting magnetic 

island structure by tearing mode. This phase inversion of the fluctuation was also observed in 

the density fluctuation (at 0.9 kHz) in MSE/BES diagnostics. The phase of the magnetic 

fluctuation measured by the MSE/BES at outside of the q = 2 surface is consistent with that 

by the pickup coil placed outside the plasma. 

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
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10.7 Two-dimensional Visible Spectrometer for Divertor Plasmas

T. Nakano, H. Kubo and S. Higashijima

1 Introduction
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Fig. 1: Viewing chords of the spectrom-
eter.

In divertor plasmas, particularly in low-

temperature and high-density plasmas such as

a detached plasmas, hydrogen atoms, molecules,

ions, electrons and impurities are distributed two-

dimensionally. Further these particles receive and

release their energy via complicated interaction

between them. For investigation of the com-

plicated processes, visible spectroscopy is one of

the effective diagnostics. A visible spectrometer

can be calibrated with a widely-available stan-

dard light source. Thus, the absolute intensities

of spectral lines are measured, leading to quanti-

tative evaluation of physical quantities. In addi-

tion, spatially-resolved measurement for wide spatial area is possible. This feature is

effective to investigate the complicated spatial structure on a reconstructed image by a

computer tomography method. This report describes the features of the newly-installed

two-dimensional visible spectrometer.

2 Viewing chords, spectrometer and detector V  
μ　 μW μ μ

μ　 μ
Fig. 2: Schematic diagram of the spec-
trometer

The viewing chords for the visible spec-

troscopy for the divertor are shown in Fig. 1. The

divertor region is covered with a spatial resolution

of ∼ 1 cm by 60 vertical and 32 horizontal viewing

chords. Emission of light from the divertor plasma

is collimated with lenses onto the optical fibers

with a core diameter of 200 µm. Then the light

is transmitted to a diagnostic room through the

optical fibers with a distance of ∼ 300 m. In the

diagnostic room, the optical fibers are connected

to another optical fibers with a core diameter of

100 µm, and then to the visible spectrometer. As

shown in Fig. 2, in the spectrometer, two camera

lenses are built-in to suppress astigmatic images of

the optical fibers, leading to a wide imaging area

JAEA-Review 2009-045

－ 153 －



of ≥ 26 × 26 mm. The F number of the camera lenses is 2, and the corresponding nu-

merical aperture ratio ( 0.25 ) is higher than that of the optical fiber ( 0.2 ). The visible

range ( 350 - 800 nm ) is covered with a combination of a grating with 300 grooves /

mm and a back-illuminated CCD camera having 1340 × 1300 pixels with a real size of

20 × 20 µm and a quantum efficiency of ∼ 93% at 550 nm. The entrance slit width is

set at 30 µm, leading to an instrumental width of 0.74 nm on the wavelength scale ( =

2.3 pixels ). The frame rate of the CCD camera is set at 250 ms or 275 ms ( an exposure

time of 25 ms or 50 ms, respectively plus a digitization time of 225 ms ). The number

of accumulated photoelectrons on the CCD are digitized by an analog-digital converter

with a resolution of 16 bit, and then saved in a personal computer.

3 Wavelength calibration and dispersion
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Fig. 3: (a) Wavelengths of spectral lines
from Ar, Ne and Hg lamps as a function of
pixel number and (b) linear inverse disper-
sion. The solid curve in Fig. (a) indicate
the fitting curve.

The absolute wavelength against a pixel

number was determined from spectral lines

emitted from law-pressure Ne, Ar and Hg

lamps. The spectral emission from these lamps

were guided to the spectrometer through the

optical fibers, and the spectra were recorded

on the CCD camera. The central pixel num-

bers of the spectral lines were determined by

fitting with a Gaussian function. In Fig. 3

(a), the absolute wavelengths of the spectral

lines in the air are plotted against the deter-

mined pixel numbers, and the fitting curve with

a fourth-order polynomial is also shown. The

poly-nominal is expressed as follows;

λair(p) = 358.8 + 3.167 × 10−1 × p

+ 1.575 × 10−5 × p2

− 1.712 × 10−8 × p3

+ 4.054 × 10−12 × p4 ( nm )(1)

Here, p is a pixel number. On the right axis of Fig. 3 (a), difference of the absolute

wavelength and the fitting curve is shown. The difference is within ±0.02 nm, which

corresponds to 0.006% and 0.003% at 360 nm and 800 nm, respectively. The inverse

linear dispersion is obtained by differentiating the equation (1), and shown in Fig. 3 (b).

The highest inverse linear dispersion is 16.1 nm mm−1 at the 370 th pixel.
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4 Instrumental width
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Fig. 4: (a) Spectral profiles of the He-Ne
laser and FWHM as a function of the slit
width.

The instrumental width was measured

from a spectral width of a He-Ne laser. The

intensity of the laser was reduced with ND fil-

ters, and then the laser light was guided to the

spectrometer through the optical fiber. Fig-

ure 4 (a) shows the observed spectral profiles

of the laser. The full width at half maximum

( FWHM ) of the laser spectral line was deter-

mined by fitting with a Gaussian function. As

shown in Fig. 4 (b), the FWHM increases up

to 4.2 pixel ( = 1.3 nm in the wavelength scale

) with increasing slit width up to 140 µm, and

the spectral width does not increase further.

5 Absolute sensitivity calibration

10
15

10
16

C
a
lib

ra
ti
o
n
 f
a
c
to

r

800700600500

Wavelength ( nm )

100

75

50

25

0

T
ra

n
s
m

it
ta

n
c
e
 o

f 
v
a
c
u
u
m

 w
in

d
o
w

 (
 %

 )

 (
 p

h
 s

r-1
m

-2
n
m

-1
s

-1
c
o
u
n
t-1

 )

Fig. 5: (left) Calibration factor for 30 ch
and (right) transmittance of the vacuum
window as a function of wavelength.

The absolute sensitivity of the spectrome-

ter was determined with the integrating sphere,

which was placed at the divertor region inside

the vacuum vessel. The emission of the in-

tegrating sphere was transmitted through the

vacuum windows, and focused onto the opti-

cal fibers, and then guided to the spectrome-

ter. The calibration factor was determined by

the spectral radiance of the integrating sphere

divided by the counts measured by the CCD.

As shown in Fig. 5, the determined sensitivity

is nearly flat in the wavelength range from 550

nm to 700 nm, where the sensitivity was high. But the sensitivity becomes worse with

both increasing and decreasing wavelength. On the right axis of Fig. 5, the transmit-

tance of the vacuum window is shown. The transmittance becomes low with decreasing

wavelength.
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6 Statistical error
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Fig. 6: The square root of the averaged
photoelectrons as a function of the stan-
dard deviation photoelectrons.

The statistical error of photoelectrons

generation on CCD pixels was estimated. The

emission from the integrating sphere was mea-

sured 100 times with an exposure time of 50 ms

and an digitization frequency of 1 MHz. Then,

the measured count at a pixel were converted

into the number of photoelectrons with a gain of

0.23 counts per photoelectron, and the average

and the standard deviation of the photoelec-

trons in the 100 measurements were evaluated.

This evaluation was performed for all the 1340

pixels. In Fig. 6, the square root of the aver-

aged photoelectrons is compared with the standard deviation of the photoelectron. In

the standard deviation range higher than 30, the square root of the averaged photo-

electron is close to the standard deviation. This indicates that the statistical error is

dominated by the photon shot noise. In contrast, below 30, the standard deviation is

higher, showing that another error such as read-out noise (∼ 11) becomes dominant.

7 Linearity
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Fig. 7: ( left ) The averaged number of
photoelectrons and ( right ) the linearity
error as a function of spectral radiance of
the integrating sphere. The solid line in-
dicates the fitting result with a line.

The linearity was investigated from com-

parison of the number of measured photoelec-

trons against the spectral radiance from the in-

tegrating sphere, which increased gradually. As

shown in Fig. 7, the averaged number of mea-

sured photoelectron increases with increasing

spectral radiance. On the right axis of Fig. 7,

the linearity error defined as a following equa-

tion is shown.

LCCD
1300B(Le) =

Nave
e (Le)− Nfit

e (Le)

Nfit
e (Le)

× 100 (%)
(2)

Here, Nave
e (Le) is the averaged number of

measured photoelectrons and Nfit
e (Le) the cal-

culated photoelectron from the fitted line. It is proved that the linearity error is within

∼ 0.5%.
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10.8 Upgraded Charge Exchange Recombination Spectroscopy on JT-60U 

Y. Sakamoto, K. Ida1), M. Yoshida, M. Yoshinuma1)

1) NIFS 

1. Introduction 
Charge exchange recombination spectroscopy (CXRS) is widely used to measure the 

radial profiles of ion temperature, toroidal and poloidal rotation velocities and density of 
impurities in the plasma, which enables us to evaluate radial electric field from the radial 
force balance equation. Therefore the CXRS is one of the essential diagnostics to study 
transport physics and MHD dynamics. The CXRS system on JT-60U is composed of toroidal 
and poloidal viewing systems, which have 59 spatial points (23 toroidal and 36 poloidal) [1]. 
The charge exchange recombination line of fully ionized carbon CVI (529.05 nm, �n=8-7) is 
typically used in JT-60U. In 2006, we have developed the modulation CXRS with high spatial 
resolution [2]. For the 2007-2008 experimental campaign, we replaced the conventional 
spectrometer and the image-intensified charge-coupled device with a large throughput 
spectrometer and an advanced charge-coupled device. As a result, we have achieved a faster 
time resolution of up to 2.5 ms (factor ~7 over the previous system) with high accuracy. 

2. Charge exchange recombination spectroscopy setup 
Figure 1 shows the 

bird-eye view photograph of 
the upgraded CXRS system 
including the Czerny-Turner 
spectrometers (Bunkou-Keiki 
CLP-300), the back illuminated 
electron multiplying charge 
coupled device (EMCCD) 
camera (Andor iXon 
DV897D-CSO-#BV) as a 
detector, incident fiber bundles 
and so on. The characteristics 
of the Czerny-Turner 
spectrometer with camera lens 
(the focal length of 300 mm, F 
number of 2.8) are 2160g/mm 

Fig. 1 Bird-eye view photograph of the upgraded CXRS for 
toroidal and poloidal systems showing the main components 
such as the lens spectrometers, the EMCCD cameras and the 
incident fiber bundles. 
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grating, its active region of 154x128 mm2, blaze wavelength of 500 nm. This spectrometer 
provides superb image quality and very flat image planes. The characteristics of EMCCD 
camera are 512x512 pixel (16x16 �m2), high quantum efficiency of >90% at the central 
wavelength of 529.05nm, high-speed readout of 10MHz and low dark current due to cooling 
operation up to –85�. The wavelength resolution of this system is ~0.023 nm full width at 
half maximum (FWHM). The width of measuring wavelength is ~7.9 nm at the central 
wavelength of 529.05 nm. The incident fiber array has 64 optical fibers (32 strips in 
horizontal and 2 lines in vertical). Since the diameter of each optical fiber is 200 �m in core 
and 250 �m in cladding, the optical fiber array is arranged at the slit with a pitch control of 
256±20 �m in order to match the image of the optical fiber into the strip width of 256�m
(16 �m x 16 pixel). Then 64 spectra can be obtained with a high frame rate of 400Hz in case 
of 16 pixel vertical binning. The number of frames taken per shot is usually 12000 
corresponding to 30 sec. 

In order to precisely measure CXR spectra from on the neutral beam line, the 
background emission mainly from the charge exchange reaction between the fully ionized 
carbon and the thermal neutrals near the plasma edge region is measured using the other set of 
viewing chords without neutral beam line. The CXR spectra on the neutral beam line are 
extracted by subtracting the background emission. The 30 channels are allocated to the 
emission from viewing chords with neutral beam. The 30 channels are allocated to the 
background viewing chords. The 2 channels are connected to a samarium lamp for 
wavelength calibration. The rest 2 channels are the spares. Figure 2 shows the spectra on 
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sample stripes for neutral beam viewing chords 
and the background viewing chords. As 
mentioned above, two spectra can be obtained 
in each stripe. 

3. Experimental results 
Figure 3 shows the radial profile and 

temporal evolution of ion temperatures 
obtained in both upgraded and conventional 
toroidal CXRS systems during quasi-steady 
state phase of ELMy H-mode plasma. Here 
only four viewing chords were connected to 
conventional toroidal CXRS system for the 
comparison. The consistent radial profile is 
obtained as shown in the figure. While the 
temporal evolutions of ion temperature 
measured by the conventional system with time 
resolution of 60Hz are fluctuating, those by the 
upgraded system with high time resolution of 
400Hz are very steady with small scatter. 

Figure 4 shows the radial profiles of ion 
temperatures and plasma rotation velocities 
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Fig. 3 (a) Radial profile and (b) temporal evolution of ion temperatures obtained in both upgraded 
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obtained in both toroidal and poloidal systems with time resolution of 400 Hz. Similar ion 
temperature is measured in both systems. Note that the poloidal rotation velocity shown here 
has not taken into account the various atomic physics corrections [3].  

Many results based on temporal evolution of ion temperature and plasma rotation 
velocity with high time resolution and high accuracy are also discussed in this issues, such as 
studies of RWM, ELM and ITB. 

3. Summary 
We have successfully upgraded JT-60U CXRS diagnostics for both toroidal and 

poloidal systems. By installing the high throughput spectrometer and the high-speed EMCCD 
camera, the time-resolved profiles at 400 Hz are routinely available for many discharges with 
the injection of the neutral beam for CXRS measurement.  
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[3] Bell, R. E., Synakowski, E. J., AIP Conf. Proc. 547, 39 (2000). 

JAEA-Review 2009-045

－ 160 －



10.9 Measurements of Carbon Dust by Fast TV Camera and Laser Scattering 

N. Asakura, T. Hatae, H. Kawashima, T. Nakano 

1. Introduction 
    Generation and dynamics of dust in fusion devices are focused in terms of potential 
tritium reservoir and impurity source. Understanding of the dust transport in the plasma as 
well as determination of where it grows up or it is deposited are important to predict the 
tritium retention and plasma performance in a fusion reactor. Carbon dust distribution in 
vacuum vessel of the JT-60U was investigated after 2002 experiment campaign [1]. 
Measurement of visible images emitted during their surface ablation started since 2006, using 
a fast TV camera located at a tangential port. Ejection of carbon dust from the inner divertor 
plate was often observed just after ELM event, and the fast movement towards the toroidal 
direction (0.3-0.5 km/s) was evaluated [2]. In 2008, YAG Thomson scattering system [3] was 
applied for the detection of dust scattering light, and number and distribution of the scattering 
event in the vacuum chamber were investigated. In particular, dust number was significantly 
increased in the following discharge after disruptions. Preliminary result is presented.  

2. YAG scattering and fast TV camera measurements 
    Thomson scattering diagnostic was applied for 
measurement of the dust scattering (“Mie scattering”) light, 
which was produced by Nd-YAG laser (Energy > 2 J, 
pulse width of 20 ns, wavelength of 1064 nm). Pulse 
repetition is 50 Hz, and 14 spatial channels cover from the 
core to SOL area as shown in Fig. 1. Since intensity of the 
scattered light by a dust particle is much larger than the 
weak signal produced by the Thomson scattering and the 
APD (Avalanche photodiode) detector is very sensitive for 
photon signal, gain of the amplifier is reduced to 1/5 or 
neutral density (ND) filter with transmission of 0.1-5% is 
inserted in front of the polychrometer.  
    Scope of the digital TV camera system (Photoron 
FastCAM II with full 6.5Gbyte memory) is installed at 
horizontal tangential port (P-17), where a plasma monitor 
camera is also installed. Figure 2 shows a typical image of the plasma and inside view of the 
vacuum chamber from the plasma monitor camera. Typical viewing area of the fast camera 
measurement is presented by a circle in Fig. 2, where a scope with a wide (42º) viewing angle 
and the camera setting with 512x512 pixel/frame (6 kHz) are used. Optical image of the 

Fig.1 Plasma configuration and 
14 locations of the YAG laser 
scattering measurement. 
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plasma is transferred to the fast camera, 
using 15 m fiber-optics bundle consisting 
of 30000 quartz fibers. Transmission of the 
light guide is ~0.1, which can be amplified 
by the image intensifier and spatial 
resolution is 1.2 cm at the focal distance 
(2.5-3 m). For the dust measurement, frame 
rate and size of the fast camera changed 
from 2 kHz for 1024x1024 pixels/fr. to 
8 kHz for 256x256 pixels/fr.  

3. Dust in the main chamber  
    Dust in fusion plasma is generally charged negatively (Z ~103-104), and the movement 
(MddVd /dt = F) is determined by friction force from the parallel SOL flow and drift flow 
(Ffric), Coulomb scattering (FC), electro-static force by potential (FE), gravitational force (Fg)
and rocket force during ablation (Froc). Dust mass (Md) is decreasing during dust ablation (Td

> 2000-3000K) in the SOL and edge plasmas. Dust movement is influenced by geometry of 
Plasma Facing Component such as the first wall and divertor as well as background plasma.  
    The dust was measured by the fast camera as a bright spot image of line emission 
produced from the carbon and hydrogen ions. Generally speaking, appearance of the dust 
emission was very few in the routine operations even for high power NB injection. On the 
other hand, numbers of 
dust emission were 
observed in the 
specific discharges 
particularly after major 
disruptions of high Ip

plasmas (a few MJ 
energy to the divertor 
and first wall). Figure 
3 shows six images in 
the typical discharge 
(No.69530, Ip=1.6MA, 
PNBI =16MW, the 
plasma configuration 
is shown in Fig. 1, 
where the inner and 

Fig. 2 Plasma monitor (CCD camera) image of 
JT-60U L-mode plasma, viewing from the same 
tangential port as the fast camera.  

Fig. 3 Fast camera images (6kHz frame rate, 512x512 pixel/frame) for 
ELMy H-mode plasma E069530. Numbers of dust appear during NBI. 
Dust-A is moving up from the outer baffle/divertor to the main edge. 
Plume of the ionization is seen after t = 6391.5 ms. 
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outer strike-points at the divertor target are higher than normal operations. The previous shot 
(No.69529) was disrupted at t = 8 s, and He-TDCs (7 and 5 min.) were repeated. Numbers of 
dust appear in the divertor and main edge during NBI (ELMy H-mode), and they are moving 
poloidally from the outer divertor/baffle towards the main plasma edge, at the same time, 
toroidally towards the co-direction. One example of the large size of emission is marked by 
dust-A, which appears above the outer baffle at P-12 toroidal section and is moving up and 
toroidally towards P-18 section (the toroidal direction is consistent with the SOL flow) . 
During the movement in 7 ms, the average velocity is estimated to be 0.4 km/s 
    Time evolution of the plasma parameters 
and laser scattering signals in SOL are shown 
in Fig.4. Calibrated photon factor for each 
channel is included, but absolute intensity 
factor for the Mie scattering is not included. 
Here, each event and the signal intensity 
correspond to a dust particle in the scattering 
volume and relative size (assuming a 
spherical shape), respectively. Gain for the 
APD amplifier is 0.2. Many dust events are 
seen particularly in the SOL region during 
NBI, and some are saturated (corresponding 
to 2000 counts). Total number of events in 
the discharge is decreased from 55 at far SOL 
(ch.1) to 8 (ch.4) near the separatrix.  
    Distributions of the total event number 
and medium intensity in four similar 
discharges are summarized in Fig. 5: three 
shots of 49530, 49533 and 49536 are just 
after disruption, and shot 49537 is the second 
shot after the disruption. Three distributions 
just after disruptions are similar, where event 
number particularly in the far SOL increases 
significantly (10 times) compared to that for 
the second shot after the disruption. Distance of ch.1 and ch.2 from the separatrix is 14-18 cm. 
    Intensity of the laser scattering signal is investigated by the Probability Distribution 
Function (PDF) as shown in Fig. 6, where events in the three discharges are integrated. As 
mentioned above, significant numbers of dust are transported at the far SOL (ch.1). The PDF 
for the far SOL is distributed to the high intensity compared to those for other channels. Both 

Fig. 4 Time evolution of Ip, PNBI, electron 
density and recycling flux in the divertor for 
the ELMy H-mode plasma just after 
disruption. Laser scattering signals in the 
SOL (ch.1, 2 and 4) are presented. 
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the size and the number of dust are decreased near the separatrix, suggesting that ablation or 
sublimation becomes dominant even in SOL. Here, event number for ch.8 is systematically 
larger than other channel in the main plasma, which is now under investigation.   
    From the laser scattering results, the dust images in the fast camera movie (Fig. 3) would 
be light emitted at the far SOL rather than in the confined plasma edge. Measurement of the 
laser scattering was also carried out during the disruption. Numbers of events (mostly 
saturated) appeared at the central channels as well as at the edge and SOL channels within 1s 
just after the current quench. Dust transport just after the disruption is also important. 

Summary 
    YAG laser scattering system was applied for the detection of dust scattering light, and 
event number and its distribution in plasmas were investigated. Significant numbers of dust 
appeared in discharges just after disruptions, and the location in the plasma was determined, 
i.e. localized at the far SOL. Dust size as well as number density are decreased near the 
separatrix, suggesting that ablation becomes dominant near the separatrix.  

This research was partly supported by Grant-in-Aid for Scientific Researches on Priority 
Areas for “Tritium for Fusion” (No.20049011) from MEXT.   
References 
[1] Masaki, K., et al., J. Nucl. Mater. 337-339, 553 (2005). 
[2] Asakura, N., et al., Sec. 10.7 in JAEA-Review 2008-045 (2008) 126-129. 
[3] Hatae, T., et al., Rev. Sci. Instrum. 70, 772 (1999). 

Fig. 5 Distributions of (a) total event number, 
(b) medium value of the intensity in discharges 
just after disruption (49530, 49533, 49536). The 
following shot (49537) is also shown for 
comparison.  

Fig. 6 Probability Distribution Functions of 
intensity in the far SOL (ch.1), near 
SOL(ch.4), edge (ch.5 and ch.6) and core 
(ch.11 and ch.13). 
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10.10 Development of Polarization Interferometer for Thomson Scattering Diagnostics 
in JT-60U [1] 

T. Hatae, J. Howard1), N. Ebizuka2), Y. Hirano3), H. Koguchi3),
S. Kitamura, T. Sakuma, T. Hamano 

1) Australian National University, 2) Konan University, 3) National Institute of Advanced 
Industrial Science and Technology 

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 have been developing 
the polarization interferometer for Thomson scattering diagnostics to demonstrate the 
proof-of-principle. The polarization interferometer is composed of a birefringent plate having 
fixed optical delay sandwiched between two polarizers. 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. At
the first stage, a dual channel polarization interferometer employing a fixed-thickness 
birefringent plate was developed to prove the principle of this method. Proof-of-principle tests 
were carried out in TPE-RX reversed field pinch (RFP) device. The pulsed poloidal current 
drive (PPCD) operation which is one of the good confinement operation conditions in RFP 
was applied to produce high Te, ne (Te ~1keV, ne ~1×1019m-3) plasmas. The existing Thomson 
scattering system is utilized for this test. The electron temperature of one spatial point at the 
plasma center was measured employing the polarization interferometer and the existing filter 
polychromator alternately. Similar Te values within data variation and error bar ranges were 
successfully measured by both the polarization interferometer and an existing filter 
polychroamtor. Therefore, the validity of the dual channel polarization interferometer was 
proved from this result. As the second stage, a multichannel polarization interferometer using 
a Wollaston prism was developed to evaluate the availability for the Thomson scattering 
diagnostics in JT-60U. Interferograms of three kinds of monochromatic light sources were 
measured by the multichannel polarization interferometer, and those spectra was 
reconstructed by Fourier transform. It seems that the utilization of the multichannel 
polarization interferometer is promising for Thomson scattering diagnostics. As a future plan, 
we will conduct the electron temperature measurement using the multichannel polarization 
interferometer for Thomson scattering diagnostics. 
References 
[1] Hatae, T., et al., to be published in Plasma Fusion Res. (2009).
[2]Howard, J., Plasma Phys. Control. Fusion 48, 777 (2006). 
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10.11  A 160 ps Pulse Generation by Stimulated Brillouin Scattering - 

Phase Conjugation Mirror for advanced Thomson Scattering Diagnostics [1] 

                H. Yoshida1), T. Hatae, H. Fujita1), M. Nakatsuka1), S. Kitamura
                1) Institute of Laser Engineering (ILE), Osaka University

     A stimulated Brillouin scattering-phase conjugation mirror (SBS-PCM) in various 

liquids, gases and solids is a useful tool for improving the beam quality of high-peak-power 

laser systems. A SBS compressor enhances the peak intensity of pulses while maintaining 

their high energy, and compresses the laser pulse duration within 1 ns[2]. This method is very 

simple and can be used to achieve high brightness. In order to obtain pico-second pulse, mode 

locking with regenerative amplifier is used. This scheme generally requires complicated 

optical configuration. An SBS pulse compressor is similar to SBS-PCM, but consists of a long 

SBS cell (or plural long SBS-cells). In the magnetic confinement fusion devices, both Te and 

ne profiles are routinely obtained by means of Thomson scattering using high-power pulsed 

laser beam. A LIDAR (Light Detection and Ranging) Thomson scattering which is one of the 

incoherent Thomson scattering techniques has an advantage that only one port is enough for 

the laser injection and the observation. Therefore the LIDAR is suitable for a burning plasma 

measurement from viewpoint of a radiation shield. Since pulse width of laser corresponds to 

spatial resolution in the LIDAR Thomson scattering diagnostics, the pulse width must be 

300 ps or less to obtain spatial resolution of 10 cm. As for the SBS pulse compressor, 

although there is a room for further investigation, it seems to be promising method to obtain a 

shorter pulse for advanced Thomson scattering diagnostics (e.g. LIDAR in ITER) with an 

appropriate SBS medium. We have fabricated two long cells for liquid phase conjugation 

mirror of length 1.5 m and diameter 4 cm at ILE under the collaboration of JAEA. These cells 

were filled up with heavy fluorocarbon FC-40 liquid. FC-40 having fast relaxation time of 

about 200 ps was selected from a lot of heavy fluorocarbon. A maximum SBS reflectivity of 

over 80% using a f=750 mm and f=1000 mm focal lengths were obtained at an incident 

energy of over 1 J. At an input energy of about 100 mJ, the compressed pulse duration used in 

focal length of f=750 mm and f=1000 mm were 1.2 ns and 0.8 ns, respectively. In the case of 

a focal length of 1000 mm, the minimum compressed pulse width near 160 ps was achieved at 

an incident energy of 1 J.  

Reference 
[1] Yoshida, H, Hatae,T., et al., to be published in Opt. Exp. (2009). 
[2] Mitra, A., et al., Jpn. J. App. Phys. 45, 1607 (2006).
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10.12 Imaging Bolometer Upgrade on JT-60U [1] 

B. J. Peterson1), S. Konoshima2), H. Kawashima2), H. Parchamy1), A. Yu. Kostryukov3),
I. V. Miroshnikov3), N. Ashikawa1), D. C. Seo4)

1) National Institute for Fusion Science, 2) JAEA, 3) St. Petersburg State Tech. Univ.,  
4) National Fusion Research Institute 

Plasma radiation plays an important role in cooling the plasma and therefore its measurement 
is essential to the study of the magnetic confinement of plasma. Imaging bolometers using an 
infrared (IR) video camera measure the change in temperature of a thin foil exposed to the 
plasma radiation [2]. This avoids the problems in a reactor environment of conventional 
resistive bolometers [3] related to electric cabling and vacuum feedthroughs. A prototype of 
the InfraRed imaging Video Bolometer (IRVB) [4] has been installed and operated on the 
JT-60U tokamak demonstrating its applicability to a reactor environment [5] and its ability to 
provide two dimensional (2D) measurements of the radiation emissivity in a poloidal 
cross-section [6]. An upgraded version of this IRVB has been installed on JT-60U. This 
upgrade uses a state-of-the-art IR camera (FLIR/Indigo Phoenix-InSb) (3-5 microns, 256 x 
360 pixels, 345 Hz, 11 mK) mounted in a neutron/gamma/magnetic shield to view a thin foil 
(7 cm x 9 cm x 5 micron tantalum) through a 3.6 m IR periscope consisting of a sapphire IR 
vacuum window, CaF2 optics and an aluminum mirror.  The sensitivity of the imaging 
bolometer due to the camera is improved by a factor of 100 over that of the previously used 
Omega IR camera.  In the new design the aperture size is decreased to 2 mm (vertical) x 2.5 
mm (horizontal) to increase the number of channels and therefore the spatial resolution. With 
40 x 24  channels and a time response of  10 ms a noise equivalent power density of  300 

�W/cm2  is achieved or 23 �W/cm2 for 16 x 12 channels and a time response of 33 ms. This 
is 30 times better than the previous version of the IRVB on JT-60U. Also, with the faster IR 
camera, a time resolution of 3 ms (33 ms previously) is available.

This research is supported by MEXT Grant-in-Aid # 16082207. 
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[2] Wurden, G. A. and Peterson, B. J., Rev. Sci. Instrum. 70 255 (1999). 
[3] Mast, K. F. et al., Rev. Sci. Instrum. 62, 744 (1991). 
[4] Peterson, B. J. et al., Rev. Sci. Instrum. 74, 2040 (2003). 
[5] Peterson, B. J. et al., J. Nucl. Mater. 363-365, 412(2007).  
[6] Liu, Y. et al., Plasma Fusion Res. 2 , S1124 (2007). 
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10.13 Radiation Temperature of ECE in Bi-Maxwellian Tokamak Plasma [1,2] 

M. Sato and A. Isayama 

For the measurement of electron temperature profile, the 2nd harmonic extraordinary 
mode (X mode) of electron cyclotron emission (ECE) in magnetically confined plasmas is 
usually observed in perpendicular to the magnetic field (B) along the equatorial plane. The 
ECE spectra are changed by the relativistic, Doppler, absorption and refraction effects. The 
characteristics of ECE spectra are also changed by the electron distribution function [fe(p)]. 
When electron cyclotron heating (ECH) is applied to JT-60U plasma, the supra-thermal 
electron produced by ECH may affect on the electron temperature measurement from ECE. 
Here, the effect of supra-thermal electron on the radiation temperature (Te

rad) from ECE is 
evaluated in the case of relativistic bi-Maxwellian. In the relativistic bi-Maxwellian, the 
thermal and supra-thermal parts of distribution function are represented to be average and 
high energy part, respectively [1,2]. The computational model in bi-Maxwellian is almost the 
same as ref. 3 basically except for emissivity. The emissivity is calculated using the 
Trubnikov’s formula [4]. 
The effect of supra-thermal electron on the Te

rad from ECE, that is obtained from fundamental 
O mode and 2nd harmonic X mode, is evaluated in the case of the relativistic bi-Maxwellian. 
The small amount of supra-thermal electron [ne

sp(0)/ne
th(0) ~ 1%] affects on the Te

rad. The 
deviation from Te

rad(Max) is evaluated. The deviation of Te
rad between the bi-Maxwellian and 

the Maxwellian is defined: �Te �� Te
rad(bi-Max) – Te

rad(Max), where Te
rad(bi-Max) and 

Te
rad(Max) are Te

rad in bi-Maxwellian and Maxwellian, respectively. The small amount of 
supra-thermal electron affects the Te

rad. The ne
sp in the case of �Te/Te = 10%, ne

sp10%, for the 
2nd harmonic X mode and fundamental O mode are estimated where Te is Te

true(Max). The 
ne

sp is uniform profile. For Te
sp = 50 keV, the estimated ne

sp10% in the case of the Te
rad from the 

2nd harmonic X mode is smaller than that in the case of the Te
rad from fundamental O mode. 

For Te
sp = 150 keV, the estimated ne

sp10% in the case of the Te
rad from the 2nd harmonic X 

mode is comparable to that in the case of the Te
rad from fundamental O mode. 

The general expression of radiation temperature is evaluated in the case of 
bi-Maxwellian [5]. The parameter dependences of the deviation on Te

sp and modes are 
interpreted by the following two effects. One is the relativistic effect of supra-thermal 
electron of the mode used for Te

rad measurement on the thermal electron of the same mode 
used. The other is the relativistic effect of supra-thermal electron of the higher harmonic used 
mode on the thermal electron of the same mode used. 

References 
[1] Sato, M. and Isayama, A., Proc. 15th Joint Workshop on ECE and ECH, Yosemite National 

Park USA, p263 (2008). 
[2] Sato, M. and Isayama, A., Proc. 35th EPS Conf. on Plasma Physics, Greece, P2 092 (2008). 
[3] Sato, M., Ishida S. and Isei, N., J. Phys. Soc. Jpn. 62, 3106 (1993).  
[4] Trubnikov, B. A., ‘Magnetic Emission of High-Temperature Plasma’, Thesis, Institute of 

Atomic Energy, Moscow, 1958.[English translation: AEC-tr-4073 June 1960]. 
[5] Tribaldos, V. and Krivenski, V., 8th Joint Workshop on ECE and ECH, Gut Ising Germany, 
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10.14 Fast-Ion Measurement with the Doppler Shifted D-alpha Light on JT-60U 

M.Osakabe1), K.Ida1), M.Yoshinuma1), Y.Sakamoto, and K.Shinohara 

1) National Institute for Fusion Science 

1. Introduction 
Evaluation of fast-ion confinement properties is one of the most important physics 

issues in the magnetically confined fusion devices, since the achievement of good 
confinement of fusion-born alphas is necessary in realizing fusion reactors. Recently, a new 
fast-ion diagnostic method of using charge exchange recombination spectroscopy was 
proposed to evaluate fast-ion confinement and demonstrated by Heidbrink, et.al., at DIII-D[1]. 
In his method, the Doppler shifted deuterium Balmer-alpha light(D

�
), which is created as a 

result of the charge exchange recombination processes between fast-ions and injected Neutral 
Beams(NB), are utilized as the signals of fast-ions. Compared to the conventional fast-ion 
diagnostics, e.g. neutron diagnostics and fast neutral particle diagnostics, their method has an 
advantage in obtaining the spatial information of the fast-ion energy spectra. Since the energy 
spectra of fast-ions are strongly affected by their confinement properties, this method is 
expected to bring us the detailed information of fast-ion confinement in plasmas. On the other 
hand, this measurement is difficult since the D

�
-emission is usually weak compared to the 

other emission from plasmas around their wavelength, i.e., the direct Beam Emission Spectral 
(BES) light from NB, D

�
-lights from the plasma periphery and the continuum spectra of 

Brems.-radiations. Thus, it is useful to compare the results of this measurement with those of 
the conventional fast-ion diagnostics to clarify the applicability of this measurement. On 
JT-60U, six channel collimated neutron detector arrays are installed and are under operation 
[2] and the Fast Ion D-Alpha (FIDA) measurement can be applied by using the measurement 
systems for Charge eXchange Recombination Spectroscopy (CXRS) for the bulk ion 
temperature measurement. Thus, this machine is a good platform to prove the validation of 
this method. 

2. Experimental set-up 
In Fig.1, the geometry of the diagnostic and the location of the measured points are shown. 
The 26 channels of fiber optics for Modulated-CXRS (MCXRS) are utilized for the FIDA 
measurements on JT-60U. As an active source of charge exchange neutrals, NB#4 is used. 
Unlike the FIDA geometry demonstrated by Heidbrink on DIII-D, the tangential view was 
chosen for the measurement. On JT-60U, there were two candidates for FIDA sight lines. One 
was the use of perpendicular sight lines for the Poloidal- CXRS (PCXRS) measurement. The 
other is tangential sight lines for the Toroidal-CXRS(TCXRS) or the MCXRS. The latter was 
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chosen because the measurement using 
perpendicular sight lines with 
perpendicular-NB is expected to be difficult 
from the analysis on the FIDA sight lines by 
the one of the authors[3].  

One of the biggest difficulties of this 
diagnostic is the isolation of the FIDA signals 
from the BES-components from the NBs. 
Since the BES-components of NB#4 can be 
seen as red-shifted D

�
 light with MCXRS 

sight lines, the blue-shifted components of the 
D

�
 light are chosen for the FIDA 

measurement. The NB#7 and #8 interfere with 
the MCXRS sight lines, but their 
BES-components can be avoided since they 
are red-shifted. The operation of NB#2 must 
be prohibited during FIDA measurements 
since its BES-component is expected to be 
seen in the blue shifted region and its intensity 
will exceed the FIDA-signals. 

3. Experimental Results 
Figure 2(a) shows the typical spectra 

obtained by the FIDA measurements with the 
fiber of channel #7. The measured spectra are ranging between 649[nm] and 653[nm] in 
wavelength. The D

�
-lights from the bulk-plasma components (656.1[nm]) are out of the range 

and are not shown in the figure. The intense peaks at 650[nm] correspond to the 
characteristic-lines from the oxygen impurity (650.04[nm]). The black dashed lines indicate 
the expected wavelengths for Doppler shifted D

�
-lights from 80- and 40-keV deuterium 

neutrals, which are flying toward the view-port of the measurement. Since the blue shifted D
�

spectra are chosen to be measured, the signals by lower energy ions appear in the longer 
wavelength region in the figure and their wavelength approaches 656.1[nm] as the energy of 
the ion decreases.  

In Fig. 2(a), the spectrum shown by green dashed-lines with open squares is obtained 
during the NB#4 injection and corresponds to the background spectra. In the figure, the 
spectrum shown by the solid-lines with open circles is for the additional co-directed 
tangential-NB (#9 and #10) injection, while the lines with closed squares show that for the 
additional perpendicular-NB (#6 and #13) injection. As shown in this figure, significant 

a)

b)

Fig. 1 (a) Geometries of FIDA measurement 
and NB-injection on JT-60U. (b) Schematic 
drawings of FIDA-measurement points in the 
poloidal cross section of JT-60U.
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changes of the spectra are observed in the wavelength above 650[nm] with the injections of 
additional tangential- NBs and 
perpendicular-NBs. Since these NBs 
were not injected on the MCXRS sight 
lines, these spectra are considered to 
be due to the fast-ions being produced 
by these NBs. This confirms the fact 
that these spectra are created by the 
charge exchange processes between 
the confined fast deuterium ions and 
the beam injected neutrals from NB#4.  

In Fig. 2(b), the background 
spectrum is subtracted from each of 
latter two spectra. As shown in this 
figure, the intensity of the FIDA 
spectra by tangential-beams starts to 
increase at above 650[nm]. This 
wavelength corresponds to that of the 
Doppler shifted D

�
-light from the 

deuterium neutrals at the beam 
injection energy. On the other hand, 
the increase of the spectra are observed 
above 651[nm] for the 
perpendicular-NBs, although their 
injection energies are similar to the 
tangential-NBs. This discrepancy in 
the wavelength comes from the 
difference in the beam injection angles. 
Since the fast-ions produced by the 
perpendicular- NBs have less velocity 
parallel to the magnetic field lines than 
those by the tangential-NBs, the 
amount of Doppler shift becomes less. 

By integrating the spectra above 
650.5[nm](hatched area) in Fig.2(a), 
the time trace of FIDA-components are evaluated and are shown in Fig. 3. As shown in this 
figure, the integrated signals have good correlation with the injection of both tangential-NBs 
and perpendicular–NBs. This also confirms that the measured spectra in the range over 
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Fig. 2 (a) Typical FIDA-spectra are shown for the 
tangential-NB injection (red lines with open circles), the 
perpendicular-NB injection (line with closed circles) and 
background(dashed lines with open squares). (b) 
FIDA-sepctra without background. Lines with open circles 
are for tangential-NB injections and lines with closed 
circles are for perpendicular-NB injection.  
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650.5[nm] is the D
�
-lights due to 

the confined fast-ions in JT-60U 
plasmas. Compared to the FIDA 
signals by the tangential-NBs, 
those by the perpendicular-NB 
are small although the injected 
NB power is larger. This might be 
due to the poor confinement 
property of perpendicularly 
injected particles compared to the 
tangential ones. 

4. Summary 
Using the measurement 

system of MCXRS diagnostic, the 
FIDA measurements were tried 
on JT-60U. To avoid the 
interference by the BES 
components of the NB on the 
sight lines, the blue-shifted 
D

�
-lights were utilized for the 

measurement. The FIDA signals 
are obtained for the fast-ions being produced by the co.-directed tangential NBs and 
perpendicularly injected NBs. To evaluate the fast-ion spectra from these FIDA signals, the 
intensity of NB#4 and the contribution of background neutrals must be considered. These 
evaluations and the detailed analysis on the spectra will be a future work in 2009.
.

References 
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Fig.3 (a) Waveforms for NB-injection power and (b) the 
time traces of FIDA-signals.
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10.15 Absolute Calibration of Microfission Chamber [1] 

T. Hayashi, T. Nishitani, A. M. Sukegawa, M. Ishikawa and K. Shinohara 

An absolute calibration of a micro fission chamber (MFC [2]) was carried out by both 
Cf-252 neutron source and real deuterium plasmas in JT-60U. The MFC was installed 
between the vacuum vessel and the toroidal field coils, whose detector employs both pulse 
counting and Campbelling (mean square voltage) modes in the electronics to cover wide 
dynamic range of the neutron source strength. The pulse counting and Campbelling modes 
were calibrated by Cf-252 and deuterium plasmas, respectively. Point efficiencies (namely, 
counts per neutron from a point at a single angle) were measured for the neutron point source 
at 27 locations in the calibrations scanning the toroidal locations. The radial location (port 
section) of MFC and the nearest neutron monitor were 5.22 m (P-9) and 6.45 m (P-7), 
respectively.  

The toroidal angle for the distribution of the point efficiency for the MFC and the 
nearest neutron monitor is defined by the relative angle to the center of the port for each 
detector. The distributions of point efficiency of MFC are basically similar with neutron 
monitor, even though the radial locations were different. However, in some detail, the point 
efficiency was influenced by surrounding component such as a protection plate for high heat 
flux from NBI installed in the port box in front of the MFC, which consists of 25 mm-thick 
graphite and 10 mm-thick Inconel alloy. The point efficiencies can be integrated and averaged 
with angle to provide toroidal line efficiencies. The line efficiencies of MFC and the nearest 
neutron monitor were estimated to be 5.38 � 10–9 and 1.77 � 10–8, respectively. 

In Campbelling mode, the amplifier of the MFC has three outputs to meet wide 
dynamic range, namely high, middle and low gains. The maximum voltage of the output in 
each mode is 10 V. The neutron emission was evaluated by the polynomial function in square 
voltage of the output. The calibration for Campbelling mode was also performed with the real 
deuterium plasma emitting 2.45 MeV neutrons. The MFC has an excellent linearity with 
neutron monitor through the plasma discharge, excepting for noise signals. In MFC 
measurement, noise signals were observed at the time of almost all NBI breakdowns, due 
probably to long wiring from the detector to the preamplifier. The detector was connected to 
the preamplifier by both MI cable with 5 meters long and coaxial cable with 10 meters long. 
The detection efficiency in Campbelling mode was about three-tenth of the nearest neutron 
monitor, which is consistent with the calibration result obtained by the Cf-252 neutron source 
for pulse counting mode.

References 
[1] Hayashi, T., et al., Rev. Sci. Instrum. 79, 10E506 (2008). 
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11 Heating Systems  

11.1 Development and achievements on high power ECRF and LHRF system in JT-60U 

S. Moriyama, T. Kobayashi, A. Isayama, M. Terakado, M. Sawahata, S. Suzuki, K. Yokokura, 
M. Shimono, K. Hasegawa, S. Hiranai, K. Igarashi, F. Sato, T. Suzuki, K. Wada, S. Shinozaki, 
M. Seki, A. Kasugai, K. Takahashi, K. Kajiwara, K. Sakamoto and T. Fujii 

In JT-60U, the ECRF system started its operation in 1999, and the full system 
employing four 1 MW gyrotrons and two antennas completed in 2001 [1]. The designed 
specifications were 1 MW for 5 s at 110 GHz 
of power output from a triode gyrotron, 80% of 
transmission line efficiency. The JT-60U ECRF 
system has completed its full operation in 
August of 2008. Operation of the system in the 
last two years was very fruitful. In the high 
power gyrotron development, 1.5 MW for 1s 
was recorded [2]. It is the world highest power 
oscillation > 1 s as shown in Fig. 1. In addition 
to the carefully designed cavity and collector in 
view of thermal stress, an RF shield for the 
adjustment bellows, and a low-dielectric-loss 

DC break enabled this achievement. The time 
trace of the cavity temperature became 
saturated below the boiling temperature 
(~150C) and the temperature has not reached 
the limit of 1.5 MW for 1 s to date. The time 
constant of ~ 10 s and the spatial distribution 
of the collector temperature indicate the 
possibility of 1.5 MW output power of longer 
duration.

Power modulation up to 10 kHz was 
achieved by improvement of anode 
modulation circuit. The history of the 
modulation frequency is shown in Fig. 2. 
Using this technique, modulated and phase 
controlled ECCD up to 7 kHz synchronizing 
with NTM was performed to investigate the 
effectiveness of NTM stabilization. The 
synchronization system was newly and 
quickly developed to maintain the required 
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Fig. 1. Gyrotron output power achievements in 
the world for the pulse length of 0.1 s or over. 

Fig. 2 Progress of power modulation 
frequency. Realization of 5 kHz modulation 
enables NTM stabilization experiments by 
modulated ECCD from 2008. 
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phasing between NTM and modulated EC power by monitoring the frequency of perturbation 
of the magnetic probe signal and taking into account of the transition of the oscillation 
characteristics of the gyrotron during the EC pulse [3].  

Total power of 2.9 MW was injected to 
the plasma with 4 gyrotrons for 5 s, which is 
the full specification of the ECRF system. The 
history of injected power and pulse width is 
shown in Fig. 3. Improvement of conditioning 
scheme of the diamond window contributed to 
this improvement of high power injection. As 
for the long pulse development, the gyrotron, 
the transmission line, and the antenna showed 
reliable performance at 0.4 MW for 30 s using 
one gyrotron with pre-programmed control of 
anode/cathode-heater. 

In addition to the development on the 
ECRF system in JT-60U, an innovative antenna 
having wide range of beam steering capability 
with linearly-moving-mirror concept has been 
designed for long pulse operation in JT-60SA. 
The antenna eliminates need for the flexible tube that supplies the coolant and link 
mechanism in the vacuum vessel and will reduce the risk of water leakages and the frequency 
of maintenance. Beam profile and mechanical strength analyses shows the feasibility of the 
antenna [4]. 

The LHRF launcher had damage in the launcher mouth in 2004 because of a trouble in 
the arc detection system and a problem of an electrical contact between the grill and carbon 
protector grill. Six out of 8 waveguides except two heavily damaged ones were used for some 
years, but one of the damaged waveguides was repaired in 2007 using a newly developed 
torch for welding. In 2007-2008 operation, 2.1 MW injection for > 1 s was achieved. It was 
1.3 of the maximum power (1.6 MW) in 2006, and exceeded the expectation from the repair 
(7 / 6=1.17). 

Reference 
[1] Ikeda, Y., et al., Fusion Sci. Technol. 42, 435 (2002). 
[2] Kobayashi, T., et al., Plasma Fusion Res. 3, 014 (2008). 
[3] Kobayashi, T., et al., Plasma Fusion Res., 4, 037 (2009). 
[4] Moriyama, S. et al., Nucl. Fusion, 49, 085001 (2009). 

Fig. 3. Injected RF power and pulse duration 
of JT-60 ECRF system. Simultaneous 
operation of all 4 gyrotrons at 1 MW for 5 s 
enabled 2.9 MW (14.5 MJ) injection. 
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11.2 Development of Long Pulse Neutral Beam Injector on JT-60U [1] 

M. Hanada, Y. Ikeda, M. Kamada, K. Kobayashi, N. Umeda, N. Akino, N. Ebisawa, T. Inoue, 
A. Honda, M. Kawai, M. Kazawa, K. Kikuchi, M. Komata, K. Mogaki, K. Noto, K. Oasa, 
K. Oshima, S. Sasaki, T. Simizu, T. Takenouchi, Y. Tanai, K. Usui, K. Watanabe 

In the campaign of 2007-2008 on JT-60U, significant progress has been made in the 
long pulse injection of neutral beams. Three positive NBI units were newly upgraded by 
modifying the power supplies to extend the injection pulse length from 10 s to 30 s in 
addition to the five P-NBI units upgraded in 2003. The pulse length of the newly upgraded 
units was extended to 17-25 s at 2 MW depending on the progress in the conditioning of the 
injection port. By this extension, sum of the injection energy from individual positive NBI 
units achieved 480 MJ, which is 1.5 times higher than that in 2003 . 

The modification for the long pulse injection was also done in negative-ion-based NBI, 
where the grid power loading in the ion source was reduced to an allowable level. To reduce 
the direct interception of the D– ions by acceleration grids, the steering angle of outermost 
beamlets was tuned by modifying a field shaping plate (FSP). The modified FSP succeeds in 
the reduction of the highest grid power loading from 
7% to 5% of the accelerated beam power. This 
power loading is an allowable level for the full 
power injection on JT-60SA. The modification of 
N-NBI allowed to extend the pulse length to 30 s at 
an injection power of 3 MW and the beam energy of 
340 keV as shown in Fig. 1. The achieved injection 
energy was 80 MJ, and 1.4 times higher than that in 
2003 [1]. 

These modifications of the positive and 
negative NBI units increased a simultaneous 
injection energy up to 450 MJ. This high injection 
energy significantly contributed to a long pulse 
production (28 s) of high beta plasma with �N=2.6
that is comparable to the beta value in the ITER hybrid scenario. 

Reference 
[1] Hanada, M. et al., ‘Development of Long Pulse Neutral Beam Injector on JT-60U for  
   JT-60SA’, Proceedings of the 22nd IAEA Fusion Energy Conference, FTP2-27, Geneva, 
   2008; submitted to Nuclear Fusion.  

Fig. 1. Injection energy of N-NBI as a 
 function of beam pulse length.  
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1024 10-1 d
1021 10-2 c
1018 10-3 m
1015 10-6 μ
1012 10-9 n
109 10-12 p
106 10-15 f
103 10-18 a
102 10-21 z
101 da 10-24 y

SI 

SI 
min 1 min=60s

h 1h =60 min=3600 s
d 1 d=24 h=86 400 s
° 1°=( /180) rad
’ 1’=(1/60)°=( /10800) rad
” 1”=(1/60)’=( /648000) rad

ha 1ha=1hm2=104m2

L l 1L=11=1dm3=103cm3=10-3m3

t 1t=103 kg

SI SI

SI
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u 1u=1 Da
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SI SI SI

SI 
Ci 1 Ci=3.7×1010Bq
R 1 R = 2.58×10-4C/kg

rad 1 rad=1cGy=10-2Gy
rem 1 rem=1 cSv=10-2Sv

1 =1 nT=10-9T
1 =1 fm=10-15m
1  = 200 mg = 2×10-4kg

Torr 1 Torr = (101 325/760) Pa
atm 1 atm = 101 325 Pa

1cal=4.1858J 15 4.1868J
IT 4.184J

μ  1 μ =1μm=10-6m

10 SI

cal

(a)SI

(b)
rad sr

(c) sr
(d)
(e)

(f) activity referred to a radionuclide ”radioactivity”
(g) PV,2002,70,205 CIPM 2 CI-2002

CGS SI

a amount concentration
substance concentration

SI 

Pa s m-1 kg s-1

N m m2 kg s-2

N/m kg s-2

rad/s m m-1 s-1=s-1

rad/s2 m m-1 s-2=s-2

, W/m2 kg s-3

, J/K m2 kg s-2 K-1

J/(kg K) m2 s-2 K-1

J/kg m2 s-2

W/(m K) m kg s-3 K-1

J/m3 m-1 kg s-2

V/m m kg s-3 A-1

C/m3 m-3 sA
C/m2 m-2 sA
C/m2 m-2 sA
F/m m-3 kg-1 s4 A2

H/m m kg s-2 A-2

J/mol m2 kg s-2 mol-1

, J/(mol K) m2 kg s-2 K-1 mol-1

C/kg kg-1 sA
Gy/s m2 s-3

W/sr m4 m-2 kg s-3=m2 kg s-3

W/(m2 sr) m2 m-2 kg s-3=kg s-3

kat/m3 m-3 s-1 mol

SI
SI 

m2

m3

m/s
m/s2

m-1

kg/m3

kg/m2

m3/kg
A/m2

A/m
(a) mol/m3

kg/m3

cd/m2

(b) 1
(b) 1

SI
SI

SI SI

( ) rad 1 m/m
( ) sr(c) 1 m2/m2

Hz s-1

N m kg s-2

, Pa N/m2 m-1 kg s-2

, , J N m m2 kg s-2

W J/s m2 kg s-3

, C s A
, V W/A m2 kg s-3 A-1

F C/V m-2 kg-1 s4 A2

V/A m2 kg s-3 A-2

S A/V m-2 kg-1 s3 A2

Wb Vs m2 kg s-2 A-1

T Wb/m2 kg s-2 A-1

H Wb/A m2 kg s-2 A-2

( ) K
lm cd sr(c) cd
lx lm/m2 m-2 cd
Bq s-1

, , Gy J/kg m2 s-2

, ,
, Sv J/kg m2 s-2

kat s-1 mol

SI
SI 

SI 
bar bar=0.1MPa=100kPa=105Pa

mmHg 1mmHg=133.322Pa
=0.1nm=100pm=10-10m

M=1852m
b b=100fm2=(10-12cm)2=10-28m2

kn kn=(1852/3600)m/s
Np

dB       

SI SI

m
kg
s
A
K
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SI
SI 

SI
erg 1 erg=10-7 J
dyn 1 dyn=10-5N
P 1 P=1 dyn s cm-2=0.1Pa s
St 1 St =1cm2 s-1=10-4m2 s-1

sb 1 sb =1cd cm-2=104cd m-2

ph 1 ph=1cd sr cm-2 104lx
Gal 1 Gal =1cm s-2=10-2ms-2

Mx 1 Mx = 1G cm2=10-8Wb
G 1 G =1Mx cm-2 =10-4T
Oe 1 Oe   (103/4 )A m-1
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