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The results of JT-60U experiments in 2000, from February to December, are reviewed.

The performance under the full non-inductive current drive has been greatly advanced both

in high PP H-mode plasmas and in reversed shear (RS) plasmas. In the high PPi H-mode, with

injection of the negative ion based neutral beam (NNB) of 360 keV and 4 MW into a high

electron temperature plasma (Te(0) 13 keV), a high fusion triple product nD(O)Ti(O)trE =

2.0x 1020 keVM-3s has been obtained at the plasma current of 1.5 MA, and the highest value

of current drive efficiency of NNB (.55x 1019 N/W/rn 2) has been achieved, n RS, LHCD

and NNB-CD) were employed for current drive and high confinement (HHy2 - 1.4) at high

density (Gw 0.80) has been achieved. In the 1 10 GHz ECRF system, two more gyrotrons

have been installed in addition to the one installed in 1999 and 1.5 MW was injected into the

torus for 3 s. Complete stabilization of neoclassical tearing mode (NTM), realization of high

confinement plasmas with Te - Ti, a high value (1 MA) of NNB-driven current in the high Te

regime, and measurement of localized EC driven current were achieved with the upgraded

EC system. The multiple pellet injection system has been newly installed. In high power NB

heated plasmas, high-field-side pellet injection was more effective than low-field-side

injection, and it extended the regime of high confinement high PPi H-mode to a higher density.

A new method, called CCS (Cauchy-condition surface method), for the control of the plasma

position and shape in real-time became available and was found very useful especially for the

control of plasma-wall clearance in LH and IC experiments. The active control of ITB

strength by the switch of the injection direction of toroidal angular momentum was

successfully demonstrated. In high triangularity H-mode plasmas, higher pressure and

temperature at the edge pedestal were observed, which resulted in higher temperature and

confinement in the core through the profile 'stiffness.' In the W-shaped divertor, a pumping

slot was opened at the outer leg in addition to the inner leg to enhance the pumping
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efficiency. The confinement improvement in the high density regime was attempted by using

Ar and Ne injection. In ELMy H-mode (q95 = 3.4), HHy2 - 1 was obtained at fGW = 0.65. In a

configuration with the outer strike-point on the dome tile (q95 = 3.6), a peaked density profile

was obtained and H89 P = 1.68 was achieved at GW = 0.80. In RS (q95 = 6-7) with Ne puff,

H89 p = 1.8 and HHy2 = 1.2 were obtained during X-point MARFE. Helium exhaust efficiency

was extended by the both leg pumping and T*He/tE = 2.8 with H89 p = 1.2 was achieved in

ELMy H-mode (q99 = 4.0). Impurity and Zff in the main plasma have been reduced by

boronization of the first wall and by reduction of the wall temperature. The time evolution of

pedestal density profile during a type ELM was evaluated with the 0-mode reflectometer.

The heat flux by ELM was measured both in the SOL plasma and on the divertor plates, by

reciprocating Mach probes at the X-point and the midplane and by IRTV, respectively. The

results indicated convective heat transport was dominant in the SOL plasma.

Keywords:
JT-60U, High PP~ H-mode, Reversed Shear, Non-inductive Current Drive, NNB, ECRF, Pellet
Injection, CCS, Internal Transport Barrier, ITB Control, High Triangularity, Helium Exhaust,
Impurity Reduction, ELM
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1. Overview of the Experiments in 2000

1.1 Core Plasma

Full non-inductive current drive has been achieved in a high performance high PP H-

mode plasma with 1.5 MA and in a high confinement reversed shear (RS) plasma. In the high

PP H-mode, with injection of the negative ion based neutral beam (NNB) of 360 keV and 4

MW into a high electron temperature plasma (Te(O) - 13 keV), a high fusion triple product

nD(O)Ti(O)trE = 2.0x 1020 keVM-3 s has been obtained, and the highest value of current drive

efficiency of NNB (.55x10' 9 AIW/M2) has been achieved. In the RS case, LHCD and NNB-

CD were employed and high confinement (HHy2 1.4) at high density (w 0.80) has been

achieved. In the 1 10 GHz ECRF system, two more gyrotrons have been installed in addition

to the one installed in 1999 and 1.5 MW was injected into the torus for 3 s. Complete

stabilization of neoclassical tearing mode (NTM), realization of high confinement plasmas

with Te - T, a high value (1 MA) of NNB-driven current in the high T regime, and

measurement of localized EC driven current were achieved with the upgraded EC system.

The newly installed pellet injection system extended the regime of high confinement high Pp

H-mode to a higher density. The active control of ITB strength by the switch of the toroidal

momentum injection direction was successfully demonstrated. In high triangularity H-mode

plasmas, higher pressure and temperature at the edge pedestal were observed, which resulted

in higher temperature and confinement in the core through the profile 'stiffness.' The time

evolution of pedestal density profile during a type ELM was evaluated with the 0-mode

reflectometer installed at the midplane.

1.1.1 Sustainment of high performance and non-inductive current drive
The full non-inductive high PP~ ELMy H mode regime has been extended to the reactor

relevant regime with small values of collisionality and normalized gyroradius. The record

values of the fusion product under full non-inductive current drive (nD(O)TCETi(O) =

2.0x10Om-3skeV) and the neutral beam current drive efficiency (C = 1.55x10 19A/m 2/W)

have been demonstrated at 1.5 MA with N-NB injection (360keV, 4MW). High stability (N

=2.5) and high confinement (HHy2 = 1.4) were also obtained.

The density range in the high PP ELMy H-mode regime with high confinement, high PN

and high fraction of non-inductive current drive, has been extended with high field side pellet

injection and NNB injection. The pellet injected discharge has a high pedestal pressure

compared with the gas fuelled discharges and the pedestal temperature does not decrease even

at high pedestal density. At low q9 5 = 3.,P = 2.8-2.9 has been sustained for 4 s, determined

with hardware limitations. The pedestal pressure increases with increasing core confinement.
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In RS plasmas, full non-inductive current drive with high confinement (HHy 2 1.4) and

with high density (fGw 0.80) has been achieved by using LI-ICID and NNB3-CD3 at l = 0.9

MA, Bto = 2.5 T and q95 6.9. High values f N (-2.2) and bootstrap current fraction

(-6 1%) were also obtained. With the injection of LHCD, expansion of ITB was observed and

the stored energy was increased accordingly.

Extension to a low q regime was attempted in RS plasmas with NB heating, where a full

non-inductive current drive with high beta (N 2) and high confinement (HHy2 2.2) had

been achieved before by bootstrap current and off-axis NBCD in a high q regime ( 5 - 9).

High beta (PN - 2) was sustained for longer than 5TE in a low q regime (q in - 2.5, q95 - 5.5)

while high confinement (HHy2 >~ 1.5) was sustained only for -TE The latter was restricted by

the confinement degradation phenomena encountered during a high confinement phase.

The magnetic shear was scanned between a weak positive shear (typical high Pp. mode)

and a strong negative shear (typical RS plasma) to see if an optimum point exists from the

viewpoints of stability and confinement. In the zero shear region, confinement higher than

that in the high PP.~ mode was obtained while the stability was not improved from that in the

RS mode. A localized reversed shear region was formed due to the bootstrap current in "weak

shear" plasmas. Major collapses seem to be related to q(0) - integer.

Formation of RS plasma with a low ramp rate of 0.2 MA/s was attempted by using NB,

EC or LH to address the issue of formation of RS in a super-conducting machine, where the

low ramp rate is favorable to reduce AC power loss in super-conducting coils. The scenario

with LH was most successful and Pqmin of 0.7 was sustained with only 1.8 MW of LH power

up to 1.2 MA.

The regime of NNB current drive experiment, in which N-NB driven current was

precisely measured by MSE in a low density plasma with small bootstrap current fraction,

was extended to higher Te reaching Tef(0)- 10 keV by utilizing EC. Measured NNB3 driven

current reached MA with lCD = I1xl0 19A/m 2/W and agreed with the theoretical prediction.

In the EC wave injection system for local heating and current drive, the number of

gyrotrons (1 10 GHz) was increased from one to three. In 2000, 1.5 MW was injected into the

torus for 3 s. The EC driven current, which was expected to be very localized, was measured

with MSE and the measured profile agreed with a theoretical result.

The current profile control by combination of LH and EC injection was also attempted,

where the profile of hard X-ray (driven current) changed according to the EC injection angle.

1.1.2 Confinement and transport

Extensive studies on ITBs have been performed including effects of electron heating,

ITB control through the toroidal angular momentum injection and the threshold power of

ITB formation.
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To address the issue of improved confinement under dominant electron heating regime,

which is expected in fusion reactors, confinement properties of high PP mode and RS plasmas

under electron heating were studied. Both in high PP mode and RS plasmas, confinement

enhancement relative to the L-mode (H89p) was found not to change drastically and to be

good enough, during the electron heating dominant phase. In the RS case, ion temperature T1

and electron density ne profiles were almost unchanged, while, in the high PP mode case,

gradients in Ti and n profiles were reduced. The pedestal might have increased during the

electron heating phase and contributed to maintaining the overall confinement.

The dependence of formation of ITB on the plasma current lpand the toroidal rotation

Vt was examined in RS plasmas. On the toroidal rotation, the results would suggest that Vt

could affect TB formation. On the plasma current, no conclusive results were obtained since

not only I but also the current profile differed.

The active control of ITB strength by the switch of the injection direction of toroidal

angular momentum was successfully demonstrated. The Ti gradient degraded by co-injection

was recovered by counter and balanced injection. The change in radial electric field E, shear

of outer half region of the ITB layer (near the ITB foot) was important to control the ITB

strength of the whole ITB region. This suggests a non-local nature in relations between the E,

shear and the reduction of transport.

Confinement properties of reversed shear plasmas were investigated under the discharge

conditions of nearly balanced momentum injection, L-mode edge and NB heating. The stored

energy was found to be strongly correlated with B ftoot rather than I, and was proportional to
foot 15 foot is~~~~~~~~~

where B fo, isa poloidal magnetic field at the ITB foot.
Dynamic behavior of transport and heat propagation were studied in normal and

reversed shear plasmas with ITIs, which revealed a combination of various fast and slow

time scale processes. Abrupt variations of y,, (ITB-events) are wide (30-40% of plasma

minor radius) in normal and reversed shear plasmas with weak ITBs while they are localized

near the ITB foot in RS plasmas with a strong ITB.

As for the H-mode, the L-H transition threshold power in ITB plasmas and the

dependence of pedestal pressure and confinement on the triangularity were studied.

The L-H transition threshold power in plasmas with an ITB was found to be

substantially higher than the conventional scaling established for plasmas without an ITB.

This is because electron densities are lower in ITB plasmas and the criteria for the edge

density and temperature to induce the L-H transition is similar. The degradation of the

quality of ITB resulted in the increase of edge density and thus inducing the L-H transition.

The high triangularity () H-mode plasmas without an ITB were produced to investigate

the dependence of confinement on the triangularity. The thermal confinement in high

~ ~0.45) H-mode plasmas was substantially higher than low 6 ( ~ 0.20) H-mode plasmas.
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This is because of higher pressure and temperature at the edge pedestal, which results in

higher core temperature through the profile 'stiffness.' In the high high PP H-mode with an

ITB, further increase in the pedestal pressure was obtained.

1.1.3 MH[D instabilities and high energy ions

Stability of RS plasmas was studied focusing on the resistive MHD modes. It was found

that the radially localized resistive interchange mode led to a major collapse through

nonlinear mode coupling with a tearing mode in the positive shear region.

The stabilizing effects of wall were demonstrated in RS plasmas. Both of resistive

(tearing) and ideal modes were stabilized by the wall when the wall was close enough to the

plasma surface (typically d/a < 1.3, where d is the wall radius and a is the plasma radius) and

high beta plasmas exceeding the no-wall beta limit were obtained. Resistive wall modes were

observed in these high beta plasmas, whose growth rate was large when the edge safety

factor was close to an integer value.

Complete stabilization of a neoclassical tearing mode, NTM, with mn/n = 3/2 was

achieved by using upgraded EC system. In this experiment, the first harmonic 0-mode wave

was used and the estimated driven current density was about twice as large as the bootstrap

current density. The region of appearance of NTM was investigated and it was found that

NTMs with n = 2 and n = 3 are observed only in the region of Pp> 0.6 and q < 4.5.

Disappearance of NTM with rn/n = 2/1 was observed in plasmas with N-NB injection,

probably due to smaller pressure gradient at the q =2 surface at a fixed total pressure.

The influence of MHD instabilities on NNB current drive performance was investigated.

In a low density, low beta plasma, a burst-like instability, which was believed due to the

pressure of fast ions injected by NNB, caused a reduction of neutron yield and a increase of

loop voltage evaluated with MSE inside p = 0.3. This indicates the loss of fast ions carrying

the current. The reduction of neutron yield was also observed during the NTM in high beta

plasmas.

The time evolution of pedestal density profile during a type I ELM was evaluated with

the 0-mode reflectometer installed at the midplane. The position of cut-off layer, which was

located near the shoulder of the pedestal, was found to move about 7 cm inward during 100-

350 jis. The burst of divertor D. si ngal was delayed by 105-195 gts from the density collapse.

Asymmetric structure of density collapse in the poloidal direction was suggested.

Instabilities with a frequency sweep in the frequency regime of Alfvn eigenmode were

studied by using NNB. Abrupt large amplitude events (ALEs) often appeared during the fast

frequency sweeping mode and a large drop of neutron emission rate and a significant

increase in fast neutral particle fluxes were observed during ALEs.
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1.1.4 Plasma control and disruption

A new method for the control of the plasma position and shape in real-time became

available in 2000. This method employs a novel plasma-shape reproduction technique, called

the Cauchy-condition surface (C) method, with which the shape of the separatrnx is

calculated every 1 ins. One of the merits of CCS is that it can deal with various plasma

position and shape accurately while the available region of the conventional function

parameterization method (FPM) is restricted inside the equilibrium database. By using CCS,

it has become possible to control the clearance 8 between the plasma surface and the wall,

which is very important for LH1 and IC experiments, in a wider range.

A system for real-time NTM detection and EC wave injection has been developed. The

amplitude of electron temperature perturbation by NTM was successfully evaluated in real-

time and EC wave was injected.

The process of termination of runaway electron current generated at the plasma

disruption was investigated in detail. Intensive heat pulses to the inner divertor plates were

observed. The halo current during the runaway termination was small and increased after the

termination.

-5-



JAERI-Review 2002-022

1.2 Divertor and Boundary Plasmas

Since H-mode confinement degradation below n (the Greenwald density) is a

critical issue in ITER-FEAT, large efforts are devoted to produce high density plasmas with

good H-mode confinement in JT-60U. Ar injections were found to be useful to increase

plasma densities in ELMy H-mode in 1999. Ar injection experiments were refined and

continued in 2000. In those experiments, the radiation loss from the edge plasma was

controlled by a feedback technique using Ar puffing and divertor pumping. It was found that

HHy2 remained near unity in the range of ne < 0.65 nGw. HHy2 was about 50% higher than that

in the plasmas without Ar injection at ne = 0.65 now.

In the process to minimize deuterium gas puffing by producing high density plasmas

in the near-limiter configurations, the ITB was found in a few ELMy H-mode discharges with

Ar gas puffing in 1999. In 2000, the outer strike-point location was scanned from the outer

target plates to the dome plates to find out the condition to produce the ITB. The peaked

density profile with the ITB was obtained when the outer strike point was located on the dome

tiles. The best data was H89p = 1.68 after ripple loss correction at 0.8 n0,w. The total radiation

fraction was 85% of the input power and the divertor plasmas were detached.

In the reversed shear plasmas, neon and deuterium gas puffings were applied and

high confinement (H89)p • 1.8) was obtained during X-point MARFE. It demonstrated

separation of the ITB from the strong radiator in the boundary plasma. Impurity accumulation

was not significant, since the neon and carbon density profiles were similar to electron density

profiles.

Helium exhaust was investigated with He beam injection f He-NB = 1.4 MW

(equivalent to 85 MW ax heating) for 3 s into ELMy K-mode discharges (p = 1.4 MA, Bt =

3.5 T, q95 = 4.0, PNB = 16 MW, Vp = 58 in 3). In one of those discharges, *He = 0.36 s and

r* He/tE = 2.8 with an H-factor (rE/tE ITER- 89P) = 1.2 were achieved. As a result, the helium

exhaust efficiency in the divertor-closure configuration was extended by 45% as compared to

the one with the inner-leg pumping. Impurity transport study was also carried out for He in

the reversed shear plasmas. Diffusivity of He was in the same order with the neoclassical

transport inside the ITB, which made He exhaust difficult in the low divertor recycling

conditions.

Repetitive HF1S (high magnetic field side) and LFS (low magnetic field side) pellet

injections were carried out to extend plasma operation regime toward the high density and to

explore the pellet enhanced performance (PEP) mode. The plasma densities just after each

pellet injection, nP , reached up to 1.8 x n0 w in the OH plasmas with LFS pellet injections.

In high power NB heated plasmas, HFS pellet injections were more effective than LFS pellet

injections for density increase due to slow density decays. Improvement in confinement due
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to ExB3 drift of pellet clouds was not obvious yet. The Pellet enhanced performance (PEP)

mode trial was carried out with hydrogen NB, hydrogen gas and hydrogen pellets. The ITB in

the density profile was associated with central pellet deposition and the reversed magnetic

shear, which was produced by injection of pellet simultaneous with low power NB heating as

low as 1 MW.

Impurity and ZC, in the main plasmas have been reduced by boronization of the first

wall and by reduction of the wall baking temperature. Durability of boronization effect was

investigated in L-mode discharges with an identical condition, which were repeated before

and after boronization. The oxygen fraction (noine) in the main plasma decreased from 1.5%

to - 0.7 % by boronization. The plasma effective charge (Z,, 1) was successfully reduced due to

reduction in carbon content in the L-mode and reversed shear plasmas by lowering the baking

temperature from 2700C, usual baking temperature, to 150 and 800C. The measured chemical

sputtering yield was reduced from 15 % at 2700C to 10 % at 1500C and 5 % at 800C,

respectively. The CH,/CD4 yield was not apparently dependent on the baking temperature,

while the C2HX,/C 2DX, yield was clearly dependent.
In order to understand the origin of the carbon due to chemical sputtering and the

screening of methane in the SOL and divertor plasmas, the carbon density was measured by

CXRS system and analyzed in the discharges with CH4 gas puffing. The analysis suggested

that carbon ions in the main plasma were mainly originated from chemically sputtered

hydrocarbon at the divertor plates.

Volume recombination in detached divertor plasmas was studied by observation of

Balmer lines of hydrogen atoms and continuum. Recombination fluxes to divertor plates were

estimated by He line emission. It was found that the ratio of the recombination flux to the

divertor ion flux increased up to 0.5 in the inner divertor and 0.3 in the outer divertor,

respectively during the X-point MARFE.

Reciprocating Mach probes installed at both the X-point position and midplane

position were used to measure plasma flows in ELMy H-mode discharges and, for the first

time in JT-60U, OH discharges with pellet injections. The SOL plasma flow in the ELMy H-

mode plasma was compared with ELM heat flux to the divertor plates measured by RTV

with fast sampling data(250jgs per profile). It was found that the period of peak heat fluxes by

ELMs corresponded to the enhanced SOL plasma flows which carried the convective heat

fluxes. As for pellet perturbation, increase in jux (ion saturation current on the up-stream

side of the X-point Mach probe) by a pellet was roughly 30-50% near the separatrix and

Te,up xl (electron temperature on the up-stream side of the X-point Mach probe) did not change.

While large and rapid peaks in j~px near X-Point was found, no change in jmp~id (ion

saturation current on the up-stream side of the midplane Mach probe) was observed for LFS

pellet injections. It might be caused by local increase in the plasma density.
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2. Sustainment of High Performance and Non-inductive Current Drive

2.1 Enhanced performance of the high fl, ELMy H-mode

with high NNB current drive efficiency

Y. Kamada and the JT-60 Team
Abstract

In the high P3p ELMy H mode regime, characterized by the weak magnetic shear, discharges with a high

integrated performance have been sustained near the steady-state current profile solutions under full non-

inductive current drive with a proper current profile driven by N-NB3 and bootstrap current. The full non-
inductive high p ELMy H mode regime has been extended to the reactor relevant regime with small values of

collisionality and normalized gyroradius. Record values of the fusion product under full non-induti~e current

drive ( nD(O)trETi(O) =~2.0x1I0 2 0 m-3 skeV) and the neutral beam current drive efficiency ( 1CD=l .55x 101 9 Am 2

/W) have been demonstrated.

1. Introduction
With the main aim of providing physics basis for ITER and the steady-state tokamak

reactor, JT-60U has been optimizing operational concepts and extending discharge regimes
toward simultaneous sustainment of high confinement, high O3N, high bootstrap fraction, full
non-inductive current drive (full-CD) and efficient heat and particle exhaust utilizing variety
of heating, current drive, torque input and particle control capabilities. In the two advanced
operation regimes, the reversed magnetic shear and the weak magnetic shear (high-13p)
ELMy H modes characterized by both internal (ITB) and edge transport barriers and high
bootstrap current fractions BS, discharges have been sustained near the steady-state current
profile solutions under full noninductive current drive [1]. Figure 1 shows the strategy of the
JT-60U high-P IH mode development. Based on the early development for high O3N and full-
CD at low current and for high fusion product at high current, we have been extending the
high integrated performance regime towards the reactor relevant plasma regime with small
values of collisionality, normalized gyroradius by increasing Bt, lp and heating power.

2. Achievement of high integrated performance with NNB current drive

With N-NB injection (360keV, 4MW), the full non-inductive high-P3p ELMy H-mode
regime was successfully extended to the higher lp regime (=l.5MA). Figure 2 shows time
evolution and typical profiles of the discharge (E367 15) with high confinement enhancement
over the ITER H-mode scaling H1-y 2==1. 4 and high 13N=2.5 under full noninductive current
drive obtained near the steady state current profile solution. The main parameters are listed in
Table . The noninductive current drive was achieved mainly by on-axis current drive by
NNB3 (608kA, 40% of 1p), broad current drive by P-NB (255kA, 17%) and off-axis bootstrap

high~~~~~~~~~~~hg

high core contc&nf. N
integration long NB

92 ~94 96 98 00
Fig.]1 Strategy of high Pp H mode development
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current (76OkA, 51%) (see Fig.5 a)). In the later phase of the N-NB pulse, the safety factor at
the plasma center q(O) stays almost constant suggesting saturated current profile evolution. In
this phase, the fast ion distribution has also reached steady state according to the 3-D OFMC
calculations. Since the NB current drive efficiency increases with Te(O), on-axis ECH was
applied and Te(0) reached 3keV, and then the record N-NB13lCI of 1.55x10 19 A/M2 /W was
achieved. Current drive capability of the N-NB system in JT-60U has been extended to the
reactor relevant regime (Fig.3, see also Sec.2.7). The N-NB injection phase in E36715 was
free from any significant MHD instability except for type-I ELMs. We have shown
experimentally that onset conditions and mode numbers of the tearing mode are determined
by local Vp at the mode rational surfaces. The stable discharge E36715 was sustained with
reduction of Vp at the q=2 surface (Sec.4.4). Figure 4 shows the integrated performance for
E36715 (5MA13.7T) and another discharge achieved previously at IMA/3T. The figure
consists of 7 axes: HH Y2. N' BS (fraction of bootstrap current to plasma current Ip), fC
(fraction of non-inductive driven current to Jr), fuel purity, ratio of radiated power to absorbed
heating power, and line averaged electron density normalized by the Greenwald density limit.
The full scale for each axis represents one of the ITER-FEAT steady-state operation design
examples. These discharges satisfy the requirements for Hy 2 J BS and fCD. However, for
density and radiation power, in particular, further improvement is needed. For these
parameters, an improved integrated performance has been achieved by pellet injection (see
Sec.2.2).

L2LG~stred Enrgy F1---0.~Table . Achieved Parameters
3_ p ~~~~~~~~~~~shot E36715

- ~~~~~~~~~20 Mode High-pp~

Sn (1 01 61s 2.5 full-CD

5 ~~~~~~P(N.NBXM ~~~~~~~~NNB i.
0 0 ~ ~~~~~~~~~ time (s) 6.4

2 ~~~~~~ ~ ~~~~~Bt (T) 3.74

~~~ , Paox~~~~~~~~~~~~~~abs(M4W) 15,3

3 - rt. (1019/M3) ~ ~~a (in) 0.79
R (m) 3.22

V10OP(V) 8X ~~~~~~~~~~~~~~0.36
ic,~~~~~ 1.54

0 Kx ~~~~~~~~~~~~~~~~~~~~~4.75
1 5 1 -cW q(O) D~~~x-div W (MJ) 5.98

', tu- ~ dWdia Idt (MW) 0101/s .

___6_time___ ____7 __ _ _ _ _ _ _ _ _ _ Zeff 3.06
10.... ... 20....... . l(0) (10 19 in3 ) 5.0

8 n. (1 01gm-3 ) 15 TTnky D(O) (1 0 19m-3 ) 3.0
E36715, 5.9s 15 iOCXRS -i (10 19 m-3 ) 3.1

6 * 0 ire ETB ~~55e'0GWe0.41
Ti(0) 17.5
Te(o) 12.7

2 t~~~~~~~5'E () 0.39
Thomn Te *0 ECE H~L29

00 .. 0 ~~~~~~ ThomonHPL29
0 0.2 0.4 0 .6 0.8 1 0 0.2 0.4 a 0.6 0.8 1 1.40 .5

Fig.2 Time evolution and profiles of the highPpE yLl Pp19
mode discharge E.36715 in which HHy2 =1.4 and fiN=2 .5 fItf%) 1.26
were sustained under full non-inductive current drive with fBS 0.51
N-NB (.SMA, 3.74 Tq 95=4.75). fBD 0.57(NNI3 0.40)
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a) 1MeV b) ~~~ ~~~ ~~~~FY '91 99 1915'6 9 9 99 0 01
1M V ITEF____

driven 1 MA r

theo reticalcu r n_ _ _ _ _ _ _

--- r~ itin- .. ............... CD 1D_ x 19 A,,W m12
3501keV efficiency _ _ _ _ _ _ _ _ _ _ _

o 4 ~~~~~~~~~~~~~~~~~~~~~N-NI start

5keVR
o ~~~J DIIID ~~~~Fig. 3. a) N-NB current drive efficiency (CD)

-. ............D......--------D------ approaching the ITER regime. b) Progress of
neutral beam current drive efficey in JT-60U.

Te (0) (key)

Figure 5 compares profiles of driven current j , magnetic shear s, safety factor q and ion
temperature Ti for a) the weak positive shear case E36715 (Fig.2, fully noninductive) and b)
the flat shear case (partially noninductive). Current profiles were controlled by a)
combination of central N-NB and EC current drive (CD) and bootstrap current, and b) ohmic
and bootstrap currents without NBCD. The measured q-profiles or the current profiles in the
saturated phase stay near the steady-state solutions calculated by the ACCOME code. By
modification of the external current drive profile together with proper combination with
bootstrap current, JT-60U has thus sustained high confinement advanced modes near the
steady state current profile solutions in the weak positive shear configurations. Based on the
JT-60U high PP~ mode experience, the JTB is formed in the low shear region; typically s<1. In
discharges shown on Figs 5 a) and b), this criterion was held and wide radii satisfying this
condition were sustained. The TB radius often coincides with the q=2 or 3 surface. This,
however, cannot apply to the conditions of the initial formation condition of ITB in JT60U,
which can occur at an inner region where qc2 and s< 1, and then the ITB radius expands and
is stagnated near the q=2 surface or s- 1.

JT-60U has extended the advanced operation regime toward the reactor relevant
parameter regimes. In the high PP~ ELMy H-mode regime, PNH89PL -7 has been sustained for
-1.3s (- 3tE) with full noninductive CD and PNH89PL -5.5 for -2.8s (-1 2'CE) at q95=3.3 (Fig.6
a). For sustainment of high NH89PL values, high triangularity operation (>0.3 -0.4) is
essentially important in addition to current and pressure profile optimization [3].

ITER-FEAT HH5nelnG
S-S example .

E36715

q95=4.8

fEBS O. ha

Fig. 4 Achieved integrated performance .
relative to the target values in the PIER- fuel purity
FEAT steady-state operation. E218 851.

1MAI3T/q 95=5.2 1CD
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a) Weak Positive shear b) Flat shear
E3671 5, q9 5=4.8, I3N=2.5 , HHrl2=1 .4 E26263,q95=4.0, N= 2 .13, HH 2=1 .5

Fig.5 High Pp~ mode profiles with ITBs
08 ~ ~ rpsustained near the steady-state current

0.4 ooska 0.4 ,~profile solutions by active current drive
n ~~~~~~~~control: a) the weak positive shear (full

0 =~ 0 noninductive: N-NB central CD + P-

________;_H-_._. _ . 6..047s NB broad CD + bootstrap; E36715 in
shar(S s.L hear (MSE) FJG.3), b) the flat shear (bootstrap +

1 6.4s 3 6.7s OH not full noninductive) a) and b)

0 shows driven current profiles
q-5.Os exp. -5.6s e p. calculated with ACCOME, measured
q-6.4s (MSE) 5-co q -6.7s (SE) magnetic shear profiles, measured q-

S-S da] ~ ~-S ca
4S l. 20 4 20 profiles in the early phase (thin solid

I.~~

3 3 , lines), measured q-profiles in the
2 T (64s) / 10 21 saturated phase (bold solid lines),
1 i ( keVL- steady-state q-profiles (ACCOME:

TI (6.7s) Steady-State cal. bold hatched lines)
c -'--'--------v 0 o 1(kcpV), ~ adT~)wt T

rla ITB 1 0 rna TB 1 adT()wt Ts

JT-60U has increased plasma current and toroidal field in developing high-]3N full
noninductive CD plasmas . Figure 6b) demonstrates the significance of this research direction
on the ve*(collisionality) - p *(normalized poloidal gyroradius) plane. Since behavior of the
key physics processes, such as stability, transport and bootstrap current are determined by
these non-dimensional parameters, it is necessary to demonstrate the required performance at
sufficiently low values of v,* and ppi close to the reactor operational regimes. The JT-60U
high-ON full noninductive CD regime has accessed V*~0.01-0.02 and pp*00701 These
values are close to those for the ITER-FEAT steady-state reference design; v V*-V e *ITER and
p i*-34 pi*ITER.

__________ _________ _______ ~High-P3p ELMyH *9 RS ELMyH
a),10 -161 ~~~b) 0.2

- 0.74 0.51 fEIS ~ ~~~~~~~1994-1996
8 - ~ ~ ~ ~ ~ ~~~-1 MAI3T/O3N-2.8

.2 '!0.1 - 0 8MA/3' 4T/ 0.21.T~~~ 6 0 ~~~~~~~q 5 =3.3 C) - 13N2 00 N3 1994

* ~~~~0- E 35037

0)~ 0.1 0.85MA/2T/
full CD N~ 2 OPN-1.5, LH +NB

2 High-jopH CD E3671-*99

'Hill', 1,1 .1..,, ~~~E 05 1 .5MA/3.7T/PN.-2.5

o 1 2 3 4 5duration [s] -[_______FEATSteady-State
Fig.6 fiN H89PL duainmesimfo high-fi 0 .EA . te.-tatand sustainment time for Ip 0 
ELMy H-mode discharges. b) Operation regime of jail 0 0.05 0.1 0.15 0.2
noninductive CD at high fiN approaching the ITER collisionality Ve*
regime in terms of normalized poloidal gyroradius p 
and collisionality ve.'

REFERENCES
[1] Y. Kamada and the JT-60 Team, 18th IAEA Int. Conf. Fusion Energy, 2000, Sorrento,
IAEA-CN-77/OV 1/1, Nucl. Fusion 41, 1311(2001).
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2.2 Extended operation regimes of quasi-steady high Pp ELMy H-mode discharges
with high integrated performance

Y, Kamada, H. Takenaga, A. Jsayama, T, Hatae and the JT-60 Team

Abstract

With the high field side pellet injection and NNB3 injection, JT-60U has successfully
extended the density range in the high P3~ ELMy H-mode regime with a favorable integrated
performance; high confinement, high PNpand high fraction of noninductive current drive.The
pellet injected discharge has a high pedestal pressure compared with the gas fuelled
discharges and the pedestal temperature does not decrease even at high pedestal density. At
low q95 =3.4, N=2 .8 -2. 9 has been sustained for 4s determined with hardware limitations. The
pedestal pressure increases with increasing core confinement. The full non-inductive
operation has been demonstrated with grassy ELMs.

2.2.1. Extended density regime with high confinement and enhanced pedestal pressure

In order to achieve the high integrated performance discussed in Sec.2. 1, the critical issue
is extension of the density range of the high confinement modes. For this purpose, JT-60U has
been optimizing the operation scenario of the high PP ELMy H-mode with multiple pellet
injection and NNB3 injection into high triangularity discharges.

a) E37413 b) E32398
2- 8P 2 H89PL

1 P(P-NB) (M 20 12
_____________ _____________P(P-N B) (M W ) P N N ) M

£ .*.*** ... 0 0 B)0
3 :::ffje(10 1 9 m-3 ) 3 r~Flfel( 0m9m

0 1

03 4 5 6 7 06 7 8 9 10 1 1
c) time () time (s)

10 16 16_ 
E37413 Ti(e)Te(keV) 1m3
pellet 8 8-8 n~
t=6.4s 6 -

0 E32398 4 4 4 -- o~Oc
0b Oc00 0 oo 0

gas puff 2 000 2 O00 2 0
t=9.4s 2 , 0 0 2o

00 ria 1 00 na2 00 '*' a 1

d)E36715 HHy 2 -5/ G
1.5MA13.74T 1.5sS G
q95=4 8 IE

Fig.] a) High Pp~, ELMy H-mode discharge E3 O3N S-S example
7413 with pellet injection (3.67, MA, 6 =0Q47,27/

q9 5 =6 .5 ). b) H-mode discharge E32398 (2.]IT,

]MA, 6 =0.45, q9 5 =3 .6 ) with strong gas puff. 0.8
c) Comparison of T , Te and e profiles Pa
between E37413 and E323 98.Pha

d) The integrated performance of E374]3. The
performance of E36715 (see sec.2.]) is also 1MA/3.6T/q 95=6.5fulprt
shown with thin lines, pellet, NNBfulprt

fCD
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high-plp ELMy H-mode nT= const. E71

2.5 E37413 t

0~~~~~~~~~~~~~ ~~~~~ELMy H-made

15lolw-S(0.15 -0.2 0 32398 EL puff
ELMy H-made 00 

1 ~~~~~high-fl (0.45), MA
ELMy H-made fix = 0.45 tp L p l L

0.5 uj1 ~ - -- 
0.2 0.3 0O4 0.5 0.6 0.7 0.8 0.9 1 2 3 4

nInGSW 0 aED'' [1 019m 
Fig. 2 Extended high confinement - high density range by Fig. 3 Pedestal temperature and density for

high triangularity and pellet injection. JMA discharges at fixed triangularity 3= 0.45.

With the high field side pellet injection, JT-60U has successfully extended the density
range in the high ~P ELMy H-mode regime with a favorable integrated performance. Figures 
(a) and (b) compare two discharges ; one with pellet injection and the other with gas fheling.
We adopted high triangularity (&-0.47), since high-6 is beneficial to achieve high pedestal
pressure. In addition, we injected NNB3 which can keep a centrally peaked heating profile even
at high density. In the pellet injected discharge, the H-factor stays almost c onstant even with
increasing density. On the other hand, the H-factor decreases with density in the gas fueled
discharge. Figure 1(c) shows that the pellet injected discharge has remarkably high
temperature. Compared with the discharge E367 15 treated in Sec.2. 1.1, the integrated
performance was improved in terms of density, radiation power and purity (Fig. 1 (d)). In the
pellet injected discharge, HHy2rl1.05 together with 3N=2 .2 and f-=6O/ was achieved at nj
n0 w-0.7. Without pellets, ne/no-w-'O.6 was the upper density limit to achieve HHy2 >1. Figure 2
shows that the high confinement discharge regime expands to higher n/nGw with pellet
injection and high 6. The remarkable difference between the two discharges treated in Fig.1I
appears in the pedestal parameters. Figure 3 shows that the pedestal pressure (~ne PED xTecPED)
stays roughly constant for the standard H-mode with type ELMs (open circles). In the high
pp~ ELMy H-mode (small closed circles), the pedestal pressure can be higher than that of the

16
a) 1 EL306T.high-p3p ELMy H-mode

,9 14 -. 76-0.8. 0.6 pellet high' ne......

110 &O.15451 .~~~~~~ .~~. c) ~E37413
C 1 D1 1MA,l.6-3.OT 05 pf ihn

8 QOE3S3 e pellet 05 pf ihn1 MA, 2.OET713.E32398 604

1M4A, Af455T 0.4-
SA A~~~~~~~~~~~~~~~~. ~~~~3358

CL__ __ __ __ __ __a 0.3 -.- 0. M

loldal gyro radius pp (cm) 0 E30 14
b) 16. 1 .......... ~~~~~0.2 8.5-13.5MW

E1 Ilp=0.7-1.8MA, 0
12 e:=O178-O87m 0.1

0 =3.2-3.4m peltIMA, giant ELMs

6 ~ ~ ~ ~ ~~~~~0 1 2
U 4 DI MA, 1.6-3.OT puff

2) GESIA O 338Fg )Pedestal width Aped versus poloidal gyro radius pp b)a SE3281 1,I1MA, 3.BT -0.3. c) Increasing pedestal fp(pPE)with
0 1 ~~~ ~2 Aped versus q9p(/5-ED

Ppi (cm) X q95-0.3 total fip, at high 3. At low 3,1 f3-PED is almost constant.
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Fig.5 Correlations of the pedestal and HgTpe - hhCore on(H

core parameters based on JT-60Uor

observations. Hg -e

deep pe-width steep grad-p

4? e ege r ? high p

Low-recycling 

standard H-mode. The pedestal temperature in the pellet injected discharge E37413 is higher
than that of the gas fueled reference discharge E32398 by more than a factor of 2 (large closed
circles) and the pedestal width is wider. Figures 4(a) and (b) show that the pedestal width of
these two discharges follows the pedestal width scaling [2]. We found that the edge stability
limit for type ELMs are improving with increasing Pp in the high 6 regime. Figure 4(c) shows
the pedestal PP,, defined by the ratio of the pedestal pressure to the poloidal field, increases
with increasing total P3 p at high &- 0.46. The two discharges E37413 and E32398 follows this
relationship. On the other hand, f3 -PED seems almost constant at low-6 (open squares). In
the case of high 3, the pedestal pressure limited by type ELMs increases with PP~, which may
be due to improved edge stability. Figure 5 summarizes correlations among pedestal and core
parameters observed in JT60U. For a steep pedestal pressure gradient, high and high !3p are
required. The steep grad-p enhances pedestal pressure. The high pedestal pressure allows a
high pedestal temperature at a high pedestal density. The high pedestal temperature widens the
pedestal width. The wide pedestal width enhances the pedestal pressure and the pedestal
temperature. High pedestal temperature improves the core confinement in the standard ELMy
H-mode as observed in the high density ELMy H-mode and in the Ar puff experiments [1]

a) ' E3797 b) 2 . 37931' 1 
3 ~~~~~~~~~~~~~~~~~~3.0 partial CD ITER:

20 1.5 2.5 0D.1 

0 0 >, 1 0~~~~~:yo 2.9

C~~~~~~~~~ ~~~~0.5
C> 5 ~~~~~~~~~~~~~high-Pp EL-My H full CD

0 ~ ~ ~ ~ ~ ~~~I,
2 ~ ~ ~ ~ ~ ~ ~ ~~00 0.2 0.4 0.6 0.8 1

________________________ U~ quasi-steady > S TE transient
03 4 5 6 7c 

time ()
Fig. 6 Extended density and fiN regimes with NNB injection. 4- 

a) NNB injected discharges E37887 (full noninductive 3
current drive) and E37913 (partial current drive with pellet z
injection). b) HH-factor vs. normalized electron density for 2
full non-inductive high- /, ELMy HI mode discharges with 1
high J3N values. c) fiN vs. q9 5 for quasi-steady (sustained

for >5SZE) and transient discharges. In E37887, fiN=3 was 02 3. 45.67.
sustained (the large closed square). 5
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Fig. 7 Extended period of high I3N at a low q 9 5 -3.4 10-n2(316
(high P3, ELMy H-mode at JMA, 2.JIT and .5-0.4 1). 13

P ~~~~~~~~~~2
z

2.1T, 1MlA. qu-3.4, 8-CA1

03 ~~time (s) 10
2.2.2. Enhanced 13N and high integrated performance with grassy ELMs

Towards extension of the integrated performance, JT-60U has been increasing sustainable
density under full noninductive current drive. At 8=0.43, I-l1MA, Bt=3.6T and q95=4.5, we have
demonstrated full noninductive current drive by NNB injection together with 3N3.0, HHy21.2
and at n./nGw-0.6 (E37887, see bold lines in Fig.6 (a)). Figure 6 (b) shows the HH Y2 factor
versus the Greenwald parameter together with PNvalues. Figure 6 (c) shows I3N vs. 5for
quasi-steady (sustained for >5tE) and transient discharges. In E37887, IPN= 3 was sustained (the
large closed square). In the quasi steady discharges, the sustainable IPN is limited by the
neoclassical tearing modes. It has been demonstrated that reduction of the pressure gradient at
the low-n resonant surface improves the sustainable IPN as discussed in Sec.2. 1. In JT60U, the
sustainable duration of high j3N values has been also successfully extended. As shown in Fig. 7

ON=2.8 - 2.9 was sustained for 4sec at a high triangularity 8=0.4 1. The sustainable duration has
reached the hardware limitations; excitation time limit of the poloidal field coils for high 
shaping. At higher values of 8 =0.5 and q,9 =6.9 (MAI3.6T), we have also demonstrated full
noninductive current drive with grassy ELMs (Fig.8). In this case, high confinement
performance HHy2=1 .2 was achieved at ne/no'-A.6. For Grassy ELMs, the peak heat load onto
the divertor plates is 1/4 1/5 of that for the Giant ELMs.

E36402.5.8.

4~~~~~~~~~~~~~~~.

0~~~~~~~~~~~~~~~~~~
5 ~~~~~~~~~~~~~~~~~~2

0- ~~~~~~~~~~~~~~T (keV): OVAG

36322, 2.1 T, qR5 =3.6, 8-0.44 36T*q .,5

1.0 ~ ~ ~ ~ 21 Grsy(mal L Fig.8 Evolution and profiles

E21- GantEl1 JA Ef AC ) L for the grassy ELMy full non-
~ ~ ______________ ne(10' m): inductive discharge E36402

____ ___ ___ ___ ___ ___ ___ YAG (3.6T. M A, 5=0.50, q9 5 =6.9).
-0. 0~~~~~~~~~~~~~~ ~~Particle and heat flux on the

d~~~~~~~~~~~~~~ne i on
.,. divertor plates for the Giant

jY"~. () 54 8.5 6%-G(U2 ELMy discharge E36332 are

time1s) 5.85 p (n) 1shown for comparison.

REFERENCES
[1] Y. Kamada and the JT-60 Team, 18th IAEA Int. Conf. Fusion Energy, 2000, Sorrento,

IAEA-CN-77/OV1/1, Nucl. Fusion 41, 1311 (2001).
[2] Y. Kamada, et al.,Plasma Phys. Control. Fusion 41, 1371 (1999)
[3] Y. Kamada, et al., Plasma Phys. Control. Fusion 42, A247 (2000)
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2.3 Non-inductive sustainment of high confinement reversed shear plasma at

high normalized density regime [4]

S. Ide, M. Seki, T. Fujita, T. Suzuki, T. Hatae, 0. Naito, Y. Kamada and the JT-60 team

On the ITER steady state operational phase, a target plasma is expected to have a high

confinement feature with high normalized pressure, full non-inductive current drive with

high bootstrap current fraction, high normalized density at low safety factor regime. One

example is; confinement enhancement factor to H-mode; HH-98(Y.2) 1.5, 13N 2.7 - 3, f 

54%, electron density normalized to Greenwald density; frw 0.83 and q. 5 - 4.1I. Toward the

realization of ITER steady state operation, it is important to demonstrate such a high

performance plasma in an existing tokamnak. A reversed magnetic shear (RS) plasma is

expected to be one of the most convincing candidates for the ITER steady state operation.

One of the most important key issues in RS research towards steady state operation is full

current drive with a proper current profile. On JT-60UJ, this has been explored by using non-

inductive current drive by lower hybrid wave (LI--CD)[ 1-3]. Assessing high performance

with parameters which are relevant to the ITER steady state operation, as shown above, has

been aimed at, and recently such a plasma is demonstrated by utilizing LI--CD) and negative

ion source based NBI (N-NBI).

The experiment was carried out in a deuterium plasma, lp = 0.9 MA, Bt, = 2.5 T and q. 5

-6.9. The target plasma was initially produced with P-NBI to increase stored energy high

enough, then at the current flat top N-NBI (P,, - 2.4 MW) and LHCD (Pn - 4 MW with

duty 90% on-off power modulation) were injected, Pp,,, j 6.5 MW. With the injection of

LH--CID, expansion of ITB was observed and stored energy was increased accordingly.

Around the maximum performance, HH9g(y,2) - 1.4, P3N 2.2, B - 61%, ~ 0.80 were

simultaneously obtained.

The role of LI--CD) on modification of the ITB location was investigated in a similar

discharge but without N-NB. Modification of the current profile during LHCD was

confirmed. The location of the ITB was found to move in accordance with the movement of

the location of q minimum.

Reference

[ 1] S. de et. al., Plasma Phys. Controlled Fusion, 38, 1645 (1996).

[2] . Ide et. al., Proc. of the 16th LAEA Fus. Energy Conf. Montreal, Vol. 3, 253 (1997).

[3] . Ide et. al., Nucl. Fusion, 40, 445 (2000).

[4] . Ide et. al., . of Plasma Fusion Res. SERIES, 4, 99 (2Q01).
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2.4 Extension to low q regime of high confinement reversed shear plasmas [1]

T. Fujita, Y. Kamada, S. de, S. Takeji, Y. Sakamoto, A. Isayama,
T. Suzuki, T. Oikawa, T. Fukuda, the JT-60 Team

High confinement of HH 98 y2 2.2 was sustained for 2.7 s (6 TE) in an ELMy H-mode
reversed shear plasma with high bootstrap current fraction of -80% maintaining large radius

of q~i (Pfi, and that of ITB [2]. However, low I (0.8 MA) and high q (qs - 9) operation

was required to sustain large Pqn, with available power (2 MW) of co-tangential off-axis
beam and with attainable beta (PN ~ 2). Though stationary sustainment of the q profile is not

expected in a lower q regime at present, q values (q,,,i. and/or q95) are supposed to affect the

MH1D stability significantly in RS plasmas and hence lower q operation was attempted to

address this issue.

In a higher current regime (3.7T, 1.35 MA, q95 - 5), H89p -2 (H198y2 -1.2) and 13N - 1.6 were
sustained for 3 s though the q i, continued to decrease gradually. The qmin passed through q =

3 successfully with O~N 1.5 and was located between q = 2 and q = 3 for the sustainment

period, which was in contrast to q,>3 in the discharge described in the experiments in a

high q regime (qq - 9). The discharge entered a higher confinement state during the stored

energy feedback control and Hg9, -2.7 (HH 98y2 -1.5), 13N -1.8, Wdi ~ 3.9 MJ, ne(O) - 5x10' 9

m-3 and Ti(0) 12 keV were obtained. However, the confinement returned to the previous

level again and hence the duration of this high confinement was -0.5 (-TrE). In a lower

toroidal field regime (2.2T, 0.8MA, q95 - 5.6), N -2 was sustained for 1.6 s (-5 E) but the

duration of high confinement (HH 98 y2 - 1.6) phase was limited to -0.4 s (1 .2 trE), which was

also due to the abrupt confinement degradation. This type of confinement degradation was

often observed and may be related to the change radial electric field shear [3].

As a result, high beta (N 2) was sustained for longer than TE in a low q regime (qmin, 

2.5, q95 - 5.5) while high confinement (HHy2 >- 1.5) was sustained only for -'rE. Long

sustainment of HH98y2 >- 1.5 in a low q regime has been prevented by the confinement
degradation phenomena that were encountered during a high confinement phase. The

mechanism of this confinement degradation will be investigated to extend the high

confinement in a low q regime.

References
[ 1 Fujita, T., et al., Nucl. Fusion 42, 180 (2002).
[2] Fujita, T., et al., Phys. Rev. Lett. 87, 085001 (2001).
[3] Sakamoto, Y., et al., Nucl. Fusion 41, 865 (2001).
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2.5 Weak magnetic shear plasma

T. Fujita, Y. Kamnada, S. Ide, S. Takeji

1. Introduction
In JT-60U, two approaches for advanced operation with internal transport barriers (ITBs)

have been explored; the high PP mode [1] and the reversed shear (RS) plasma [2]. The RS

plasma is characterized by a very high H-factor (H8,-3), but achievable 13 , is moderate (, <-

2-2.5) except in wall stabilized cases [3] and steadyw-operation is not easy because the current

profile tends to change according to the penetration of inductive current. The impurity

accumulation and confinement of cc particles may be problems in a reactor. The high PP,, mode,
which has typically a weak positive shear, is characterized by high stability (high N)

sustained for a long duration [4], but the H-factor is lower than RS. The weak reversed shear

configuration is considered promising for steady state advanced operation, but high

confinement with a weak reversed shear has not been routinely obtained in JT-60U. Here, we

scan magnetic shear between a weak positive and a strong negative shear and see if an

optimum point exists from the viewpoints of stability and confinement. If a quasi-steady high

pm & high H-factor plasma with a weak negative (or positive) shear in a central region is
developed, this q profile will be kept stationarily or at least longer than RS by the bootstrap

current.

2. Magnetic shear scan and global performance
Our first target was to establish a 1 MA weak shear plasma with high q95. High q95 was

employed to enhance the bootstrap current fraction. Typical parameters were as follows;

working gas was deuterium, plasma current () was 1 MA, toroidal field (Br) was 3.65-3.81

T (1 shot with 2.68 T), q95 6.5 (4.5 for 2.68 T), plasma volume -58 in 3, triangularity at the

separatrix 0.45, target electron density ~1.5xl1019 M-3 (several shots with 0.4-1.1x10 19m-3 ),

and main heating power was 14 MW NB (6.5 units). All discharges entered H-mode with

type ELMs during the main heating.

The target safety factor (q) profile was scanned by changing preheating power, I ramp
rate and the time of main heating. Waveforms and profiles of typical discharges with weak-

positive shear (E37765), nearly-zero-shear (E37748) and reversed-shear (E3775 1) are shown

in Figs. 1 and 2. In these three discharges, the waveform of plasma current was the same as

shown in Fig. 1 (a). In E37765 (weak positive shear), the main heating started at t = 5.9 s (0.7
s into the current flattop) and preheating of 1 MW (half unit) started 0.9 s before the main
heating. In E3775 1 (reversed shear), the main heating started 0.4 s earlier and the preheating

power was 3 MW (1.5 units). In E37748, the time of main heating and preprogrammed power

and duration of preheating were the same as those in E3775 1, but the current penetration was
faster because of frequent break down of NB unit for preheating and lower main heating

power. The stored energy saturated in E37765 as shown in Fig. 1 (b), while collapses were

observed in the other two discharges as shown in Figs. (c) and (d). In Fig. 2, radial profiles
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1.2 E76of ion temperature (T1), q and magnetic Z 0.8 r; -- ': ~ 2 1 E37765
shear (s = (p/q)dq/dp) in three 2 o. -- E37751

discharges are shown (p is the -,C..02

normalized minor radius). In E37765, q 3 (b)
is [~~~~~ ~~~~~~~ E3776510

isa monotonically increasing function 1 weak positive sha
0 0~w~ 0.

of p with q(O) -2. The ITB foot is :: ........ ........ 20.-

located at p 0.55-0.6 where s 1. In 2~ -nE37748 har..~ ~ 10
E37748, q was nearly flat within p R- ........ a
-0.55-0.6 and the ITB foot was located ::p 4 L'' imsr-

3 (d)
at p -0.6-0.65. In E37751, a reversed 1 2r-eredsher1

shear was formed and q was located 0 6-,1 7 - 800.
3 4 5 7 

at p -0.5-0.55 and the ITB foot was at p

~0.55-0.6. The gradient of Ti in the ITB Fig. 1. Waveforms in three discharges for magnetic

was enhanced as the magnetic shear was shear scan. (a) Plasma current for three discharges.
(b) Plasma stored energy and NB] power in E37765.

changed from weak positive to negative. (c) Those in E37748. (d) Those in E37751.

The shape of profile was also changed

from a 'parabolic type' I1T3 to a 'box type' ITB.

The H-factor was H8q - 1.8 in E37765, H89 -2.2 in E37748 and Hg9 -2.9 in E3775 1. The

confinement was enhanced as the shear became more negative or the ITB became steeper. In

Fig. 3, H8q and ON are plotted against average magnetic shear evaluated in p = 0.3-0.6. The

magnetic shear was scanned from s = -0.7 to 0.3. In Fig. 3, data from a typical high PP, H-

mode plasma with lp = 1 MA and B, = 3.6 T, where no preheating was applied, are also

plotted. The magnetic shear scanned in this experiment covers the typical high PP H-mode

(a) (b) (c)
E37765, 7.1ls E37748, 6.9s E37751, 7.15s

12 ...... .2 .
10 Ti [keV] 10 T [keV] 10 T[keV]
8 8 8
6 6 6
4 4 4
2 2 2
0 0 

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 00 0.2 0.4 0.6 0.8 1
p 3p 3 8p3

IF s-1.-.1 S -
6 ~~~2 6 2/ 6 2

14 i

0 ... B . 1 C -1 C b.-1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

p p p

Fig. 2. Ion temperature profile (top) and q and s profiles (bottom) in (a) weak positive shear,
(b) nearly zero shear, and (c) reversed shear plasmnas.
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regime and obtained H89 and N in that regime are 3.-
high Pp H-mode

also close to the typical values in high PP H-mode of 2.5 (E3251 1)

the same plasma current and the toroidal field.
Figure 3 (a) indicates that the confinement was 

enhanced as the magnetic shear was reduced. 1.51
The I.N at the collapses (crosses in Fig. 3 (b)) 1_ 1.. .1..

seems to increase as the magnetic shear was reduced, -1 -0.5 0 0.5 1
but it should be noted that the heating power wassha

2.5 9 11: 
almost fixed in these discharges. As the shear was -xclas
reduced f3N was enhanced because of confinement
improvement. Hence, the tendency shown in Fig. 3X X
(b) does not necessarily imply the improvement of 1.5

stability in the negative shear if the conditions of (b) high Pp~ H-mode

collapse depend strongly on q profiles, the value of ______________...____

for instance, rather than N. However, it is true .1 -0.5 0 0.5 1shear
that the collapses were encountered at relatively low Fi.3(aHjco 89an(b
beta (N -1.5-2) in a nearly zero shear regime and Foaig.e3 (a)eHat (H) aafnto (b)

the improvement of stability was not obtained in this magnetic shear averaged in p = 0.3-
region compared to the reversed shear region. The 0. 6. In (b), crosses denote fiN at a

stability remains a problem in the nearly zero shear collapse while solid circle without
plasm as wll asin th revesed sear pasma.collapses. The toroidal field was 3.65plasm as ell s in he rversd sher plsma.-3.81 T except for one shot. Open

rectangles denote the data of a

3. Collapses in nearly zero shear plasmas typical high Pp H-mode plasma.

An example of collapses in a nearly zero shear
plasma is shown in Fig. 4. Here, two mini collapses at t = 6.81 s and 7.05 s followed by a
large collapse at t = 7.26 s with O3N -1.5 were observed. The influence of mini collapses was
observed mainly near the ITB as shown in Figs. 4 (b) and (e), which was similar to barrier
localized modes (BLMs) 5] previously observed in the high PP~ mode. MSE angles (YMSE)

were also changed. This seems to be caused by j(r) not by Erfr) since both of YMSE from co-NB
and ctr-NB moved in the same direction. The q and j profiles just before and just after a mini
collapse are shown in Figs. 4 () and (g). A narrow current peak, attributed to the bootstrap
current in the ITB, appeared before a collapse and it caused a local negative shear around p =

0.6 as shown in Fig. 4 (. After a mini collapse, the gradient in the ITB was reduced and the
local peak in j and the local negative shear disappeared. After that, the ITB grew again, the
local negative shear appeared, and a collapse was triggered again.

Fluctuations in electron temperatures, whose growth time was -1-10 ins, were observed at
the ITB before mini collapses. They were observed both at the high-field-side and at the low-
field-side with out-of-phase, which denotes m (poloidal mode number) = odd. On the other
hand, n (toroidal mode number) =1 was strong in the saddle-coil signal. Hence m/n=3/ is
speculated, but q at the ITB seems larger than 3. Precursors with similar features were
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E37766
6.81 s 7.05 s 7.26 s 10 ----

D2 2 ~~~~~~10 1NB1 6[ 1 , (e
(MJ] 1 ~~~~~~~~~~~~5 [MW] R4 

4 _ _ _ __ _ J -. 0 2 6.84s

T*PI 00 02 .04 06 08 1
[key] 2 028 

__ __ __ _6 6.80 S

cr4

TkeV] 2

(key] p-O.5 8 ~~ ~~~~~~~~~~~0 004 06 08 1

(d P 6 086.80 s (g)

13 p0p W.L.L.L.L.L... 4 0.4

6 6.5 7 7.5 8 '- 0.2

time [s] 
p

Fig. 4. Successive mini collapses observed in a nearly zero shear plasma. (a)-(d): Waveforms.
(a) Stored energy (solid line) and NBI power (dotted line), (b) electron temperature at p '-0.56
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to a larger poloidal field for both of co and counter beams. (e)-(g): Profiles at t =6.80 s (solid
line) and 6.84 s (dotted line). (e) Ion temperature, ( q, and (g) current density.

observed before major collapses. Collapses seem to become major ones when q(r) was flat
near the axis and qjJ(-q(O)) became integer; 3 (for q -6.5) or 2 (for q95 -4.5). It will be

necessary to adjust q(O) between integers and to sustain q(O) stationary by raising P

(bootstrap current fraction) in order to suppress collapses and maintain high confinement.

4. Summary
The magnetic shear was scanned between a weak positive and a strong negative shear or

between the typical high PP mode and the typical RS with the same configuration, lp andBA,

n,(target) and PNB. In the zero shear region, confinement higher than that in the high PP mode
was obtained while the stability was not improved from that in the RS mode. A localized

reversed shear region can be formed due to the bootstrap current in "weak shear" plasmas,

which may be related to collapses. Major collapses seem to be related to q(O) -integer. It will

be necessary to adjust q(r) carefully to keep the stability in the weak shear region.
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2.6 Reversed shear plasma with low current ramp-up rate

T. Fujita, S. Ide, Y. Kamada, T. Suzuki, T. Oikawa, M. Seki, K. Kajiwara, Y. Ikeda

1. Introduction

In JT-60U, reversed shear plasmas are usually generated under a fast current ramp with NB

heating to retard the current penetration into the plasma core 1]. The ramp rate is typically

0.4-0.6 MA/s. n a super-conducting machine, however, a lower ramp rate, 0.2 MA/s for

example, is required or at least favorable to reduce AC power loss in super-conducting coils.

To address this issue, formation of reversed shear plasma with a low ramp rate of 0.2 MA/s

was attempted by using NB, EC and LI-I

2. Results

The experiments were done using hydrogen gas and hydrogen beam. We attempted three

scenarios to establish a reversed shear plasma with a low ramp rate; (a) high power NB

(+EC) heating to raise the electron temperature and to enhance the bootstrap current, (b) BC

injection into a low density plasma to raise the electron temperature and (c) LH injection for

off-axis current drive and electron heating. Our target was to establish a 1.2 MA reversed

shear plasma with a large radius of q~,, >-50% of plasma minor radius. The current ramp

rate was 0.2 MA/s and the initial plasma current was set 0.4-0.5 MA, which resulted in the

duration of current ramp of 3.5-4.0 seconds.

2.1 High power heating

Seven units (- 8.2 MW) of NB, 3 tangential and 4 on-axis perpendicular, were injected

and the line-averaged electron density (ne-bar) was raised to -x1' 9m-3 at t = 3.6 s (0.5 s

after the plasma break down) to establish strong ITBs. EC of 0.4-0.8 MW was also injected to

raise .the electron temperature. When high power heating was continued, collapses were

observed at t = 4.4-4.9 s with O~N - 0.9. This seems to be related to q n5 In the discharge

shown in Fig. 1, the NB power was stepped down to 5.9 MW (5 units) after t = 4.2 s, then 13
N

was reduced to -0.5 and no collapses were observed. However, the locations of q.,1i and ITB

foot moved inward after the power step down and they were located at p -0.45 at t = 4.9 s as

shown in Figs. 1 (e) and (), where p is the normalized radius. The normalized radius of qnn

Pqri continued to move inward after that and it was 0.3 when the plasma current reached 1. 1

MA (q95 = 5.4) as shown in Fig. 1 (f) (t = 6.98 s). Higher beta and/or higher electron

temperature are required to keep a large Pq in. Since the available number of shots were

limited, the waveform of NB power was not optimized yet and we would be able to increase

the power and beta without suffering collapses; for instance high power heating after passing

through t = 4.9 s. However, low beta collapses tend to happen in reversed shear plasmas with
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hydrogen gas and hence O3N would be restricted <.~1 and no significant improvements would

be expected. This scenario is suitable to attempt in the operation with deuterium gas and

deuterium beams where higher ON can be sustained.

2.2 EC heating

In the discharge shown in Fig. 2, EC (1 10 GHz, 0-mode) of 0.4-0.8 MW was injected for

t = 3.4 -4.9 s into the central region of a low density (ne-bar 0.4xl0'9 ) plasma. The NB

power was 3.4 MW (three tangential units). Due to the EC heating, high TJ(0) of -5 keV was

obtained and pqn,,n of 0.45 was sustained at the end of EC pulse (t = 4.9 s) as shown in Fig. 2

(f) in spite of low beta (N - 0.3). After that, high power NB heating was applied and Pqmin, 

0.3-0.4 was obtained at the end of current ramp (1.2 MA, q95 = 4.7) though strong shear

reversal seems to be restricted in a narrow region of p<0.2. The q profile at t = 6.98 was

different from that in the discharge shown in Fig. 1 though q profiles at t = 4.9 s were almost

similar in two discharges. This is considered to be due to slightly higher heating power after t

= 4.9 s in the discharge shown in Fig. 2.

2.3 LH current drive

The reversed shear configuration was obtained by LH alone during current ramp in JT-60U

[2] though this technique has not been employed routinely after that. Recently, reversed shear

was obtained in JET by using LH during the current ramp 31. In the discharge shown in Fig.
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Fg2. Waveforms (left) and profiles (right) of an RSplasma with EC heating and
low I ramp rate. (a) Plasma current Ip (solid line) and NB power (dashed line). (b) Plasma
stored energy Wdia (solid line) and line-averaged electron density (dashed line). (c) Normalized
beta fiN (solid line) and poloidal beta Pp, (dashed line). (d) Central electron temperature Te(O)
(solid line) and EC power (dashed line). (e) Electron temperature profile at t = 4.8 s. (f) q
profiles at t = 4.9 s (circles) and 6.98 s (triangles). The working gas was hydrogen. The toroidal
field at the plasma center was 3.6 T

3, LH of 1-1.8 MW was injected into a low density (ne-bar -0.65x 1019 m-') plasma for t = 3.5

s to 7.6 s. The refractive index parallel to the magnetic field line (N,, of injected LH wave

was -1.6 for a horizontal antenna and -2.4 for an upper antenna. These values are the same

as those used for sustainment of reversed shear plasma [4]. NB was injected only for MSE

measurements (half unit, 0.6 MW). The large Pqfin of 0.6-0.7 (though q was very flat in p =

0.55-0.85) was successfully sustained during LH injection. At the end of current ramp, a

reversed shear configuration with PqnfunO0.7 and q,.,,-4 was obtained (Fig. 3 (g)). The ITB foot

was located at p-0.55 as shown in Figs. 3 (e) and (f). The %,j, and q95 (- 6.4) were higher

than those in discharges shown in Figs. 1 and 2 because of larger plasma volume for LH

coupling (80 m3 compared to -60 m3 in discharges shown in Fig. and 2).

3. Discussion

Figure 4 shows time evolution of Pqmfin in three discharges discussed above. In E38215

(high power heating) and E38202 (EC heating), pqrniin continued to decrease during lp ramp. In

E38 174 (LH current drive), large Pqrnwn was sustained as long as LH was injected while it

decreased rapidly after t=7.6 s when LH injection was stopped. Therefore it is clear that the

LH current drive was effective to sustain large .,. Though it may be possible to obtain

larger Pq,, in "high power heating" or "EC heating" scenario if higher beta in the former

scenario (in deuterium discharges) or higher power and longer EC pulse in the latter scenario

is available, the scenario with LH is attractive because Pqmm~n of 0.7 was successfully sustained
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Fig. 3. Waveformns(left) and profiles (right) of an RSplasma with Lii urrent drive and
low ip ramp rate. (a) Plasma current Il, (solid line) and NB power (dashed line). (b) Plasma
stored energy Wdia (solid line) and line-averaged electron density (dashed line). (c) Normalized
beta f3N (solid line) and poloidal beta fi (dashed line). (d) Central electron temperature Te(Ol)

(solid line) and IIH power (dashed line). (e) Electron density profile at t = 6.7 s. (f) Electron
temperature profile at t = 6.7 s. (g) q profiles at t = 4.2 s (triangles) and 6.7 s (circles). The
working gas was hydrogen. The toroidalfield at the plasma center was 3.6 T

with only 1.8 MW. It is noted, however, that MHD activities were observed when q,,i passed

through 5 in E38 174, which caused tentative decrease Of Pqrnin, at t = 6 s as shown in Fig. 4. In

another series of experiments in a low q regime (with a higher lp ramp rate), collapses with

q,.= 4 and 3 were observed. On the other hand, in the previous experiments [2], q~1j"<4 was

obtained without collapses, Which indicates a possibility of stable path to a low q regime.

Optimization to establish a scenario to a low q

regime without collapses will be done in future. 0.8 .. 1111 I'.' --- .. 1-
0.7 E87
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2.7 MA-class N-NB current drive in high electron temperature 
T. Gikawa, Y. Kamada, A. sayama, N. Umeda, M. Kawai and M. Kuriyama

The current profile driven by high energy neutral beam has been experimentally identified
and agreed with the theoretical prediction, and current drive efficiency was increased with elec-
tron temperature and beam energy 2]. In these former results, however, plasma temperature
was relatively low (Te(O) < 5keV). To increase reliability of the design for ITER and prospect
for the future reactor use, evaluation of N-NB current drive capability in higher electron tem-
perature regime has been conducted.

In order to evaluate N-NB driven current in high electron temperature regime of §I,'(O)-
i 0keV, we adopted newly installed ECRF. For precise measurement of N-NB driven current, a
low density L mode plasma was employed to reduce the bootstrap current and co- and counter-
directional tangential P-NIs have been balanced to vanish P-NB current drive. Measured
N-NB driven current profile has been confirmed to agree with the theoretical prediction by the
OFMC code Li1]. Figure 1 shows comparison of the measured N-NB driven current INNa3(exp.)

with the calculated one INNB(calc.) An agreement over a wide range from 0.1MA to MA has
been shown. Experimentally measured N-NB driven current reached up to MA at Te =.bOkeV.
This value is a record of NB current drive in JT-60U. Corresponding current drive efficiency

IICD was x O09An 2 W-1 as shown in Fig. 2. Confirmation of N-NB current drive ca-
pability with high accuracy over a wide range of electron temperature reaching -l1keV and
'9 CD - 1 x 1' 9Ain-2 WV' shows validity of theoretical prediction and gives more confidence
to the design of high energy neutral beam for ITER.

Teffi)=10keV 0=x9mw

_~~~ 0.5 Y199x19m"

(MA)~~~~~~~~~~~~~~~~~

(0)<SkelndP-B(5kV)

[1]Giaw, .,et]. NucI Fuio 1, 1575(201)

1 1 Oawa, ., et aL, Nuc. Fusion 4, 4375(200).
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2.8 Measurement of EC driven current by motional Stark effect polarimetry [1]

T. Suzuki, S. de, T. Oikawa, T. Fujita, A. Isayamna, Y. keda, K. Kajiwara, K. Ushigusa

Current profile control is essential for high performance tokamak plasmas. For example,

neo-classical tearing mode (NTM) limits achievable poloidal beta. For the suppression of

NTM, current drive in a layer (within about 10% of minor radius) thinner than magnetic

islands is effective. Theory predicts that current drive by EC waves (ECCD) has remarkable

property of local current drive, which enables suppression of NTM. While the suppression of

NTM depends on the width of EC driven current layer, experimental validation of theoretical

EC driven current profile is underway in the world. In this study, emphasis is put on the

experimental measurement of EC driven current.

1EC driven current is estimated from internal magnetic field measurement by motional Stark

effect (MSE) polarimetry and new magnetic equilibrium reconstruction technique [211. The

new equilibrium reconstruction code (MSE SELENE) enables determination of magnetic flux

and toroidal current in the plasma. Time derivative of poloidal magnetic flux leads to

inductive electric field in the plasma (Faraday's law). Assuming neo-classical resistivity, the

electric field gives current density induced by the EC driven current. Non-inductive current is

the difference between the total current and inductive current. Subtracting bootstrap current

and beam driven current from the non-inductive current, EC driven current is obtained. The

EC driven current density fairly agrees with a theoretical result from ray-tracing method and

Fokker-Planck simulation, when EC waves are absorbed around p~0.25 (p: normalized minor

radius). EC driven current density was about MA/M2, and the width of the EC driven current

layer was 9% of minor radius.

For current profile control, EC driven current against absorption position of EC waves is

investigated. The analyses have detected the change in driven current profile, when absorption

positions of EC waves are changed. Insufficient resolution of MSE polarimetry produced

error in EC driven current density, for near-axis (p-0.l1) current drive. Small EC driven

current density was the cause of error for the off-axis case (p-0.4 ).

[1] T. Suzuki, et al., Plasma Phys. Control. Fusion, 44 1 (2002).

[2] T. Fujita, et al., Review of JT-60 Experimental Results in 2000 (this issue), JAERI,

lbaraki, (2002).
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2.9 Current profile control by injection of LH! with EC

M. Seki and Y. Ikeda

The Lower Hybrid Current Drive (LI-lCD) is useful not only for sustainment of

plasma current in steady state but also for control of plasma current profile aiming at

good energy confinement. Especially the reverse magnetic shear plasma supported by

LHCD shows improved confinement with internal transport barrier [1]. The current

profile control has been successfully performed by changing adjacent phase difference

to obtain a proper phase velocity of LH-wave corresponding to the position of driven

current. However it will be difficult to change the phase velocity by controlling the

phase difference at a higher working frequency as 5 -10 GHz in a next generation LI--CD)

antenna. Therefore a new current profile control method is required such as by changing

injection angle of EC-wave during LH-wave injection with a fixed phase velocity [2].

Control of current density profile j (r) was performed by combination of LH and

EC injection in this campaign. The j(r) estimated from hard x-ray profiles was obtained

as a function of magnetic field and injection angle of EC. Experimental conditions are

shown in Fig.l1. The injection angles of EC were 30 to 51 degrees in the poloidal

direction. The EC power was -700 kW of X-mode at 1 10 GHz, and the LH power was

- 1000 kW at 2 GHz. The plasma current was 1 MA and the toroidal magnetic field was

3 T at the center. The fundamental resonance position of injected EC wave, R, was

located at the high-field-side edge as indicated in Fig.1I. The injected EC wave should

couple with LH-driven fast electrons via resonance condition including Doppler effect

and relativistic effect at R,,s in the Fig.l. The comparison of hard x-ray signal profiles

during LHCD alone with those during LHCD + EC injection is shown in Fig. 2 for the

two injection angles of 5ldegree (on-axis) and 39 degree (off-axis). As expected,

energetic electrons with several hundreds keV in the central part increased in the on-

axis case. This is consistent with the fact that the path of injected EC wave intersects

with the resonance radius Rres at the central part of plasma volume. Results for off-axis

case are understood well in the same way.

Thus control of current profile was successfully done by changing the injection

angle of EC under the fixed phase velocity of LHCD. In the next generation LH--CD3

system, the current profile control will be performed by changing only the injection

angle of EC without the phase control.
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2.10 Study on high bootstrap current fraction plasma

X. Gao, A. Isayama, Y. Kamnada, K. Ushigusa, T. Fujita, and T. Suzuki

Abstract

A new experimental regime was studied for achieving high fraction of the bootstrap

current in the JT-60U hydrogen discharges recently. The high poloidal beta (up to 3.61)

plasma was obtained at a very high edge safety factor ( = 0.3 MA, Bt = 3.65 T, q,1r 25-

35) region, and the bootstrap current fraction Bs was estimated about 38% 40% by the

ACCOME code calculation correspondingly. It is shown that there was no MHD limit to

retard the increasing of PP, and fBs parameters in this new regime.

1. Introduction

A bootstrap current is usually induced in a high poloidal beta (P) plasma with a steep

pressure gradient and results in the production of a hollow profile in the current density. The

fraction of the bootstrap current (Bs) is roughly proportional to the normalized beta (N) and

the edge safety factor (qff): fBS _F1"2 pp _C- 1 P'N q,,,, where c = a/R is the inverse aspect ratio. It

is one of key parameters for the steady state tokamak fusion reactor Li1]. However, the high fs

plasma within the high N and normal edge safety factor q~ff (< 7 ~ 9) region is usually limited

by the MHD instability due to the O3N (-3) limit in the JT-60U high P3 experiments [1,2]. The

enhancement of Bs is strongly affected by the N limit (MHD limit) in the previous

experiments [1-4]. It is thought that a higher edge safety factor with a lower N may be

helpful for increasing the fraction of the bootstrap current without MHD limit in the

experiment. Therefore it is a new experimental regime to achieve high fBs plasmas at a very

high edge safety factor and moderate ON (under the I3N limit) condition. Recently the high Bs

plasma at a very high edge safety factor (q,, = 25 35) was studied preliminarily in the T-

60U hydrogen discharges in 2000.

2. Experimental results

The operational parameters in the new experimental region for high P., plasma are:
plasma current Ip = 0.3 MA, toroidal field B = 3.65 T, average density = 0.9 1.1lX 10'9 nY3,

plasma volume = 57 58 in3 , the effective safety factor at the edge qt = 25 - 35. Figure 1 is a

diagram of normalized beta 13N and the edge safety factor q, of the experimental new data (p

= 0.3 MA, and B, = 3.65 T) in JT-60UJ. The reference discharges with different current (0.35

MA at 3.65 T) and different toroidal field ( 1 = 2.5 T, 2.0 T at 0.3 MA of plasma current) are

also plotted in Fig. 1. The high PP plasma with ON = 1, q, = 33.2 (shot No.E038355, 8.0 s) is

achieved, and the highest value of PP is 3.61 as shown in Fig. 1. Figure 2 is a typical waveform
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of the discharge. Plasma current is kept at 0.3 MA for several seconds by the current ramp-

down from 0.5 MA. The injected power of P-NBII is 12.5 MW, and the N-NI3l power is about

4 - 4.5 MW. It shows a clear non-inductive current plasma phase that the loop voltage is less

than 0 V in Fig.2. There is no MHD1 limit to prevent the increasing of PP, and f parameters in

this new regime. However, increasing of the store energy of plasma (up to 0.4 MJ) is retarded

due to the break down of N-NI power. The average density in this shot is about x IV' m-',

and the plasma confinement is still in the L-mode level [5]. In JT-60U, the published data

shows that high I3N plasma always appears within the high H factor and a good confinement

[1]. A further increase Of 13N and Bs in this regime should be obtained in JT-60U deuterium

discharges with improved confinement. Figure 3 is the profiles of the beam driven current

jco,(r), the bootstrap current jBs(r), ohmic current jH(r) and the total plasma current j(r) in the

experiment. The total current profile is measured by the MSE diagnostic, and the bootstrap

current profile is calculated by the ACCOME code. The fraction of the bootstrap current is

about 38 40% of the total plasma current in Fig.3.

3. Summary

In conclusion, the high Bs plasma at a very high edge safety factor (q,,, = 25 - 35) was

studied preliminarily in the JT-60U hydrogen discharges in 2000 [6]. The high beta (N 1,

Pp ~ 3.61) plasma was obtained at a very high edge safety factor region, and correspondingly

the bootstrap current fraction (f~s) was about 38% 40% by the ACCOME code calculation.

It was clearly shown that there was no MHD limit to retard the increasing of PP and fs

parameters in this new regime. Therefore there is still much room for increasing the I3N before

reaching the MIHD limit in this experiment. It is expected that the further increasing Of ION and

fBs in this regime will be achieved by increasing the density and the NBI power in JT-60U

deuterium discharges in the near future.
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Fig. The diagram of normalized beta fiN and the edge safety factor q,,.
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Fig. 2 A typical waveform of the high fBS~ discharge (shot No.E038355).

Fig. 3 The profiles of the beam driven current jcD(r), the bootstrap current js~jr), ohmic current jOHj(r)

and the total plasma currentj1m101r).
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2.11 Current profile measurement during co/counter LHCD

X.Gao, 0.Naito, K.Ushigusa, Y.Ikeda, M.Seki, Y.Kamada, and S.Ide

1. Introduction

A change in the plasma internal inductance during LH--CD) has been observed in many

machines [1]. In order to understand the effect of LHCD) on profile control, the MSE

diagnostics or Li-beamn probe diagnostic were used in co-direction LHCD experiments to

measure the current profile in many tokamnaks. Although the current drive efficiency of the

counter-direction current drive by LHW was studied in Ref. [2], the effects of reversed

current drive on the current profile were not discussed. Recently, the current profile j(r) in

co/counter LHCD with A-unit was studied systematically with MSE measurement at wave

phase AO = 300 and AO = 2100 in JT-60U. The result is compared with the IHX profile and the

plasma internal inductance derivative. The direct measurement of the current profile on

counter-LHCD experiment is reported for the first time in this paper.

2. Experiments

Figure 1 shows the wave spectrum of LHW at phase AO = 300 and AO = 2100 used in

the JT-60U LHCD experiment. Figure 2 shows experimental dependence of the peaking

factor of HIX profile and the derivative of the internal inductance (dl 1/dt) on different LH wave

phases. The open circles and squares are old data by the phase scan in JT-60UJ, and the closed

circles and closed squares are new data with j(r) measurement in 2000. The co-direction

LHCD data is denoted by circle symbols, and the counter-direction LHCD data is by square

symbols in Fig.2.

The main plasma parameters in this experiment are: plasma current I1, = 1.2 MA,

toroidal field B, 3 T, the plasma volume 80 in', the injected LH power = 1.5 MW, the

average density -0.8x 1019 m 3. Figure 3 shows current profiles measured by the MSE

diagnostics before and during LHCD for four typical cases in JT-60U. Comparing the current

profile (Fig.3) with the derivative of the internal inductance on A4 = 300 (Fig.2), a hollow

current profile (E038 178 in Fig.3) is consistent with a slightly negative value of dl/dt (closed

circle at AO = 300 in Fig.2) during co-LHCD. There is almost no change in the current profile

(E038 157 in Fig.3) on counter-LHCD discharge, and it is consistent with dl/dt 0 (closed

square at Acp = 300 in Fig.2) during counter-LHCD. However in comparison of the j(r) profile

(Fig.3) with the d/dt on AO = 2100 (where 2100 = 1500 in Fig.2), the measured j(r) profiles

for neither co-LHCD (E038 176) nor counter-LHCD (E038 158) cases are consistent well with

the internal inductance derivative. Here the calculation of the internal inductance was done
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using the Shafranov A and the poloidal beta by the diamagnetic measurement, PP perpendicular

assuming p pp~l~e = p erpendicular. 1,I = 2 (A + 1_ p erpendicular = 2 [(p arallel + lj/2) - pPerpendicu [M] 

This should be done carefully during LH-CD due to the possible pressure anisotropy and lack

of direct measurement on the parallel component of poloidal beta ppllel . The result for the

co/counter LHCD at Apl = 210" case is not clear yet, because the HX profiles of E038 176 and

E038158 at AO = 2 100 (where 2 100 = -1500 in Fig.2) are also abnormal compared with the old

previous data, suggesting a problem in the LH4W system.

3. Summary

Co/counter LHCD with A-unit at wave phases of 30 degrees and 210 degrees were

studied with MSE measurement. The HX profile is in a qualitative agreement with the

measured current profiles. The behaviors on the derivative of the internal inductance, which is

calculated with the assumption of prlel = perpendicular during LH4CD, can not be explained

well by the current profile measurement for the co/counter LHCD at AO = 2100 case. It must

be studied experimentally again in the near future. The direct measurement of the current

profile is very important for understanding the effort of LHCD on current profile control.

References

[ 1 Ushigusa, K., "Lower Hybrid Current Drive in Tokarnak Plasmas", JAERI 1339, 1999.

[2] Leuterer, F., et al., Nucl. Fusion, 31, 2315 (199 1).

Captions 

Fig. 1 The WI wave spectrum of the refractive index of waves N,, at AO = 300' and 2 1'.

Fig. 2 The experimental dependence of HX peaking factor and the derivative of the internal inductance

on different wave phases during co-direction (circles) and counter-direction (squares) LHC.

Fig. 3 Current profiles measured by MSE diagnostics during LHC (dotted line) and the target ohmic

plasma (solid line).
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Fig. 1

25 ~~wive Rqpect m
0 =3'

E20 0=2100

2 15

5
0~~~ 

01 1.5 2 2.5 3

Nil

Fig. 2

o Normal CD 0 Reversed CD

2 J8176 38178 20 015

A 815

381579
4~ 119

0

0.1

0~~~

-0.1
-180 0 180

Ap (deg)

- 36 -



JAERI-Review 2002-022

Fig. 3
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3. Plasma Confinement and Transport Barrier

3.1 Improved confinement in electron heating/low fueling dominant regime

S. Ide, T. Fujita, Y. Kamada, A. sayama, T. Suzuki, Y. Sakamoto and the JT-60 team.

1. Introduction

On a research toward steady state operation of a fusion plasma, sustainment of high

performance plasma is one of the key issues. To date, various kinds of confinement

improved plasmas have been developed and investigated in tokamak devices worldwide.

However, in many experiments such high performance plasmas are obtained by positive-ion

based neutral beam injection (P-NBI) heating whose beam energy is ranging from several

tens of keV to about hundred keV. Therefore, in such plasmas, heating power is initially

absorbed by ions, thus the ion temperature (T,) tends to be higher than the electron

temperature (Te). On the other hand, plasmas in the ITER or future reactors, Te is higher than

T1 since predominant electron heating by fusion cx particle. It is theoretically expected that

Tf1I' > 1 is a destabilizing factor to the ion temperature gradient (ITG) micro-instability,

which is expected to be responsible for the confinement degradation. Therefore, it is

important to investigate confinement improvement in such a condition.

On the JT-60U tokamak, various kinds of heating systems are installed and therefore is

potentially suitable to investigate improved confinement in electron heating dominant regime.

Especially, the electron cyclotron range of frequencies (ECRF) heating directly heats

electrons without particle fueling. Power from the negative-ion based NBI (N-NBI) also

mainly goes into electrons due to higher acceleration energy, -350 keV, and fueling is

lower than that of P-NI but not zero. The study had been continued, previously the ITBs in

RS plasmas of moderate confinement improvement under Te/Ti > 1 were investigated and

found to be robust in such a condition [. One of the main objectives in this year was to

demonstrate good enough confinement under electron heating both in RS and high P

plasmas.

2. Experimental result

2.1 High PP~ plasma

High PP mode is one of typical confinement improved modes on JT-60U. The main

heating scheme is P-NI, and Ti is quite high compared to T, especially in high performance

discharges.

In the experiment, the target plasma was chosen as l, = 1 MA so that the fraction of
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Fig.]1 Typical waveform. = 1 MA, B = 3.63 T Deuterium discharge.

available electron heating power can be comparable to or higher than ion heating power,

since at this lower plasma current a high PP mode can be operated relatively with lower input

power. The toroidal field at plasma center (B,,) of 3.6 T was chosen so as to set the

fundamental electron cyclotron resonance near the plasma center.

In Fig.1 shown are typical waveforms of the discharge. As shown in the figure, high

PP mode target plasma was formed by P-NI heating as usual. Then P-NB power was

stepped down and ECRF and N-NB powers were injected instead. Profiles of Te, Ti and ne

are shown in Fig.2. In the target, at 4.3 s, T is much higher than T, as an usual high PP.,
discharge (Fig.2 a). On the other hand, during electron heating dominant phase T, in the core

region increases to reach Ti as shown in Fig.2 b). The density in the core region became

lower as shown in Fig.2 c). The confinement enhancement was evaluated both for the target

(4.3 s) and the electron heating (5.5 s) phases as H 9p 2.6/HH9 8(y,2 ) =1. 1 and H 9p 

2. 3/HH9 (y,2) = 1.0 respectively.

4.

~1o 3-
> 05 E

-5 ~~~~~~~0 

0 0.5 1 0 0.5 1 0 0.5 1
p p p

Fig. 2 Comparison of the T (circles) and T (squares) profiles, a); at 4.3 s and b); at 5.5 . c)
Comparison of the density profile at 4.3 s squares) and 5.5 s (circles).
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2.1 RS plasma

In an RS plasma, Te is relatively close to T, compared to high PP mode, but still Te is

lower than Ti in usual discharges with P-NB heating.

E036646
I p (MA) L.. PN-NB (MW)

neAl . ..-.. B .(MW) 9
(1 019 m 2 ) 0P-N(M

4
Wdia (MJ) 0 EC (a.u.)

Tcore (keV)

-ime (s)

Fig. 3 Typical waveform. 4l= 1. 35 MA, B, 3.7 T Deuterium discharge.

In the experiment, the target plasma was lp= 1.35 MA and 13,0 = 3.7 T for the central

ECH. Typical waveforms are shown in Fig.3. Similar to the high PP mode experiment, P-NB

power was stepped down to be replaced by the ECH and N-NB powers. In this discharge, Ti

and n did not change drastically even when the heating scheme was switched mainly to

electron heating and low fueling ones. Profiles of Te, Ti and ne are shown in Fig.4. As shown

in Fig.4 a), Ti in the core region is higher than Te at 6 s before ECRF and N-NB injection

started. At 7 s, later phase of the electron dominant heating, Te in the core region exceeded Ti

as shown in Fig.4 b). On the other hand, the density profile was almost identical at 6, 7 and

7.4 s as plotted in Fig.4 c).
6.0 s 7.Os 1 19 _ _ _ _ _ _

: 10 4 10 9 c[*~
a) b) 19 X 50 c)

C% J1 10 ~1..
0 .... E.' 0 0 ~~~.. .. .

0 0.5 1 0 0.5 1 0 0.5 1
p p p

Fig. 4 a) The Te (circles: ECE polychrometer, diamonds; YAG Thomson) and 71 (squares)
profiles in the target, at 6 s. b) Those during the electron heating phase, 6 s. c) Density profile
at 6 s (croses), 7 s ( squares) and 7.4 s (circles).

The confinement enhancement was evaluated both for the target (5.6 s) and the electron

heating (7.0 s) phases as H89 p = 2.4/H-H9 (y,2) = 1.3 and H89 p = 2.9fHH 9 (y,2) = 1.5 respectively.
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3. Discussion and Summary

Both in the high PP and RS plasmas, confinement enhancement relative to the L-mode

(H89 p) was found not to change drastically and to be good enough, during the electron

heating dominant phase. In the RS case, Ti and n profiles were observed to be almost

unchanged. On the other hand, in the high PP case, gradients in Ti and n profiles were

reduced. It seems that ITB still remains in both profiles but is quite weak. Pedestal might

have increased during the electron heating phase, and contributed to keeping the overall

confinement. Careful consideration would be necessary to conclude if confinement

improvement remains under electron dominant heating in a high PP plasma. And further

experiments are required

Reference

[1] Ide S. and the JT-60 team, Phys. Plasmas 7, 1927 (2000).
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3.2 On ITB formation condition in a reversed shear plasma

S. Ide, T Fukuda, T. Suzuki, Y. Sakamoto, T. Fujita and the JT-60 team

1. Introduction
Formation of internal transport barrier (ITB) is a key issue for confinement

improvement and steady state operation with high bootstrap current fraction. Therefore study

of conditions required for ITB formation is one of crucial objectives in fusion plasma

research both for physics understanding and designing a device based on advanced tokamnak

operation. For the study, several experiments were carried out in order to investigate which

parameter is important for ITB formation in reversed magnetic shear (RS) plasmas. n this

report, results of these experiments are presented.

2. Experimental result

2.1 Effect of toroidal rotation on ITB formation

Theories based on ITG mode suppression by ExB3 shearing suggest that plasma rotation

can affect ITB. Therefore it is important to figure out how toroidal torque input affects ITB

formation. On this motivation, ITB formation in an RS plasma in which major fraction of the

input power was provided by tangential beams was compared between co- and counter-

injection cases. The experiments were done at 13O 3.8 T, the working gas was deuterium.

ITB was intended to be formed during I ramp-up.

Temporal evolutions of Ik, PNB and T1 at around ITB foot.(see Fig.2) are plotted in Fig. 1,

(a); the counter parallel beam injection case, and (b); the co parallel beam injection case. In

the waveform of PNB3, shown by hatching is the fractional power by parallel beams. In the

counter injection case, separation of Ti evolution between adjacent channels is clearly seen

showing evolution of the ITB. With closer look, it is found that the separation started even

before 4.1 s when the injected power stepped up to the maximum. On the contrary, TB was

not formed, or at least not clearly visible, before 4.4 s in the co injection case, even though

4 ~~~~~~~~~z Z

00 0 

03 3.5 4 4.5 5 ~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~(b) 03 3.5 4 4.5 
(a) Time (s) Time (s)

Fig.) Temporal evolutions of)l (upper box, solid line), PNR (upper box, dashed line)
and T (channels. 15, 17 and~ 18, f. Fig.2) in the lower box.. (a); the counter
parallel beam injection case. (b); the co parallel beam injection case.
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the power reached the maximum which is higher than that in the counter injection case.

4 I I I I I I I 4 2

3 ~17 31 5 

CV.0-21518 217 'Qo 0
'1 (a) I*-*~1 (b

1 (b)~ ~ ~ ~ -
0 a) 1 c

p pp
Fig. 2 (a) T profiles, at 4.06 (diamonds) and 4.5 s (circles) in the counter injection case. (b)
Those at 4.4 (diamonds) and 4.5 s (circles) in the co injection cas e. The figures, 15, 17
and 18, are the channel number (cf. Fig. 1). (c) V profiles at 4.06 s with counter injection
(circles), 4.05 (diamonds) and 4.4 s (crosses) with co injection.

Snapshots of the T profile are helpful to confirm 2 5 

this. As shown in Fig.2 (a), a steep gradient in T is 2 0

already formed at p - 0.8 at 4.06 s and the gradient er 1 

evolves to a clearer ITB at the same position. The
1 0

profile at 4.5 s is shown for a reference, as seen in Fig.l 1 

(a), the ITB grows further up to 4.8 s. On the other 5 E0.5 1

hand in the co injection case (Fig.2 (b)), even at 4.4 s thep
profil look quit smooh suggstingITB ws not Fig.3 The q profile at 4.06 s
profilelooks uite sooth sggestig ITB as not in the counter injection case.

formed yet. And at 4.5 s an ITB seems to start growing

at p 0.8. It should be noted that the location is almost the same as in the counter case. The

Vt profile at -~4.05 s is clearly different between the counter (open circles) and co (open

diamonds) injection cases as shown in Fig.2 (c). It shold be noted that, other parameters look

similar between the discharges. One parameter which is expected to be important but not

compared yet is the q profile. Since the main MSE diagnostics is measuring along one of the

counter beams, the measurement along a co beam is not well established yet. The q profile at

4.06 s in the counter injection discharge is shown in Fig.3 as a reference. It is found that the

ITB is located near q,,in location. However, it is not clear if the ITB locates in the negative or

the positive shear region, since spatial resolution is not enough in both the Ti and the q

measurement. The V, profile at 4.4 s in the co injection case is shown as well in Fig.2 (c). At

the outer region the plasma started rotating in the counter direction due to larger ripple loss

by larger PNB. Although it looks as if gradient in V, at the ITB foot is approaching the same

value of that at 4.06 s in the counter injection case, dependence in the absolute value of the

V, gradient is not clear.
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2.2 Effect of the plasma current
The second one is to investigate if power necessary to form ITB depends on PIP, ~ is an

important factor not only for physics understanding but also from a view point of designing a

new machine. Dependence on B1, one of the other important parameters, had been found to

be small already [. The experiments were carried out with deuterium discharges. The

plasma configuration was chosen so that upper tangential beams passed through near the

plasma center.

E36532 E36533

P1~~~~~~~~~~~~~~~~~ T 100 p

(MA) 0 ~0 (MW) (M)00 (MW)

T T
I I

(keV) ~--"(keV)
03 4 5 6 3 4 5 6

Time (s) Time (s)

Fig. 4 Temporal evolution of I4, PNB and Ti at the core (solid line) and peripheral (dashed line)

region for lower (left) and higher (right) injection discharges..

In discharges with p0 = 0.6 MA ad dl/dt =6 ... 

0.6 MA/s. sufficient amount of power was +

necessary in order to obtain clear ITB. As shown ~0
in Fig.4, when about 10.5 MW of NB power was 20

injected Ti in the core region took off, while it did0

not when injection power was about 8.5 MW. It 00 . .

should be noted that both the co and counter I (MA)
cental angntia bems ereusedso hatthe Fig.S5 Estimated n& power against 4.
central tangental beams were ued so that the Open and closed circles correspond to

input torque was as balanced as possible at least in shots in which ITB was formed. Xs and

the central region. And in E36533, co crsecoepndtnoIBae.

peripheral tangential beam was injected from

3.8 s just for additional power. Absorbed power b

estimated using the OFMC code is 6.0 MW and

4.7 MW respectively. For comparison,

discharges with IJ = 0.3 MA and d/dt = 0.4

MA/s were also tried. The NB power was 0 0 0.51
scanned in these different p discharges. Inp

Fig.6 Comparison of i profiles for lower
Fig.5 plotted is the net NB power, estimated (circles) and higher (squares) Ip cases. For
assuming 70% absorption for parallel beams better recognition, profiles are taken at 4.5s

when ITB had grown. Gray areas indicate
and 30% for perpendicular beams, against the ITB region, one that locates outer

plasma current at the timing when ITB seems to corresponds to the lower 4p case.
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be formed. Also here, both co and counter central beams were used. Open circles correspond

to the lower 1p0 discharges in which ITB is formed and closed circles correspond to the

higher 1I0 discharges, while Xs and crosses correspond to the lower and higher 1 discharges

in which ITB was not formed. Crosses at around I = 0.7 MA correspond earlier phase of

higher 1P discharges when I was lower but the power was low as well hence no ITB was

observed. It seems that the necessary power is lower for lower 1P. In this kind of experiments,

all the parameters but I should be as similar as possible. However, location of the ITB is

quite different between lower and higher I cases as shown in Fig.6. This may be attributed

to the difference in the safety factor (q) or magnetic shear (s) profiles. They are shows in

Fig.7, and look quite differently.

18 I.~~~~~~~~41 4 4 

14 ~~~~~~~~2 1 2 -2
er2 00 10;-- .0

10 ~~~~~~~~ ~-2 8 -2
-4 6 Jj ¶ -4

'b.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9
p p

Fig. 7 Comparison of q (circles and dashed line) and s (solid line) profiles for lower (left) and
higher (right) I cases

3. Discussion and Summary

Formation of MT was examined against I and V, in RS plasmnas. On toroidal rotation,

the results would suggest that V, could affect ITB formation. Although other parameters look

similar, one concern is left on the q profile. Calculation suggests that absolute value of NB

driven current is 1/4 - 15 to the total current, therefore the total current profile would not be

much different. The same ITB location would support it. More systematic study would help

investigate more detailed dependence such as V, gradient. The local T and ne evolution

measurement by YAG-LASER Thomson scattering, which have not been obtained in the

campaign, should be obtained for total understanding. The results should be analyzed

relating to ExB effect. On the plasma current, the results are more complicated. Since not.

only I but also the current profile differed, thus the ITB position differed between lower and

higher I cases. Although obtained data would give a clue to local parameter analysis, well

optimized discharges would be necessary for future work.

Reference

[1] Ide S. and the JT-60 team, Phys. Plasmas 7, 1927 (2000)
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3.3 Active control of internal transport barrier in JT-60U reversed shear plasmas [1]

Y. Sakamoto, H. Shirai, Y. Kamada, T. Fujita, S. Ide, T. Takizuka,

Y. Koide, T. Fukuda, T. Suzuki, T. Oikawa

Several theoretical models for transport barrier formation suggest that the ExB flow

shear plays an important role in suppressing the level of the turbulence and reducing the

correlation length of the turbulence. Therefore there is a possibility that the ITB can be

controlled by the modification of the radial electric field, Er, profile. Toroidal rotation as well

as pressure gradient profiles affect the E, shear profile because the Er S coupled with plasma

rotation and pressure gradient in the force balance equation. The effect of toroidal rotation has

been investigated in JT-60U [2].

The demonstration of the active control of ITB strength by the switch of the toroidal

momentum injection direction was successfully performed. The reversed shear plasma with

the strong ITB was generated in the standard scenario with balanced injection for JT60U,

which has an L-mode edge. In a quasi-steady state phase after the current flat-top, the

directions of toroidal momentum injection was only changed with the same injected NB

power from initial balanced injection to co-injection, then to ctr-injection and finally to the

balanced injection again. The ion temperature gradient was degraded by co-injection, then

recovered by ctr- and balanced injection. The change in E, shear of outer half region of the

ITB layer (near the ITB foot) was important to control the ITB strength of the whole ITB

region. This indicates that there is a non-local nature in relations between the E, shear and the

reduction of transport. The behaviors of electron temperature and electron density profiles

were similar to ion temperature profile.

The demonstration of the active control of ITB strength by the change of the central

heating power was also performed. In this case, ITB was recovered by the increment of the

heating power, after the degradation by co-injection. Thus the self-sustainable E, shear was

formed due to the reduction of the diffusivity, and then ITB, was sustained with reduced

heating power.

[1] Sakamoto, Y., et al., Nuci. Fusion 41, 865 (2001).

[2] Shirai, H., et al., Plasma Phys. Control. Fusion 42, Al109 (2000).
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3.4 Scaling of ITB width in JT-60U reversed shear plasmas [1]

Y. Sakamoto, Y. Kamada, S. de, T. Fujita, H. Shirai, T. Takizuka,

Y. Koide, T. Fukuda, T. Suzuki, T. Oikawa

In JT-60U reversed shear plasmas, thermal and particle diffusivities decreased to the

level of neoclassical value within the narrow region. Thus the ITIs were formed in ion

temperature, Ti, and electron temperature, Te, and electron density, n., profiles. These profiles

had steep gradients for the ITB layer and reduced gradients for other regions (except for edge

region), and then internal pedestals were formed. The ITB width is one of the characterized

parameter for the ITB structure. Therefore the study of ITB width scaling is one of the most

important issues for the physics understanding of the ITB formation and sustainment.

The ITB width became narrower with evolution of ITB in the typical high performance

discharge, where the plasma current was raised, and then reached values of the ITB width is

related to the ion poloidal gyroradius estimated at the ITB center. This may indicate that the

lower boundary of the ITB width is related to the ion poloidal gyroradius. In order to examine

the parameter dependence of ion poloidal gyroradius, which is proportional to square root of

ion temperature and is in inverse proportion to poroidal magnetic field strength, the lower

boundary data is extracted. As a result, the ITB width in the lower boundary is in inverse

proportion to the poloidal magnetic field at the ITB, for the ion temperature fixed in -5keV

and -10keV. The ratio of proportional coefficients in 5keV to in l0keV is almost the same to

the ratio of square root of ion temperatures. On the other hand, the ITB width is proportional

to square root of the ion temperature at the ITB center, for the poloidal magnetic field fixed at

-O.24T. Therefore the ITB width in the lower boundary is proportional to the ion poloidal

gyroradius at the ITB center.

A radial electric field and its gradient were formed in the ITB layer, which affects the

particle orbit. The effects of the radial electric field and its gradient on the motion of guiding

center were numerically investigated by Escape Particle Orbit analysis Code (EPOC). The

calculation results indicate the effect of radial electric field is less than 10%.

[1] Sakamoto, Y., et al., Nucl. Fusion 41, 865 (200 1).
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3.5 Scaling of stored energy in JT-60U reversed shear plasmas [1]

Y. Sakamoto, T. Takizuka, Y. Karnada, T. FuJita, T. Fukuda, S. de, H. Shirai, Y. Koicle

Confinement properties of reversed shear plasmas were investigated under the discharge

conditions of BT=4T, .03<8<O. 1, 1 .7<x<2.0, 3.08m<R<3.18m, 0 5<p,,,,< 0 .7 5 , nearly

balanced momentum injection, L-mode edge and NB heating. The large ITB radius and L-

mode edge plasmas reduced the contribution for the stored energy from outside of ITB.

Nearly balanced momentum injection excludes the effect of toroidal torque for the sake of

simplicity. The stored energy, Wdia, was strongly correlated with Il,, and also Wdia increased

with pf., due to the larger improved confinement region when q i, was fixed. Therefore the

confinement property should be characterized by a local parameter such as poloidal magnetic

field at pf,,,, which is written by

Bfoot p foot ef [i0RIl

R q foo 2a Brr

where a,ff and qf t are the minor radius, the effective safety factor and the safety factor at

the ITB foot, respectively. The stored energy was strongly correlated with B oo rather than Ii,

and then prprinlto (BP'-)'.'. In JT-60U reversed shear plasmas, the ITB width, AT
becomes narrower with evolution of the ITB and the lower boundary of ITB width is

proportional to the ion poloidal gyroradius at the ITB center, plT. This indicates that the

transport property at the ITB layer can be characterized by the ratio of A,. to pTB. We

consider the dependence of this ratio, and then Wdia scaling for reversed shear plasmas was

rewritten by

Wdia = 27.1 x(Bfoot) 15X(AlT. /PITB )1 2 5

(in MI, T and in). The RMSE for this fit is 6.86%. t should be mentioned that Wdia 'S

independent on the heating power in this scaling expression. This feature is quite strange from

the viewpoint of diffusive nature. Physics mechanism of this confinement property and the

effects of the toroidal momentum are the future work.

[1] Y. Sakamnoto et al., J. Plasma Fusion Res. SERIES, 4, 249 (200 1).
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3.6 Dynamic behavior of transport and heat propagation in normal and

reversed shear plasmas with internal barriers in JT-60U [1,2]

S. V. Neudatchin, T. Takizuka, H. Shirai, T. Fujita, A. sayama,

Y. Kamnada and Y. Koide

Transport evolution in reverse shear (RS) and normal shear (NrS) JT-60U tokamak

plasmas with internal transport barrier (ITB) is described as a combination of various fast and

slow time scales processes. Abrupt in time and wide in space (0.3-0.4 of minor radius)

variations of X.i (ITB-events) are found in NrS plasmas. ITB-events are observed as the

simultaneous rise and decay of electron and ion temperatures Ti in two zones. ITB-events

widths are generally sim-ilar for weak ITBs in RS and NrS plasmas while profiles of X, jump

(8Xe) at ITB-event in RS plasmas with strong ITB are localized near ITB "foot" in narrower
region. In various RS pulses studied up to now, the maximum of the abrupt variation in the

heat flux is always located near the position of q and heat flux variation is always extended

into the positive shear region 11].

New sources of HPP (Heat Pulse Propagation) are found in RS plasmas. We observe

symmetric picture of slow HPP (with values of the electron dynamic heat diffusivity Xe,"" 

0. Irm2/s) in 3 cases. ITB-event induced electron inward HPP and sawtooth-like crash induced

outward HPP are studied, both propagated throughout the strong ITB in the RS zone. ITB

formation in positive shear zone of RS plasmas is described as series of ITB-events. For the

last ITB-event, the region of strong (-20 keV/s) Te rise is initially well localized (4 cm) in

space. Outward HPP is analyzed in the region with 8 cm width fully located in positive shear

space zone. Values of Cp as low as _0. 1 2/s are found. A similar low value of the ion

dynamic heat diffusivity (close to the neoclassical one) is obtained for ion H1PP. Important

consequence of HPP analysis is the absence of electron and ion "heat pinch" in the ITB region

[1,2].

Fast response of T, to ELM-induced H-L back transitions (seen as T, decay correlated

within 2ms with abrupt rise of Hax) is found well inside the weak 113 in the RS region,

suggesting edge-core interplay across qli in ms timescale. The Te decay is interpreted as

abrupt appearance of the negative 6yX at global H-L transition [ 1]
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3.7 Compatibility conditions of the edge and internal transport barriers in JT-60U

T. Fukuda, T. Takizuka, T. Fujita, Y. Sakamnoto, Y. Kamada and S. Ide

1. Introduction

In order to establish the steady-state operation in fusion experimental reactors, it is re-

quired to achieve high bootstrap fraction and improved confinement, in addition to the supe-

rior stability characteristics, which is relevant to high normalized beta. Therefore, it is neces-

sary to induce the L-H transition and produce the secondary transport barrier at the edge

plasma region of a plasma with internal barrier. Consequently, the plasma pressure profile is

flattened to improve the global stability boundary. However, it has been known in our previ-

ous experience in JT-60U that the L-H transition threshold power is much higher in high per-

formnance discharges with strong internal transport barrier (ITB) than that is predicted by the

scaling law. The speculative interpretation we thereby made at first was that the loss power to

the edge region is reduced transiently, due to the substantial reduction of the transport coeffi-

cient in the core. However, even in the case of small dW/dt, the plasma edge often stayed in L

mode. Conversely in H mode plasmas, the efficiency of central heating is reduced and im-

pedes the formation of ITB, as reported in the DIII-D experiments. The degree to which the

central heating efficiency is reduced seems to be less and the internal barrier is formed with-

out as much difficulties in H mode plasmas in JT60U. This is seemingly due to the fact that

the heating beams are near perpendicular to the magnetic field in JT60U, which can enhance

the central heating, whereas in DIII-D, the beams are injected tangentially. Another relevant

issue may be that an increase of edge density in the plasma edge is more predominant in DIII-

D, in comparison with JT60U, which makes the heating power deposit more in the edge re-

gion. Therefore, it is an important issue of investigation to resolve the compatibility condi-

tions of edge and internal transport barrier.

The global feature of L-H transition with and without the internal barrier is first reviewed

in this paper, with emphasis on the averaged density and magnetic field that are the most in-

fluential elements of L-H transition criteria. The edge density and temperatures, of which in-

timate relation to the global threshold power has been documented in JT-60U [1-31, are then

looked into to resolve the causality of mutual dependence of formation conditions formed in

the core and edge. The criteria for the formation condition of ITB itself, where the role of lo-

cal magnetic shear at the barrier as well as the influence of intensive central heating is re-

cently disputed is out of the scope of this paper and will be not be herein discussed.

2. L-HI transition threshold power in plasmas with internal barrier
It is known and pervasively accepted that the L-H1 threshold power scales with the mag-

netic field (Bt), as indicated in the detailed systematic investigations performed in JT-60U for

plasmas without the internal barrier, and the result of which is plotted in Fig. (a) as a func-
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Fig. (a) The dependence of heating power (absorption power with the derivative of the stored energy

subtracted) normalized by B t on line averaged density. Open and solid circles are respectively tor H
mode with and without ITB (internal transport barrier), and the cross indicates L mode with 1IT8. (b)
Temporal evolution of the heating power normalized by the L-H transition threshold scaling for plasmnas
with ITB. Open circles and shaded squares are for H89 <::1.4, and crosses are for H89 - 2.5.

tion of the line averaged density (<ne>). Here, the L-H threshold power is accordingly nor-
malized by Bt and overlaid with the results for plasmas with internal barrier. The lower

boundary of H mode data has practical significance, as the rest in the upper region with

higher normalized threshold power is relevant to the cases with larger amount of impurities

and malign effect of edge neutral particles. It is obvious that the plasmas with internal barrier
has higher threshold power compared to those without. The temporal evolution of the heating

power normalized by the threshold scaling that was established in JT-60U for plasmas with-

out the internal barrier is shown in Fig. 1 (b). The open circles and squares are for plasmas

with the confinement enhancement factor relative to 89P L mode scaling (H89) below 14,

respectively corresponding to the H and L mode phase. On the other hand, crosses are for

H89 around 2.5, which stayed in L mode throughout the discharge. General observation is
that higher the H89 is, namely better the quality of the internal barrier is, loss power to the

edge is reduced. It should be noted here that plasmas stay in L mode at normalized heating

power above unity, and the L-H threshold is increased by more than a factor of two. However,

the conventional L-HI threshold scaling does not separate the core transport and L-H transition

physics, and it is naturally expected that the condition for the edge barrier formation is modi-

fied as the core transport is changed. Therefore, it is necessary to focus on the edge plasma
parameters for the comprehension of the compatibility condition of the barrier formation in

the core and edge.

3. Edge quantities at L-H- transition in plasmas with internal barrier

The edge ion temperature (T 95 ) is plotted against the edge density (n e 95 ) both at 95 %
normalized toroidal flux in Fig. 2 (a) for plasmas with and without the internal barrier.
Although integrated understanding was not straightforward in the discussion of the L-H pow-

er threshold, the L and H mode data is clearly separated both for plasmas with and without

the internal barrier in this edge parameter diagram. It indeed indicates that the edge density of

plasmas with internal barrier is extremely low, even if the averaged density is moderately
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Fig. 2 (a) The relationship between the edge ion temperature and density. Open and solid c ircles are
resectvel~fo Hmode with and without ITB, and the crosses indicate L mode with ITB. Temporal

evolution of the (b) edge density and (c) temperature. Open circles and shaded squares are respectively
for H and L mode with H89! •1.4, whereas the crosses are for L mode with H89 2.5.

high, and the plasma therefore stays in L mode, similar to the case in low density plasmas

without the internal barrier. The low density boundary is situated at around nfce9 5 = 0.5 x 10 19

M - 3, which increases the L-H threshold power, and it is shown that a small increase of den-
sity actually produces the H mode at the boundary. An increase of the threshold power at low

density has been interpreted in terms of the edge neutral density in JT60U. On the other hand,
the edge ion temperature is high due to the applied heating power above the conventional

threshold. The dynamic evolution of the edge density and temperature of the very same pulse

,depicted in Fig. 1 (b) is plotted in Fig. 2 (b) and (c). The pulse with lower H89, namely re-

duced barrier quality, has higher edge density, whereas it stayed at very low value in the im-
proved confinement plasma with H-89 of 2.5. The difference in temperature is less, and edge
ion temperature is slightly higher for the case with lower edge density. The consequence of

this observation is that an increase of the edge density can induce the L-H transition in plas-

mas with internal barrier, either by additional fueling in the edge or reducing the barrier qual-

ity.

4. Control of L-H transition in plasmas with internal barrier
One of the straightforward methods of instantaneously increasing the edge density is to

apply the strong pulsed gas puff. However, this approach. has not been effective in JT60U,

seemingly either due to the increased opacity to the neutrals at higher densities or enhanced

particle diffusivity outside of the ITB region. The additional gas puff experiment was per-

formed using the gas valve in the main plasma region. However, It has been also documented
that gas puffing from the private region of divertor neither reduces the L-H threshold power

by a significant amount in JT-60U. The alternative technique is to delay the formation of
ITBs, after the L-H transition, which is not practically effective in DIII-D3, as aforementioned

in the previous section. The fast rampdown of the plasma current is also suggested to reduce
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the L-H threshold power, expecting the role of edge mag- 

netic shear. However, it was not obvious in JT-60U, the n
amount of reduction in the L-H transition threshold power ne

less than 1 0% even for the case of rampdown at 2 MA s. [1019

The most appropriate method, which enables the L-H tran-

sition in plasmas with internal barrier is to control its qual- 0

ity, in terms f COExB / F114] which is the ratio of shearing 0 r/a 1
Fig. 3 The evolution of density

rate to the growth rate of assumed instability. The experi- profile at the modification of the
mental procedure often employed in JT-60U is to inject barrier quality. 5.6 s is right

before the start of unidirectional
unidirectional tangential beams, in order to modify the tor- beam injection which continues

till 6.3 S.
oidal flow velocity profile and resulting radial electric field

profile. It provides the gradual increase of the edge density, as shown in Fig. 3, accompanied

by the reduction of the temperature gradient at the internal barrier.

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

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

old was investigated in plasmas with internal barrier. It was hereby found that it is substan-

tially higher than the conventional scaling established for plasmas without the internal barrier.

However, the criteria for the edge density and temperature to induce the L-H transition is

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

tremely low in plasmas with strong internal barrier, which substantially increases the heating

power to attain the H mode. Thus, the L-H transition threshold power scaling, which does not

separate the core transport and transition physics, is not generally applicable for plasmas with
internal barrier. It was shown that the degradation of the quality of the transport barrier, in

terms of the changes of toroidal rotation profile or equivalently the radial electric field distri-

bution, results in the increase of edge density and thus inducing the L-H transition. Therefore,

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

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

plasmas with internal barrier.
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3.8 H-mode edge structure in JT-60U high density improved confinement plasmas [1]

T. Fukuda, K. Tsuchiya, T. Hatae, H. Urano, Y. Kamnada, Y. Sakamnoto, S. Sakurai,

H. Takenaga, H. Kubo, N. Asakura, T. Fujita and T. Takizuka

Sustainment of the improved confinement at high density is one of the serious issues of
concern especially in large tokamaks, and it is therefore considered as one of the urgent topics

of R&D in ITER. Accordingly, intensive investigation has been carried out in various tokamaks

to resolve how the collisional edge degrades the core confinement. It is also urged to under-

stand how the H mode quality is degraded and edge pedestal structure is modified at high den-
sity. In this respect, the physics of edge pedestal structure produced at the L-H transition is re-

visited, based on the experimental results accumulated in JT60U. Various features of edge

pedestal structure and its interaction with the internal structure has also been investigated. The
reduction of edge temperature is generally observed with an increase of the edge density in

ELMy H mode plasmas in JT60U, which results in the decrease of central temperature as well

as the degradation of global confinement. In regard to the properties of edge E r shear in high-

density plasmas, the role of neutral particle has been investigated. On the other hand, the influ-

ence of edge magnetic shear on the barrier formation in the plasma interior and edge was also

studied, and it has been addressed that the magnetic shear effect is less dominant at the edge
than in the interior. As to the issue of how the collisional edge is linked to the core confinement

degradation, it is being explored in terms of the profile "stiffness," of which detailed investiga-

tion is in progress, incorporating the ITG based fluid simulation.
The study of density dependence of the L-H threshold power has also been intensively car-

ried out, and significant increase of the threshold power was documented in JT-60U and AS-
DEX-U. Substantial difference in the scaling is produced between the cases when the high

density data are treated as a scatter or as a systematic tendency. The causalities of increased L-

H threshold power at high density, exceeding the ITER scaling have also been looked into em-

phasizing the edge parameters.

It was thereby found that the substantial increase of the L-H threshold power at high density

is related to the nonlinear increase of edge density, which significantly raises the edge colli-
sionality. As to the quality of the edge barrier, the width of the Er shear layer is reduced in high

density ELMy H mode, which corroborates the decrease of the pedestal width. The interaction

between the internal and edge structure has also been studied in JT60U, where the effective-
ness of the active control of internal barrier has been manifested to increase the edge density

and induce the L-H transition. In addition, it is expected that the role of edge neutral particles

on L-H transition and sustainment of the edge barrier quality is subtle.
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3.9 High triangularity ELMy H-mode plasmas with highly improved energy

confinement in JT-601J
H. Urano , Y. Kamada, H. Shirai, T. Takizuka, T. Fukuda, T. H-atae and H. Kubo

'Graduate School of Engineering, Hokkaido University

1. Introduction
ELMy H-modes are currently considered the most promising plasma operating regime of

enhanced confinement with a proven capability for steady state performance in a future reactor-size
magnetic fusion experiment. In order to achieve the required fusion yield, any next-step machine
needs to operate at a high density. The projection of the performance of ELMy H-mode plasmas to
ITER-FEAT [1,2] also shows that the plasma density required to achieve a high fusion power gain is
near the Greenwald density limit, nGW However, it has generally been een that core confinement
quality is diminished continuously as the density is increased by gas fuelling in many devices [3-9]. It
has been seen that the temperature at the pedestal shoulder imposed by regular ELM events may play a
role as a boundary condition in determining the profile of the core temperature [5,10-16]. High
triangularity discharges, in which the critical edge pressure gradient can be raised, are therefore
expected to bring in the high improved energy confinement of the plasma core [ 17-22]. The improved
energy confinement has also been achieved in high P~ discharges [23,24]. An increase in the H-mode
edge pressure gradient on the outerboard midplane is observed with increasing the poloidal beta, 
due to high power additional heating [24].

2. Experiments
The experiments were performed at the plasma current, lp = 1.0 MA. The toroidal magnetic field,

B,= 2.1 T and q95 = 3.5-3.7. The neutral beam (NB) injection power, PNB1, for deuterium plasma was
in the range of 9.0-11.5 MW at the relevant time of analysis. With deuterium gas puffing, ii, was
varied on a shot by shot basis from .8 x 1019 to 3.1lx 10'9 M-3. Elongation, K, of 1.38 to 1.44 and
triangularity at the separatrix, 8,,, of 0.45 to 0.49 were fixed. The plasma volume, Vp,, was in the range
of 55-56 in3. The plasma major radius, Rp, and the minor radius, ap, were in the ranges of 3.32-3.33 mn
and of 0.80-0.82 in, respectively. In order to assess the effects of triangularity, low triangularity
discharges were also carried out at 8x = 0.20.

3. Thermal energy confinement properties 1.4 60 . ~ -md

Figure 1 displays the HH-factor based on the 1.0 MA / 2.1 T

predictions of the 1PB398(y,2) scaling as a C1.2 8X 0.45

function of fil /GW For reference, figure 3 also 0 8 =0.20

includes data from the density scan experiments type-ill
of the low triangularity ELMy H-mode ( = 1.8 ~ -08,P~ELMs

MA, B =3.0 T, qgs= 3.0, 0.16 and PNB1= X ~ ~
8-13 MW) [13]. It is seen most clearly that the In 1.8 MA/13.0OT 0m
thermal energy confinement is improved by high = .1-01

triangularity discharges at a given density. At 0.4.....
low densities, the discharge in steady state is 0.2 0.3 0.4 0.5 0.6 0.7
characterized by type-I ELMs. When the density jj In GW

is increased further to 50 % of n GW in the high Fig. I H,,-factor for ELjy H-mode discharges
triangularity experiments, a transition from in JT-60U as a function of i n1G

type-I to type-Ill ELMs occurs.
Profiles of n,, T and T, for low and high triangularity plasmas With PNB = 9.0 MW at a fixed

density of fGw -~ 0.40 are shown in figure 2(a), (b) and (c). It is seen in figure 2(a) that the density
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profiles are similar in either case. It is the fact that 5 ------------ - -----
the core temperature is also improved by a factor of 4(a) PNBI 9.0 MW

-1.3 as well as the peripheral temperature (see 8, =020 j
figure 2(d)) by high triangularity discharge that is of 3
most significance because the plasma shaping affects C>
strongly edge toroidal magnetic flux surfaces as seen 
in figure 2(c). Thus, there seems to exist a large I 8,. = 0.45 4

transport structure where the core temperature is______________

determined by a boundary value through the profile 0 0.2 0.4 0.6 0.8 
stiffness, such as ion temperature gradient (ITG) ria
driven turbulence modes [25-28]. Since the 10...........
temperature at the shoulder of the H-mode pedestal 8 b)NB= .0M

is raised by high triangularity, the core temperature 68. = 0.45
may be increased due to the effect of profile 0 8. = 0.20
stiffness. .4 7-

4. Pedestal characteristics 2 
As seen in figure 2(c), triangularity affects 0

directly the edge toroidal magnetic flux surfaces. In 0 0.2 0.4 0.6 0.8 
this section, the pedestal structure imposed by the nia
ELM activities is examined for the case of low and (c) PN8I = 9.0 MW
high triangularity. A comparison of the pedestal 804

characteristics between low and high triangularity 5~ 6 - a =020 J 03
ELMy H-mode plasmas is shown as a diagram for * C
the pedestal density and temperature in figure 3(a). 4..0 2
At a fixed lp of 1.0 MA, the high triangularity ELMy 2 .
H-mode plasmas produce the pedestal temperature
higher than that of low triangularity plasmas at a 0 0
given density. Besides, it is seen in high triangularity 0 na0406 .
plasmas that the pedestal pressure tends to decrease 3 .-----------........

gradually with density. Figure 3(a) also shows a time (d) PNE11 =90 MW
trace of the pedestal for a high ~iELMy H-mode * 8 = 0.45

discharge with ITB in the core with high power 2
heating. On the high triangularity configuration, it A,
can be seen that the high ,,, H-mode plasma Fi- 1
reaches the higher critical pedestal pressure. Related ,02

to this respect, the dependence of the poloidal beta at
f~~~lp~d, 0 ----------- ~

the pedestal, j 0 1 dupon triangularity is plotted in 0.7 0.8 0.9 
figure 3(b). A comparison of standard ELMy r [m]
H-modes without ITB between low and high
triangularity discharges indicates that Pp~i pd tends to Fig. 2 Profiles of (a) ne, (b) Te and (c) T, for low
increase gradually with increasing triangularity. In and high triangularity discharges at a fixed
high pm H-mode plasmas, although the density (kw 0.40). (d) The pedestal T profiles
improvement of the pedestal confinement is seen are also shown.
over a wide range of triangularity, the increase in

f 13 p0 is larger in high triangularity plasmas. High
f~poI H-mode therefore displays its potential on the
pedestal confinement at high triangularity.
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nPE [1 1 m]DELTAX

Fig. 3 (a) Diagram of (nlepd, Tepd) space for ELMy H-mode plasmas (b) Dependence of the poloidal beta at
the pedestal on triangularity.

5. Boundary condition for thermal energy confinement
It has been identified in many tokamaks that

the thermal energy confinement in H-mode 1.4.---------
plasms deendsstronly uon te temeratre - JT-60U ELMy H-mode

plasmasdependsstrongl upon te tempeature m 1.2 1.0 MA 2.1 T *
at the shoulder of the H-mode pedestal = 0.45
[11,16-19]. In the standard ELMy H-mode --------
without ITB, HPB(Y)increases approximately U 8x= .2

I.- 0.

shown in figure 4. At a fixed I of 1.0 MA, the =o30
trends of the enhancement factors of thermal CO .6 W 1.8 MA 13.0T

energy confinement are conformed consistently 8.= 0.1 6-0.18
with low and high triangularity cases. This result 0.4 ............
could be expected from the profile similarity in 0 0.5 1 1.5 2 2.5 3
the temperature. The core temperature increases PED
in roughly proportion to the pedestal Ti [keV]
temperature for each species, independent f Fig. 4 Dependence of the HH-factor on the pedestal
triangularity. The core T and Te at r-/a 0.3 temperature for low and high triangularity plasmas.
increase from 2.0 to 7.6 keV and from 2.0 to 5.0
keV almost linearly with Tf from 0.5 to 2.2 keV and with Tep'~d from 0.3 to 1.4 keV, respectively.
Higher triangularity plasma has the higher temperature at the pedestal shoulder determined by the
ELM activities at a given density, which in turn leads to an increase in the core temperature, resulting
in the improvement of the energy confinement of H-mode plasmas.

6. Discussions
In the previous section, the experimental results indicate the pedestal temperature might be a key

boundary factor for the energy confinement through the profile similarity in the temperature. It is
considered that the critical pedestal pressure for the ELMs is raised since the stability near the plasma
boundary is improved by high triangularity. Besides, high O~0 H-mode plasmas produced the even
higher pedestal pressure. This result can be explained that the stability at the edge region, where
triangularity becomes higher, is improved further when a large Shafranov shift due to the high N,Žj
discharge increases a local magnetic shear in the bad curvature region and shortens the connection
length between the good and bad curvature regions.
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7. Conclusions
The density scans of the energy confinement and pedestal properties in high triangularity ELMy

H-mode plasmas ( - 0.45) were carried out in JT-60U. High triangularity discharges produced the
higher pedestal pressure, at which higher pedestal temperature was obtained at a given density. The
core temperature increases in roughly proportion to the pedestal temperature for each species,
independent of triangularity. High 1p,,, H-mode plasmas due to high power heating produced further
high pedestal confinement. The improvement of the edge stability by triangularity leads to higher
pedestal temperature, which in turn raises the core temperature, and thus the high thermal energy
confinement is obtained.
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3.10 Edge plasma parameters at the L-H transition under different divertors in JT-60U

K. Tsuchiya, T. Fukuda, H. Takenaga, N. Asakura, Y. Kamada,
T. Takizuka, K. ltami, T. Fujita and the JT-60 Team

1. Relation between the edge parameter and L-HI transition power threshold [1]
After the modification of the divertor geometry into W shape, we have observed remark-

able reduction in the L-H transition threshold power (Pth) and a shift of low density L-H
transition boundary [2] toward higher density, in comparison with the previous open geome-
try. Although the core radiation power was also reduced in the W-shaped divertor, it was not
sufficient to account for the amount of reduction in Pth. Therefore, the edge plasma quanti-
ties, which are considered to be intimately related to the L-H physics, were comparatively
investigated between the W-shaped and open divertor. Here, the discussions are limited to
the range of densities above the lower boundary, below which Pth substantially increases.

It was thereby found that the edge Ti right before the L-H transition is lower for the W-
shaped divertor, which is consistent with the reduced P th. The edge ion collisionality v i * 95
[3] evaluated at 95% volume averaged flux surface is also notably higher at around 1.0-1.3
for the W-shape, whereas it was around 0.6-0.7 for the open divertor. Ref. 4 predicts V i * 9 is
around unity at the L-H transition, if the effect of neutral particles is neglected. This paper is
aimed at resolving the physics of reduced Pth at L-H transition in W-shaped divertor, specu-
lating that the compression of the neutral particles near the X-point (nox), due to the closure
of the divertor geometry, might have enhanced the collisional scattering of trapped ions to
induce the negative Er [5]. A substantial increase in n ox was indeed documented by the
DEGAS code analysis. In addition, it was observed that nom, which can increase Pth by the
charge exchange process, is slightly lower for the W-shape. Here, nm stands for the mid
plane neutral particle density. As a consequence, nox/nom is larger in the W-shaped divertor
for the same edge density (n e95 ), which may indicate the relevance of neutral particle com-
pression in the reduction Of Pth in the W-shaped divertor.

2. Influence of the X-point height on the L-HI transition threshold power
We have also carried out a dedicated experiment to resolve the X-point height (Xp) de-

pendence Of Pth, where Xp was varied 0.37 m to 0. 18 m. Here, Xp = 0. 18 m means that the
X-point is sitting on the septum top in the divertor. The range of n e 9 5 was fixed at 1.0 - 1.5
X 10 19 m 3 . The changes in P th were subtle except for the case of X p = 0. 18, where remark-
able reduction in Pth was observed. Similar observation is made at JET [6]. It is expected
that abundant neutrals near the X-point is playing a decisive role also in this case, in terms of
the scattering loss of trapped ions.

[1] Tsuchiya K., et al., in Fusion Energy Conference 2000 (Proc. 18th Int. Conf. Sorrento,
2000), IAEA, Vienna (2001) IAEA-CN-77/EXP5-26.

[2] Fukuda, T., et al., Nucl. Fusion 37, 1199 (1997).
[3] Hirshman, S. and Sigmar, D., Nucl. Fusion 21, 1079 (198 1).
[4] Shaing, K., et al., Phys. Plasmas 2, 1801 (1995).
[5] Toda, S., Plasma Phys. Control. Fusion 39, 301 (1997).
[6] Horton, L., et al., Proc. 26th EPS Conif. on Plasma Physics and Controlled Fusion Re-

search (Maastrricht, Holland, 1999) P 1.02 1.
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3.11 U~nderstanding of the H-mode pedestal characteristics

using the multi-machine pedestal database 111

T. Hatae, M. Sugihiara', A. Hubbard', Y. lgitkhanov', Y. Kamada,

G. Janeschitz', L. Horton3 , N. Ohyabu4 ,T. Osbomne', M. Osipenko',

W. Suttrop3 , H. Urano', H. Weisen'

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

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

during Type ELMs which is a reference operation mode of a future tokamnak reactor, (ii)

identification of the operation regime of Type 11 ELMs which have small ELM amplitude

with good confinement characteristics, (iii) identification of upper stability boundary of

Type I ELMs for the access to the higher confinement regimes with Type or II ELMs, (iv)

relation between core confinement and pedestal temperature in conjunction with the

confinement degradation in high density discharges. Scaling and model based approaches

for expressing pedestal pressure are shown to roughly scale the experimental data similarly

well and initial predictions for the future reactor case could be performed by them. It is

identified that q and are important parameters to obtain the Type 1I ELM regime. A

theoretical model on Type III ELMs is shown to reproduce the upper stability boundary

reasonably well. It is shown that there exists some critical pedestal temperature, below

which the core confinement starts to degrade. It is also shown that improved pedestal

conditions for good confinement in high density discharges is possible by increasing the

plasma triangularity.

[1] Hatae T. et al., Nucl. Fusion 41, 285 (2001).
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4. MHD Instabilities and High Energy Ions

4.1 Resistive interchange modes in reversed shear discharges

S. TakeJi, S. Tokuda, T. FuJita, T. Suzuki, A. Isayama, Y. Ishii,
T. Matsumoto, Y. Kamada, T. Ozeki, The JT-60 Team

1. Introduction
A reversed shear discharge has inherent potential as an ultimate non-inductive steady-

state tokarnak discharge since a reversed magnetic shear configuration is consistent with large
bootstrap current fraction [ 1]. Operation at high /3 is indispensable for simultaneous achieve-
ment of large bootstrap current fraction with high fusion power density. Understanding of
resistive MHD instabilities which limit tokamak operation in the lower /3 regime than the ideal
stability limit is crucially important for achievement of a high /3 steady-state reversed shear dis-
charge. Resistive interchange instabilities were reported as a triggering event of disruption in
negative central shear discharges in D111-D3, while the mechanism leading to disruption was not
made clear [2]. Resistive interchange instabilities were found to appear in JT-60U as radially
localized MHD bursts in the negative magnetic shear region near the internal transport barrier
[3]. The resistive interchange mode is benign to the internal transport barrier and results nei-
ther in major collapse nor in degradation of confinement of the reversed shear discharges. On
the other hand, we found that the resistive interchan~ge mode leads to major collapse through
nonlinear mode coupling with a tearing modes in the positive shear region.

In this paper, details of the process of a major collapse led by the resistive interchange
mode are described.

2. A Process of Major Collapse by Resistive Instabilities
Time evolution of T, during a process of a major collapse in low /3 regime (N = 0.77)

is shown in Fig. 1(a). As described later, the major collapse occurs in the stable state against
ideal modes. Three thermal quenches are observed one after another in the process of a major
collapse. Before the first thermal quench at t = 6.1083s, a growing mode appears near the
normalized plasma minor radius, p 0.51. Electron temperature abruptly decreases inside
p 0.5 and abruptly increases outside p 0.5 by the first thermal quench. After the first
thermal quench, a global rn/n = 3/1 mode, which mode numbers were identified by Mimnov
analysis, appears with amplitudes much larger than the growing mode near p -. 0.51 and lasts
for 2.6 ins, then the second thermal quench occurs at t 6.llls. The Te profile is flattened
after the second thermal quench and the third thermal quench occurs at t = 6.1 133s to complete
the process of the major collapse. Since the first thermal quench is a key event leading to the
major collapse, we pay attention to the first thermal quench in Sections 3 and 4 to understand
the causal mechanism of the major collapse. Magnetohydrodynamic behavior after the first
thermal quench is also discussed in Section 5.
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3. Details of the First Thermal Quench
Figure 1(b) shows enlarged waveforms of Te before the first thermal quench. Radial

profiles of Te, q, and the perturbation amplitude of Te divided by the local T, gradient, te/VTe,
just before the first thermal quench are shown in Figs. 1 (c) and 1 (d), respectively. Here, Te is the
difference between the maximum and the minimum in the last one cycle of the Te perturbations
before the first thermal quench (6. 107s ; t ;: 6.1083s),

A growing T, perturbation appears at 6.105s in the large VLe region (p 0.47-
0.54) near the inner q 3 surface with the growth time of -y-' O .5ms in the linear growth
phase. The growth time y-'- 0.5ms is considered to be that of resistive instabilities by
the same reason described in the previous section. Growth of the Te perturbation amplitude
saturates before the first thermal quench. No evidence of magnetic islands (phase inversion
of Te perturbations between adjoining channels) is found near p -'. 0.51 within the spatial
resolution of -2 cm.

On the other hand, phase inversion is observed between Te perturbations at p 0.71 and
p = 0.73 near the outer q = 3 surface. Since the Te perturbations is localized near the outer q =
3 surface, we regard the Te perturbations as an rn/n 3/1 magnetic islands on the outer q =3

surface. The rn/n 3/1 magnetic islands exist before growing of the resistive mode nearp
0.5 1. It was not confirmed when the rn/n = 3/1 tearing mode became unstable. The oscillation
period is not the same between the n = 3/1 tearing mode near p 0.71 and the resistive
mode near p 0.51 until t - 6.1064s. Moreover, no clear Te perturbations are observed in the
region p = 0.58 0.65 even just before the first thermal quench. Therefore, the n = 3/1
tearing mode near p = 0.71 and the resistive mode near p 0.51 are different modes; i.e. each
mode is localized around the corresponding rational surface and grows independently of each
other.

For the last two cycles just before the first thermal quench, however, these Te pertur-
bations oscillate with the same frequency. The phase matching behavior of the perturbations
between spatially separated modes and the following first thermal quench resulting in formation
of a global rn/n 3/1 mode suggest that mode coupling of two modes, i.e. an inner mode (a
resistive mode at the large VTe region) and a tearing mode at the outer q = 3 surface, in the
nonlinear growth phase is the route to the first thermal quench.

4. Stability Analysis of the First Thermal Quench
Stability analyses of ideal and resistive instabilities were carried out to identify instabil-

ities triggering the first thermal quench in the particular discharge discussed in Fig. 1 by using
equilibria reconstructed consistently with the experimental data. In addition to the ERATO-J
code [4] and the BETA code [5], we used the MARG2D code for ideal low n kink modes and
resistive (tearing) mode analyses 6]. The linear stability code MARG2D can identify a stable
state against ideal low ni kink modes and calculates a stability parameter of tearing modes, A',
including the effects of finite fi, toroidal geometry in the free boundary condition. Evaluation
of the stability criterion, DR. was done following the expression given in RefJ[7j.

Plasma parameters just before the first thermal quench are ON= 0.77, 0p = 0.70,
q,-,,= 2.1 and q* = 4.85. Here, q* (= 5a BT/(2RIp)[1 + 9i+ 262 - 1.26')]; BT: toroidal

magnetic field, R: major radius, i',: elongation, 6: triangularity) is a safety factor near the plasma
edge. The difference between q* and qq95 is usually less than several percent of q*.

First, we confirmed that the equilibrium just before the first thermal quench is stable
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against an ideal n1 = 1 kink and high n ballooning modes. Figure 2 shows eigenfunctions of
the stable ideal n = 1 mode calculated by the MARG2D code in the free boundary condition.
It is revealed that A' is positive (destabilizing) only at the outer q 3 surface (A',u > 0)
and A' at any other mode rational surfaces with respect to ri= 1 such as q = 4 and q = 5
were negative (tearing modes are stable). On the other hand, it is also revealed that the stability
criterion of resistive interchange modes is broken (DR > 0) near the inner q = 3 surface (Fig.
2). Considering the above-mentioned experimental evidence and the results of the stability
analyses, we conclude that the growing mode in the large VT, region near the inner q 3
surface is the resistive interchange mode. Now, we found a remarkable fact that the localized
resistive interchange mode in the negative shear region leads to the first thermal quench through
a mode coupling in the nonlinear phase with a tearing mode in the positive shear region.

5. MILD Behavior After the First Thermal Quench
Figure 3 shows time evolution of Te perturbations in the process of the major collapse

and Te profiles just before and after the first thermal quench. Since the plasma equilibrium
after the first thermal quench is unknown, the radial position of each channel is given by the
major radius, R (). After the first thermal quench, the T, profile changes drastically near the
large VTe region and the internal transport barrier is destroyed. Then, the change of Te profile
extends to the wider radial region accompanying a global rn/n = 3/1 mode within 240 jis,
which is longer than the typical time scale of ideal instabilities and shorter than the typical one
of resistive instabilities. The amplitude of higher n(Ž 2) modes is less than 10% of that of
n = 1 mode. The global rn/n = 3/1 mode lasts for 2.6ms which is longer than the growth time
of the resistive interchange mode in the linear phase. The waveforms of Te after the first thermal
quench suggests existence of magnetic islands near the innermost channel (R = 3.741im) in the
early phase (t - 61086s) and growth of magnetic islands near the outermost channel (R=
4.033m) until occurrence of the second thennal quench (Fig. 3(a)).

The MHD behavior throughout the first thermal quench suggests that the nonlinear cou-
pling of a resistive interchange mode with a tearing mode evolves in the time scale longer than
that of ideal instabilities but shorter than that of resistive instabilities without the contribution
of higher Fourier harnonics (n > 2).

6. Conclusion
Resistive interchange instabilities were studied in JT60UJ. It is found that radially local-

ized resistive interchange mode leads to major collapse through nonlinear mode coupling with
a tearing mode in positive shear region.
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Fig. 1. ime evolution of electron temperature, T, (a) during the process of a major collapse, and (b) just before
the first thermal quench. Thne vertical broken lines show the times of the first, second and third thermal quenches.
Radial profiles of electron temperature Te, q are shown in (c) and a radial profile of amplitude of Te perturbations
normalized by the local T, gradient, T~,~l VTe, just before the first collapse is shown in (d). Here, closed circles
mean ECE channels on which obvious perturbations were observed, while open ones mean ECE channels on which
observed perturbations were in the noise level.
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Fig.2: Eigenfunctions of m =2 5 (n =1) modes calculated by the MARG2D code in the free boundary
condition (d/a = 1.8; d: wall radius, a: plasma minor radius). A q-profile employed in this analysis is shown ad
a solid line. Here, O3N = 1. 11 and qed1ge 4.87.
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Fig.3: (a) Enlarged wa veforms of T, in the process of a major collapse and time evolution of radial profiles of (b)
T, and (c) relative change of Te, AT,/Te, by the first collapse.
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4.2 Wall stabilization experiments on JT-60U

S. Takeji, S. Tokuda, T. Fujita, T. Suzuki, A. sayama,
Y. Sakamnoto, S. de, Y. Kamada, G. Kurita and The JT-60 Team

1. Introduction
Wall stabilization of ideal low r (: toroidal mode number) kink modes is crucially important
in reversed shear discharges for the high 43 discharges such that 43N > 4 3no-wall, since 4 3Zo-,a11 of
reversed shear configurations is relatively lower than those of conventional tokamnak configura-
tions [ . Here, O3N is the normalized 43 and /3O-all is magnetohydrodynamic (MHD) stability
limit against low n kink modes with the ideal wall at infinity. Then, suppression of resistive wall
modes (RWMs), which appear when 43N > 43O-wall owing to the finite resistivity of the wall, is
required for further improvement of the achievable /3 and for the steady state [2]. Resistive wall
modes are ideal external kink modes with the reduced growth rate of the order of rw- by the
wall, here T-w is the penetration time of magnetic field into the resistive wall [3]. Here, results of
wall stabilization experiments and MHD characteristics of RWMs on JT-60U are described 4].

2. Improvement of Achievable Beta by Wall Stabilization
Plasma performance of JT-60U reversed shear discharges was often limited by MHD instabil-
ities which result in major collapse in the wide O3N regime. Figure 1 shows O3N at the time of
major collapses as a function of q* in reversed shear discharges. In the case of L-mode edge
discharges with the plasma shape of d/a 2 (here, d: the distance from the magnetic axis
to the outer wall, a: the plasma minor radius), the achievable O3N is lower than 2.3. The up-
per boundary of the achievable O3 N was confirmed to be consistent with 4 3O-wa1 of an n = 1
kink mode. The achievable O3N was improved up to 2.6 in discharges with an H-mode edge.
Relatively higher O3N was also achieved in discharges with the plasma shapes of d/a < -1.3.

Enhancement factors of the achievable O3N, EW = wa/lN" were estimated for two
discharges; ie. one is an L-mode edge discharge with d/a -' 2.0 and the other is a discharge
with d/a < 1.3. In the case of the former discharge (#24715), the achieved f3N is 2.02 and
evaluated 43ON"ll by using the ERATO-J code is 2.2, then Ew 0.92. On the other hand, in
the case of the later discharge (#35167), the calculated 43~o wall is '. 2.2 while the achieved O3N

was 2.6, then we obtained Ew -'. 1. 18. Thus, the wall-stabilization of ideal low n kink modes
was confirmed in the discharge with d/a < 1.3.

It is also remarkable that major collapses in the lower O3N region hardly occur in the case
of discharges with d/a < 1.3. A possible reason is that resistive (tearing) instabilities which can
relate to major collapse at the low O3N region are stabilized by the wall. We investigated the effect
of boundary conditions on A' numerically by using the MARG2D code [5]. Figure 2 shows
dependence of A' at the inner q 3 surfaces (A~,ir) and A' at the inner q 3 surfaces (A' out)

on the parameter d/a. It was confirmed that A'Ou changes from positive to negative with
decreasing d/a, while significant change is not observed on A~j0 by changing dia. Since the
outer q 3 surface is close to the plasma surface, A'u is affected by the boundary condition
more strongly. The critical value of d/a to make A', negative (stabilizing) is d/a - 1.4. This
result means that free-boundary modes play an important role for stability of resistive (tearing)
modes at the outer mode rational surfaces and resistive (tearing) modes can be stabilized by a
conducting wall as well as ideal low n kink modes.
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Another theoretical analysis based on the large aspect ratio, cylindrical model has shown
that tearing modes can be stabilized by the resistive wall, provided the plasma rotation frequency
exceeds -r- (-w, is the magnetic field penetration time into the wall) and a characteristic tearing
growth rate [6]. Estimated -r of the JT-60U wall is about 10 ms and a characteristic tearing
growth time, TR, is the order of millisecond or much longer. Since the typical toroidal rotation
frequency, ftor, of JT60Us reversed shear discharges is several kilohertz and thus is much
larger than both of rw' and -r~l wall-stabilization of tearing modes is expected by the actual
plasma rotation. Resistive wall modes are, however, not stabilized by such a actual plasma
rotation as mentioned below.

Cl (dla<1 .3)
* H-mode edge (dla>1 .5)
o L-mode edge (dla-2.0)

with dla>1.5
935167 10 j=0.75, qed 0=4.87

4~~~~~~4
E 2 0

z 4 ~~~~~~~~~~~~~~*A'3,Ini

-10

-15 .I 2 3 4 5 6 7 8 ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~1 1.2 1.4 1.6 1.8 2

Fig. I. Occurring region of disruptions or major col- Fig.2. Dependence of stability parameter of tear-
lapses in the OiN - q* plane in several type of JT-60U ing modes, A', on the ratio d/a. Here, A~j. and
reversed shear discharges. Open circles are data with Autae'atheinrndoerq=3 rto
the L-mode edge with the plasma shape d/a 2.0. na3uraes esetiey
Closed diamonds are ones in discharges with the H- nasuyesrspcil.
mode edge with the plasma shape d/a > 1.5, and
open squares are ones obtained in discharges with the
plasma shape d/a < 1.3. The large circle and square
are typical discharges with the L-mode edge with the
plasma shape dia - 2.0 and with the plasma shape
d/a < 1.3, respectively. The evaluated enhancement
factor Ew, was 0. 92 for the former discharge and
was 1. 18 for the later discharge.

3. Parameter Dependence of Growth Rate of RWM
The wall-stabilized high O~N reversed shear discharges are almost always terminated by disrup-
tion accompanied with n=l modes which are attributed to RWMs at O3 N > 2.4 (Fig.3). No
significant reduction of the plasma toroidal rotation frequency (-4 kHz near the outer rational
surfaces) is observed under the condition that Ew > 1. Dependence of the growth rate of the
n = 1 modes on the plasma volume, Vp, (larger Vp, corresponds to smaller d/a) and on the
edge safety factor, q* ( (5a 2 BT/2Rp[l ± K.2 (1 + 262 _ 1.263)] , here, BT is toroidal field,
Rt is major radius, Ip, is plasma current, r, is elongation and 6 is triangularity) are investigated
to reveal characteristics of the wall stabilization effects and the RWM. We confirmed that the
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growth rate of the n = 1 is much larger than T (w - 10 ins) with V < 7m' (d/a > 1.3)
and reduces to - Tl with Vp > 72m 3 (d/a < 1.3) (see Fig.4(a)). We also confirmed for the
data with V > 72M3 that the growth rate is enhanced when q* is close to integer values such
as q* = 4 or 5 (see Fig.4(b)). These results clearly shows that the wall stabilization is effective
when the plasma surface is close enough to the wall (typically dia < 1.3) but is ineffective if
the safety factor near the edge (q*) is close to an integer value.

0 (T15) #36576
0.1 nlY1, -

0.05

L0 0 s
n=2

0.05 ~~~~~~~~~~~~~~Fig.3. Time evolution of n = 1, 2 and 3
components of perturbed magnetic field

.1. ~~. i~~L IF measured by a saddle-loop array.

9.28 5.29 5.3 5.31 5.32 5.33
lime (s)

(a): (b)

2.0 ~1.0d/a-1.3

1.0 ~0.5

0 *,-- 0

50 60 70 80 90 3 4 5 6
VP ( 3) q

Fig.4. Dependence of growth rate of the n = 1 RWMs, y, on (a): plasma volume, Vp i- d/a) and
on (b): q*.

4. Performance of Wall-stabilized Reversed Shear Discharges
As above-mentioned, by pushing plasmas close to the wall (d/a < 1.3), the achievable i3 is
improved up to 2.85 owing to the stabilizing effect of the wall (see Fig. 1). Such high O3N reversed
shear discharges have other suitable characteristics for the advanced tokamak operation. One is
that the bootstrap current fraction is more than 60% (the plasma current I= 1.0 MA, the safety
factor near the plasma edge q* (- q 5 ) - 5) with the poloidal beta Op - 2. The other is that the
confinement does not degrade in the high normalized density regime of n,/nGw - 1. Figure
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5 shows dependence of the confinement improvement factor, LI89p, on the electron density
normalized by the Greenwald density, fle/ncGw. The confinement parameter H89p seems to be
increasing with increase in the electron density njn/~w. This tendency is expected to be due
to the internal transport barrier is reversed shear discharges and is different from that of normal
shear discharges such as the high-3p H-mode. If the neutral beam power loss by the toroidal
ripple is taken into account, H839p is 3.2 at nle/fcw- 0.8.

4-

3 ~~~ .. .ripple loss
is subtracted

2 c
0

Fig. 5. Confinement improvement factor
Hpversus electron density normalized

- - - - ~~~~~~~by the Greenwald density, n, /flGW.

%4 0.6 0.8 1 1.2

5. Conclusions
Wall stabilization of reversed shear discharges were demonstrated on JT60U. It is confirmed
that both of resistive (tearing) and ideal modes can be stabilized by the wall when the wall
is close enough to plasma surface (typically, d/a < 1.3) and high 03 discharges with O3N >

nowall
ON were obtained. Resistive wall modes were observed in the high /3 discharges and

it is also confirmed that the wall stabilization is effective when the plasma surface is close
enough to the wall (typically d/a < 1.3) but is ineffective if the safety factor near the edge
(q*) is close to an integer value. Wall-stabilized high /3 reversed shear discharges have suitable
characteristics for the advanced tokamak (steady state with full non-inductive current drive)
operation; i.e. simultaneous achievement of high bootstrap current fraction more than 60%
with high confinement at the high normalized density regime.

References
[ 1] J. Manickam, et al., Nucl. Fusion 39 (1999) 1819.
[2] E.J. Strait, et al., Nucl. Fusion 39 (1999) 1977.

A.M Garofalo, et al., Nucl. Fusion 40 (2000) 1491 and papers cited therein.
[3] A. Bondeson, et al., Phys. Rev. Lett. 72 (1984) 2709.
[4] S. Takeji, et al., Nucl. Fusion to appear.
[5] S. Tokuda, Watanabe, T., Phys. Plasmas 6 (1999) 3012.
[6] A. Bondeson, M. Persson, Nuci. Fusion 28 (1988) 1887.

- 68 -



JAERI-Review 2002-022

4.3 Complete stabilization of a tearing mode in steady state

high Pp H-mode discharges by the first harmonic electron
cyclotron heating current drive [1, 2]

A. Isayama, Y. Kamada, S. de, K. Harnamatsu, T. Oikawa,
T. Suzuki, Y. Neyatani, T. Ozeki, Y. Ikeda and K. KaJiwara.

Tearing mode stabilization experiment using EC wave was started in 1999 [31. In JT-
60U, the stabilization experiments have been performed using the first harmonic 0-mode EC

wave, which is the same as in ITER [4]. Complete stabilization was not achieved in 1999

although magnetic perturbations and electron temperature perturbations were decreased

during EC injection [5].
In 2000, two gyrotrons were newly installed. Design value of the total generation

power was increased to 3 MW, which corresponds to the injection power of about

2.3 MW [ 6]. Furthermore, control system for the steerable mirror was modified so that the

mirror angle can be changed during a discharge. Stabilization experiment was performed in

the similar way as in 1999, where the mode location was estimated from profiles of electron

temperature perturbations and safety factor. Mode location was also identified by scanning
the steerable mirror during a discharge. By fixing the mirror angle at the optimum one, a

neoclassical tearing mode with m/n=312 was completely stabilized. In a typical discharge
where the complete stabilization was achieved, EC driven current density is calculated to be

about 0. 15 kA/M2, which is about twice as large as bootstrap current density. Total EC driven
current is calculated to be about 25 kA, which is 2% of plasma current. Stored energy and

neutron emission rate were higher (by 12% and 18% respectively) for the case with EC wave

injection than that without EC wave injection, which suggests that the reduction of the stored

energy and the neutron emission rate was recovered by the tearing mode stabilization. It was

found that only partial stabilization was achieved in the higher beta region. A possible reason
is that EC driven current is not enough to compensate the 'missing' current.
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4.4 Characteristics of neoclassical tearing modes in high Pp~ H-mode discharges [1]

A. Isayama, Y. Kamada and T. Ozeki

In order to sustain a high beta and high confinement plasma, it is important to

investigate the characteristics of neoclassical tearing modes (NTMs) because they limit the

achievable beta. Onset condition of NTMs in high PP H-mode discharges, such as density

dependence of onset f3N, has been investigated [2]. In 1999, collisionality dependence of
Onset fON normalized by Larmor radius was investigated, and it was found that dependence of
ion Larmor radius p is stronger than that of electron collisionality v,* (N/Pi*CV,*O. 6) [3].

In 2000, dependence of mode number on discharge condition has been investigated

using database containing more than 250 high PP, H-mode discharges. It was found that
NTMs with n=2 (m is typically 3) and n-3 (m is thought to be 4 or 5) are observed only in the

region of OpA>.6 and q95<4 .5. Existence of the lower limit of PP suggests a characteristic of
NTM: NTMs are not destabilized in a low beta region because of small bootstrap current.

Existence of the upper boundary of q95 can be understood by considering the relation
between the pressure and the safety factor profiles: in low-q discharges, mode rational
surfaces for 4/3, 32 and 53 modes are located in the region of 0.3<p<0.7 , where steep
pressure gradient, which suggests the existence of high bootstrap current, is also observed; in

high-q discharges, on the other hand, the mode rational surfaces are not located in this region.
In some discharges, neoclassical tearing mode is not observed even when the value of

ON/Pi, exceeds the threshold for the mode onset. This fact suggests that there is another factor
which determines the onset of neoclassical tearing modes. Effects of the profiles on the mode

onset have been investigated by comparing between the high PP~ H-mode discharges with and
without NNB. It was found that by replacing a part of PNB power with NNB3 an m/n=2/1
mode was suppressed in spite of higher beta. One of the reasons is considered to be a

difference in pressure profiles: by injecting NNB, pressure gradient at 0.3<p<0.7 was
decreased and thus bootstrap current was decreased. This fact suggests that the beta limit for
NTM can be improved by pressure profile optimization using NNB.

Hysteresis in beta value has been investigated in detail. It is found that in a fixed

discharge condition (Ip=1.5MA, Bt=3.6T, q95=3.8 , =0.19, c=1.5) the normalized beta at the
mode onset ION on is about 3 times as large as that at the mode disappearance fPNoff : P3Non=l.6

and f3Noff=0.5. Hysteresis in ion temperature gradient at the mode rational surface, which is a
good measure of pressure gradient, is also found: the ion temperature gradient at the mode
onset is about twice as large as that at the mode disappearance.
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4.5 Influence of M11D instabilities on N-NB current drive['
T. Gikawa, A. Isayama and Y. Kamada

Current drive capability of N-NB has been experimentally evaluated in the high electron
temperature regime (T, =l1 keV) and confirmed to agree with the theoretical prediction [ i].
This validity of theoretical prediction for N-NB current drive was concluded for MI-ID-quiescent
plasmas. However, various instabilities such as sawtooth, beam driven instability and neoclassi-
cal tearing mode (NTM) appear in tokamak plasma. Here, influences of beam driven instability
and NTM on current drive are briefly summarized. Details are described in Ref. [ 1]

1 Beam driven instability

In the low density plasmas with beam pressure of N-NB comparable to thermal pressure, a
burst-like instability sometimes appeared. Reduction in neutron yield was observed at a large
burst activity in the pulse E036546 (, 0.65 x 10 1 9 M-3 ) . This instability was considered to
occur in the central region (r/a < 0.3) from the observations that loop voltage inside i/a = 0.3
and T, at r/a 0.3 increased just after burst. Observed reduction in central T., was too small to
explain increase in loop voltage. Thus, increase in loop voltage indicated loss of non-inductive
current. In this discharge, bootstrap current and P-NB current drive were negligibly small be-
cause of low pressure and j3p and balanced injection of tangential P-NB. Consequently, it can
be considered that reduction in non-inductive current was caused by loss of N-NB fast ions
carrying current. Lost driven current of N-NB inside r/a < 0.3 was estimated in maximum
to be -. 4OkA corresponding to 7% of total N-NB driven current. In most cases in other dis-
charges with similar instabilities, clear influence on plasma as in the case mentioned here was
not observed. Thus, reduction in N-NB driven current was not serious in present experiments.
However, with higher beam pressure and different safety factor profile, there is a possibility that
degradation of current drive caused by the instability can not be negligible.

2 Neoclassical tearing mode

In high beta discharges, neoclassical tearing instability appears when the normalized beta
reaches the onset level. Reduction of the neutron production rate or saturation of its increase
were observed during the instability. From comparison of the measured neutron yield with the
calculated one by the transport code, we can discuss the influence of the instability on fast ions.
We have concluded as:

Reduction of neutron yield indicates loss or redistribution of fast ions.
Influence for N-NB ions was larger than that for lower energy beam.
Influence on beam ions was enhanced with increasing activity of instability.
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4.6 Collapse of density pedestal by giant ELM on JT-60U

N Oyama, K Shinohara, Y Kamada, Y Miura, T. Oikawa and S. Takeji

The effect of instantaneous heat and particle pulse on divertor due to the individual

ELM pulses is now recognized as one of the critical issues. However, the mechanism and

characteristics of an ELM pulse are not clear, because diagnostics with high spatial and time

resolutions are required for detailed observation of each ELM pulse. Recently, two channels

of the 0-mode heterodyne reflectometer system have been installed at midplane on JT-60U to

measure the behavior of cut-off density positions, that enable the observation of such fast

phenomena as ELMs in good time and spatial resolution. The 0-mode reflectometer system

successfully measured the phase change of reflected signal without any kind of filtering

correction. Observed phase change shows the density profile deformation together with the

time scale of each ELM phase, precursor in density fluctuation and consequences such as Da

burst and SOL density increase.

From the phase evolution of reflected signal, an ELM event can be classified into the

precursor phase, collapse phase, recovery phase and relaxation phase. The typical time scale

of each phase is 200-500 gs, 100-350 gs, 200-500 ps and 6-10 ins, respectively. Due to a

collapse of pedestal structure in a density profile by one ELM, a certain density layer, located

near the shoulder of the pedestal, moved about 7 cm inside the plasma in collapse phase. The

cut-off layer reached 10 cm inside the separatrix, which corresponded to twice the pedestal

width of -5 cm. However, we did not obtain the inner information such as the radial extent

suffering from ELMs and how fast the ELM effects reach the inner plasma. In the relaxation

phase, the increase of SOL density was observed in both reflectometer and interferometer as a

result of enhancement of recycling at the divertor region due to the ELM heat load. The finite

time delay between reflectometer signal and D.. signal was obser ved and varied in a range of

105 to 195 ps (average 148 ps). Since the connection length, L,, is about 28 m, mean velocity

of ELM pulse, VELM, is simply estimated to be 1 *9x i05 M/S. When we assume VELM C,:: , the

mean temperature of ELM Pulse is estimated to be 370 eV, which corresponds to 1/8 of the

pedestal temperature. A precursor that has the displacement gradually growing up to ± 1 cm in

a density profile is clearly observed in the reflectometer signal, though there is no clear

precursor in magnetic fluctuation. Although the pedestal collapse reached 10 cm inside of the

separatrix, the different response on the density signal between reflectometer and FIR

interferometer was observed. From the evaluation of particle loss and supply during an ELM,

a poloidal structure in an.ELM event, such as a localized structure on the low-field side of the

plasma, is supposed as one of the possible structures.
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4.7 Alfv~n eigenmodes driven by energetic ions in JT-60U

K. Shinohiara, Y. Kusama, M. Takechi, A. Morioka, M. Ishikawa, N. Oyama, K. Tobita,

T. Ozeki, S. Takeji, S. Moriyama, T. FuJita, T. Oikawa, T. Suzuki, T. Nishitani, T. Kondoh,

S. Lee, M. Kuriyamna, the JT-60 Team

G. . Kramer', N. N. Gorelenkov', R. Nazikian', C. Z. Cheng', G. Y. Fu1 ,

A. Fukuyana 2

Instabilities in the Alfv6n Eigenmodes (AEs) range of frequencies can cause enhanced

loss of cx particles in burning plasmas with a high ax particle pressure gradient and can prevent

the plasma from sustaining the* fusion burn. The enhanced ax loss may also damage the first

wall. The understanding of the enhanced fast particle loss caused by AEs is one of the most

important issues for an operation of fusion reactors.

Instabilities with frequency chirping in the frequency range of AEs have been found in the

N-NB injection with high beam energy of 360 keV in JT-60U. Our experiments were

performed with energetic ion parameters similar to those of aX particles expected for ITER:

0. 1 % < <h> < 1 % and vyv,,VA 1. One type of the observed instabilities, the Slow FS

(frequency sweeping) mode, appears with the frequency inside the Alfv6n continuum

spectrum and its frequency increases to a gap frequency of TAE on the equilibrium change

time scale of 200 ins. The frequency of Slow FS modes seems to correlate with the

equilibrium parameters of bulk plasma. Another type of the observed instabilities, the Fast FS

mode, appears with its frequency in the TAE gap. Most of Fast FS modes consist of several

branches with fast frequency chirping; the mode changes its frequency by 10 - 20 kHz in 1 - 5

ins. During the Fast FS mode, abrupt large-amplitude events, ALEs, often appear. ALE has a

large amplitude, which reaches up to fB, 0 10-3 at the first wall, and a very short time scale

of 200 - 400 ps. Large drop of neutron emission rate and significant increase in fast neutral

particle fluxes are observed during these ALEs. The loss of energetic ions increases with the

amplitude of 901B0, The loss appears when the magnitude of magnetic fluctuation is larger

than iO10 at the first wall. Energy dependence of fast neutral particle fluxes is newly

observed by using a CX-NPA. The energy dependence is consistent with the wave-particle

resonance condition. This suggests that "mode particle pumping" loss mechanism is plausible

for explaining the observed energetic ion loss.

We observed AB activity near/in the ITER relevant domain in terms of <Ph> and yv,/v,.

This result indicates a basic message that AE can be destabilized when necessary conditions

are satisfied in the ITER relevant domain, even though there remains differences between the

case of ITER and that of N-NB experiments in JT-60U, e.g. the profile of Ph of our

' Princeton Plasma Physics Laboratory
2 Kyoto University
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experiment is more peaked one, the velocity distribution of ox particles is isotropic. One of the
necessary conditions found in JT-60U N-NB experiments is a low shear q-profile, which

might not appear in a normal operation scenario but will likely appear in an advanced

operation scenario.
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4.8 Nonlinear interaction between MHD instability driven by NNBI and energetic
particles

M. Takechi, K. Shinohiara, M. Morioka, Y. Kusama, S. Takeji, Y. Shibata, M. Ishikawa

1. Introduction
The MHD instabilities driven by alpha particles or energetic particles generated from

neutral beam injection (NBI) or from ion cyclotron heating eject the energetic particles before
their thermalization and lead to degradation of the efficiency of heating and current drive by
energetic particles. It has been reported that MHD instabilities driven by energetic particles
generated from Negative ion source NBI (NNBI) have been observed in JT-60U plasmas [1,
2]. It has been reported that the reduction of neutron emission rate coincides with the MHD
instabilities. Moreover, the MHD instabilities have nonlinear characteristics such as bursting
modulation of amplitude and rapid frequency sweep [1.2]. This reduction of D-D neutron
emission is dominated by reduction of beam-thermal reaction in the NNBI case. Therefore
stabilization of the MHlD instabilities can be explained by prompt loss or redistribution of
energetic particles.

In the case of Alfv6n eigenmodes (AEs), the destabilization term is written as follows

w2
where fi, oT., and F are, the beta value, the drift frequency of energetic particles, the mode
frequency and fraction of energetic particles related to destabilization in the velocity space,
respectively. Prompt loss and redistribution of energetic particles decrease f3 and o.,
respectively. The simplest model of the modes is a simultaneous differential equation, which
is called predator-prey relationship as follows

-d= na (2)
dy
dn

1 -a (3)
dy

where, a, n and y are the normalized amplitude, the normalized population of high energy
particles and the normalized time, respectively. The numerical solutions of the equation are
sinusoidal as shown in Fig. (a). The interval of the period increases as the amplitude of the
mode increases as shown in Fig. 1 (b). We compare this prediction of the interaction between
the mode and energetic particles with experimental observations. We use the amplitude of
magnetic fluctuation instead of that of instabilities and the neutron emission rate instead of
the population of the energetic particles.

2 ~~ normalIzed population. (a) ' 

34 normalized amplitude a.0.1 0
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2. Experimental setup
The magnetic fluctuations are measured with usual Mimnov coils and digitized at a 0.5

or 1 MHz sample rate. We calculate and plot the mode number and the direction of mode
propagation (Pig. 2 (b)) in the range of whole #63
possible frequency and time in addition to the loo: #3693211
usual calculation of power spectral density jI(a
(PSD) of the magnetic fluctuation (Fig. 2 (a)). Z~8 I 

This new plotting method helps us to identify ~.~LL

intricately. 4

3. Experimental results u- 20 1h
0)~ ~ ~~~~~~~~~b

order to increase the ratio of beam velocity to 
Alfv6n velocity and the beta value of high 80 . .*.

energetic ions h. Furthermore, the plasma
current is relatively low (Ip, < 1 MA) in order t 
to emphasize the reduction of the confinement 4 40
of energetic particles. The 360 keV and 80 
keV deuterium neutral beams are injected into U- 20 .

a deuterium plasma. Injected power of the 0
Negative NBI is PB... 3.8 MW and that of 3.5 4.0 4.5 5.0 5.5
Positive NBI is P,BI 2 MW. B = 1.2 T and Tie E

0.6 MA. With the OFMC code <,> and 4 2 0 2 4
.-.-Co Toroldal mode number Cr -

IPhp.ak are calculated to be -0.9 % and 5 %, 2.5 ()
respectively. Figure 2 (a) shows the temporal Magnetic _____________

evolution of contour plot of PSI) of the fluctuation 0- 
magnetic fluctuation. As shown in Fig. 2 (a), (x1O- 3 T)
it is difficult to identify observed instabilities-25'- . .

with presumable MHD instabilities. To avoid neutron 9.5'A 9 /V.\AfL
this difficulty, we calculate cross correlation yield ' 1. J J
between the signals of two magnetic probes (xl101 419) I
separated about 40 degree in the toroidal 4. C55 4.6 4.65 4.7
direction. When the coherence is sufficiently Time s)
high (larger than 0.9 in this paper), we plot the 60~ (d)
respective symbols corresponding to the mode
number and the propagation direction. The 
most intense fluctuation, which is detected 
from 4.2 to 5.5 s at the frequency range of 40- 
60 kHz in Fig. 2 (a), has a toroidal mode 
number of n = and propagates in the co- f4 
direction. The mode is presumed to be AE
because the frequency of the mode is related 3.
to 30 lvnvlctan h ieto f 4 4.4 4.48 4.48

propagation is consistent with that of the AE. Time (s)
The other modes with n=2 or n=3 are detected Fig. 2 Observed magnetic fluctuation in an NNB1
in the frequency range higher than n=l mode. heated plasma with B,= 1.2 T and 4,=0.6 MA.
The modes are also presumed to be AE (a) A contour plot of the amplitude. (b)
modes. Moreover, many modes can be Toroidal mode number and direction of
detected. But we cannot identify all of the propagation. (c) A filtered magnetic
modes. fluctuation calculated by Fourier

The intense n = 1 mode has the two decomposition and neutron yielding. (d)
features in its nonlinear temporal evolution. Detail of the temporal evolution of the mode
One is bursting modulation of amplitude frequency.
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which correlates with a drop of neutron emission rate as shown in Fig. 2 (c). The other is the
rapid frequency sweep shown in Fig.2 (d). Hole and clump pair creation in the particle
distribution function is responsible for this frequency chirping 313. Surprisingly, the
amplitude of this instability reaches - 10-3 T at the vacuum vessel. According to a numerical
calculation, this value of magnetic instability is predicted to be sufficiently large to affect
confinement of high energetic particles [4]. The drop of the neutron emission rate is As/s - 8
% and larger than following experimental results and the intervals of bursts are -30 ms and
are relatively long.

The MH-D instabilities driven by energetic particles are also observed in NNB injected
plasmas with a higher toroidal field and a higher plasma current. They seem to affect the
plasma performance. Figure 3 shows the #37887
contour plot of the magnetic fluctuation in the (a)
integrated high performance plasma with high 140

PP~ mode. The 390 keV NNBI of -5.4 MW N1
' 120

and PNBI of --20 MW were injected into the -

plasma of B,= 2.1 T andI1 = 1.0 MA. To I
achieve the large fraction of noninductive 
current drive the plasma current is set to be 0 80
relatively low. <Ph> and f0hpe are estimated u

by OFMC code -0.65 % and -3 %,_ ______ __

respectively. Figure 3 (a) seems to be very (b)
similar to Fig. 2 (a) in terms of bursting 14
modes. However, in contrast with the burst inN
Fig. 2 (a) which consists of a single mode of 12 7
n = 1, the burst in the Fig. 3 (a) consists of 6
many modes, which have different toroidal 54} 2 ,,i 4 1 ts
mode numbers ranging n=3 to 8 as shown in cr80 =
Fig. 3 (b). Thus, the new plotting method is LL 6
powerful for such instabilities. The 6
fluctuation of lower frequency has a lower 4.0 4.5 5.0 5.5 6.0
toroidal mode number, such as n = 3 in Fig.3 lime (s)
(b). The modes are also presumed to be AEs a 4 2 0
because the frequencies of the modes are c-co Toroldal mod number
ranging in the predicted Alfv6n gap Fig. 3 Observed magnetic fluctuation in an NNBI
frequency, and the directions of propagation heated high Pp mode plasma. (a) A contour
of the observed modes are also consistent plot of the amplitude. (b) Aplot of toroidal
with that of the AF. The reduction rate of mode number and direction of propagation.
neutron emission rate and the amplitude of

50, 7887 (a) m (b)
* 36932 c A l 

-~40 A 36379 /0 \ A
E * 37862 t-

E 0 

30 - A a, U - 30

'~~~ 20 ~~~20 *eE

~1 40 1 0 S 37887-
E 36932-
A1 3637Q

0 2 4 6 8 10 12 0 5 10 15 20 25
Drop of neutron yield ()Magnetic fluctuation(10,O0l1msRMS)

Fig. 4 Interval of bursts of magnetic fluctuations as a function of neutron drop (a) and magnetic
fluctuation averaged 0. 1 ms (b).

- 77 -



JAERI-Review 2002-022

the magnetic instability are relatively smaller #76
than those in the previous low BI, plasma; 100 #76

As/s-3 % and B - - T. The intervals of(a
bursts -20 ms is relatively shorter than that in 
the previous plasma. This is consistent with ~ 
the prediction discussed in chap. 2.

The drop of neutron emission rate and ~4
the amplitude of magnetic fluctuations seem to 
be related to interval of bursts, but they are U ./o
widely scattered (Fig 4). The injected neutral .

beam power in the shot of #36379 is half to 2/3 -------- (b)
of that in other shots. Therefore the beam ............ b
fueling rate in #36379 is as small as the beam .' 4
power. The scatter will be reduced taking into 3 
account of such difference in beam fueling. ;60 2
The longer the interval between the bursts of 
the modes are, the more affected by the modes 40
energetic particles are. If the deposition power 1 1
of NNBI does not change so much, we can U 0-. 
easily estimate the influence of the mode on 0 ~
the confinement of energetic particles from the 3.0 4.0 5.0 6.0 7.0 8.0
interval of bursts. Time (s)

The AEs are also observed in RS 4 2 2 4
,c ...Co Toroidal mode number Ctr ->

plasmas in spite of relatively low <f0h> (Fig. 5). Fig 5sere antcfutaini nN
Continuous AE modes are observed in an RS h bervdpasawthrvred magnetic futaini nNB

plasma f B, = .7 T ad I, = .0 MA fom 6.2 shear. (a) A contour plot of the amplitude.
s to 7.7 s. To avoid the minor collapse (b) A plot of toroidal mode number and
responsible for the interchange mode only half direction of propagation.

unit of NNBI was injected. Therefore, <>

and hpa are fairly low; -0.12 % and 0.8 %, respectively. The observed mode does not
seem to affect confinement of energetic particles at present. However in future we will nject
much more NNBI power into plasmas in order to achieve higher performance and larger non-
inductive driven current. In these experiments, we must pay much attention to the interaction
between the mode and energetic particles.

4. Conclusion and summary
We investigate the nonlinear interaction between the MHD mode driven by energetic

particles generated by NNBI and energetic particles. The interval of the burst is related to the
mode amplitude as predicted by nonlinear interaction, so-called predator-prey relation ship, if
we take difference of beam fueling rate into account. We can immediately estimate the
influence of the mode on the confinement of energetic particles from the interval of bursts
from experimental results. However the relation in JT-60U is not so clear in contrast to
results of DIII-D and PBX [31. The reasons are considered as follows. (1) When we consider
the interaction between MHD modes and energetic particles, only prompt loss of energetic
particle is taken into account. Redistribution may play a significant role for interaction
between the MHlD mode and energetic particles in JT-60U. (2) Many modes are destabilized
at the same time or alternatively. We cannot calculate with Eqs. 2 and 3 in such a situation
any more.
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4.9 Analysis of charge exchange neutral particle energy spectrum
during N-NBI beating by using OFMC code

A. Morioka and M. Suzuki

1. Introduction
The negative ion based neutral beam (N-NB) injector is utilized for plasma heating and

current drive in JT-60U. The N-NB injector is also planned to be employed in ITER. The
energy of injected neutral beam has exceeded 350 keV in the JT-60U N-NB system. It is
important to study the behavior of fast ions generated by N-NB for efficient plasma heating
with N-NB. In JT-60U, the high-energy neutral particles have been measured by charge
exchange neutral particle analyzers (CX-NPAs). However, in large tokamaks, the measured
energy spectrum by the CX-NPA is not necessarily equal to that of fast ions and a numerical
calculation is required to relate them. We used the orbit following Monte Carlo code (OFMC)
[1] to calculate the charge exchange neutral particle energy spectrum in N-NB heated
plasmas.

2. Measurement
High-energy neutral particles injected by N-NB are ionized in plasmas by charge

exchange reaction and ionization reaction. The ionized particles collide with ions and
electrons in the plasma. In this process, the energetic ions experience pitch-angle scattering
and slowing down. Most of these ions are thermalized. However, some of the fast ions are
neutralized by charge exchange reaction in the plasma. Neutral particles thus generated have
information on fast ions. The behavior of fast ions has been assessed by using the CX-NPA.

The energy spectrum of charge exchange neutral particles is based on line integration
along the line of sight of CX-NPA. The measured flux at the energy E (ea.JE)) of charge
exchange neutral particles is given by

F.,ea, (E) = .f no * nis < av >,, dl
where ~ is the probability that charge exchange neutrals escape from the plasma without being
re-ionized, n is the neutral particle density, n, is the fast ion density, and <av>c, is the cross
section of charge exchange reaction. In a large tokamak, the probability of reionization of
charge exchange neutrals is not negligible (namely ~ is less than unity) and it is difficult to
estimate . We cannot obtain the energy distribution of fast ions directly from the measured

spectrum of CX-NPA.

3. Calculation
We use the orbit following Monte Carlo code (OFMC) to calculate the energy spectrum

of charge exchange neutral particles during N-NB heating. In OFMC, orbits of many test
particles are followed during its slowing-down process. We calculate the probability that each
test particle at each step of slowing-down process experience charge exchange reaction,
escapes from the plasma, and enters into the slit of CX-NPA by
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PC. P~i An.
Here P.,, is the probability that the fast ion experience charge exchange reaction on the line of
sight of CX-NPA, P,, is the probability that charge exchange neutrals escape from the plasma
without being re-ionized, and An is the probability that the velocity vector of fast ion is
directed to the entrance slit of CX-NPA. We calculate P, P,, and A for each step of
slowing-down process of each test particle and add them to obtain the energy spectrum. The
calculated spectrum is shown in Fig.l1. Now we can calculate the expected charge exchange
neutral particle with the OFMC code.

We will compare the calculated energy spectrum of charge exchange neutral particles
with the measured one.

Reference
[1] K. Tani, et al., J. Phys. Soc. Jpn. 50, 1726 (198 1).
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Fig. 1 . The calculated CX energy spectrum with N-NB heating by OFMC-code

(E032359 (t= 4.5 s)).
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5. Plasma Control and Disruption

5.1 JT-60 plasma shape real-time reproduction system based on the Cauchy-condition
surface method

YM. Miura, K. Kurihiara, Y Kawamnata, T. Fukuda, Y Hoshi,
0. Kiyoshi, T. Kakefuda, K. Akiba, S. Takashima

1. Introduction
Accurate control of plasma position and shape is needed from the viewpoint of advanced

plasma control, effective RF heating, and protection of in-vessel devices such as the divertor
dome. The function parameterization method (FPM) has been used for JT-60 plasma
real-time control, in which the parameters of plasma position and shape are calculated through
the formulas statistically determined using the method of least-squares from the numerical
database of plasma equilibria. This method, however, has the problem that the accuracy
significantly deteriorates for a plasma outside the operating region covered by the equilibrium

database.
In order to solve the problem and to meet the performance required for advanced plasma

control, a new plasma shape real-time reproduction system has been developed. In this
system, a novel plasma reproduction technique, called the Cauchy-condition surface (CCS)
method [2], has been applied to real system for the first time. This method is based on
analytical exact solution of Maxwell's equations, where a Cauchy condition (both Dirichlet
and Neumann conditions) be identified on the hypothetical surface located inside a plasma.
For the specific problem, the Cauchy condition of the magnetic field and flux are calculated
from the actual signals of magnetic sensors and poloidal field coil currents. After
identification of the Cauchy condition, the magnetic flux can be calculated at any points
outside the CCS. A separatrix, for example, can be searched for as a magnetic flux contour
passing an X point.

As compared with FPM, the CCS method has the following advantages: (a) accurate
detection of various plasma position and shape parameters is possible in the broader
operational region (no need to make database); (b) reproduction accuracy can be improved
corresponding to the increase in the number of sensors. In addition, this method uses only
"9straight forward" calculation while proper positioning filaments is necessary for "the
filament current approximation (FCA) method` commonly used for full shape reproduction.
Thus (c) this method is preferable for real-time control system.

2. Real-time system
The newly developed real-time control system consists of five processors connected by

PCI- bus system. The CPU is Alpha processor 21164 (500-MHz) with 512-MB memory.
This memory size permits to employ the table-look-up" method for extreme reduction of
computing time. First, the current weight centroid position (Rj, Zj) of plasma is calculated in
a 250-gs cycle by the CPU#l. This determines the CCS position. Second, an X-point
position X is searched for as a saddle point of the magnetic flux by the CPU#2.
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Consecutively, CPU#2 and CPU#3-5 trace the 0. E373

contour lines in their own zone in the vacuum o. 1 ccs - FAME]

vessel in parallel. After this, the contour lines 'I -0. 1 REERENCE

are composed into a continuous separatrix line. _ 0 2_____________
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RP, triangularity , clearance 80 between the 0 FM

vacuum vessel wall and plasma surface, are -0. 1 .
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3. Application 0.5.
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4. Summary
The new real-time reproduction system has

been started to work in the experiment. The Loca peak
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r-.Jen 
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5.2 Development of a real-time NTM detection and EC injection system

A. Isayama, T. Oikawa, T. Fukuda and S. Sakata

1. Introduction

In high Pp H-mode discharges, neoclassical tearing modes (NTMs) such as m/n=3/2

and 2/1 appear and limit the achievable beta [1-5]. Here m and n are poloidal and toroidal

mode numbers, respectively. Theoretical simulation on ITER shows that electron cyclotron

(EC) power needed to stabilize an NTM can be reduced if the EC wave is injected in an early

phase of the mode growth [61, indicating the importance of real-time NTM stabilization.

Experimental results in JT-60U show that the structure of magnetic island can be measured

using the heterodyne radiometer [7] and that a 3/2 NTM can be completely stabilized by

using the 1 10 GHz ECRF system [8], which encourages to develop a real-time NTM

stabilization system. In this section, a system description for the real-time NTM detection and

EC wave injection is given. Initial experimental result and prospects for real-time detection

of mode location are also described.

2. Real-time NTM Detection and EC Injection System

Schematic diagram of the signal transmission between the heterodyne radiometer

system (HRS) and the real-time processor (RTP) [9] is shown in Fig. 1. ECE signal measured

by the HRS is first sent to an electrical-to-optical (EO) converter through coaxial cables with

bayonet Neil-Concelman (BNC) connectors. Frequency range of the EO converter is 0 to 20

kllz, which is enough to measure the electron temperature perturbations caused by NTMs

because typical frequency of the perturbations is less than 10 kHz. After being transmitted

through 200 m optical fibers whose transmission loss is much smaller than that of coaxial

cables, the signals are sent to an optical-to-electrical (OE) converter in a cubicle located at an

electromagnetically isolated area, and converted to electric signals as an input to the RTP.

Algorithm to evaluate a perturbation level of electron temperature is needed to be as

simple as possible to reduce the calculation time. We consider the standard deviation of the

signal as a measure of the perturbation level, which are defined as follows:

M X(Tnm)2/m m =jIXTn
Nn~~~~l N ~~~n=1

Here, Tn is electron temperature in the n-tb channel, and m is the average of the temperature.

N is the number of data to be calculated in a step, and it is set at 100. This method is

advantageous in that the perturbation level can be evaluated without calculating a frequency

spectrum. The perturbation level can be evaluated even when the output of the HRS is not

calibrated because the standard deviation is normalized by the average of the signal. The
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average m is also used for electron temperature feedback control. There are three steps in one

cycle of the calculation: initialization, data acquisition and calculation. Calculation time in

each step is measured to be about 0.5 ins, 1 ms and 0.5 ins, respectively.

Figure 2 shows an example of the display to set the experimental conditions. In this

display, the following conditions are designated: (1) whether the feedback system is used or

not, (2) when to start the feedback, (3) when to quit the feedback, (4) how to monitor the

signals, (5) location to be monitored, (6) channel to be monitored, (7) when to quit the EC

injection, (8) criterion for starting EC injection, (9) criterion for quitting EC injection, and

(10) EC pulse width. The fourth item specifies how the signal is referred to, namely, either

the channel nearest to a specified position is monitored, or a specified channel is monitored.

The value in the fifth item is referred to in the former case, and the value in the sixth item is

referred to in the latter case. In the discharge shown in Fig. 2, channel 3 is used for

monitoring the electron temperature perturbations. The seventh item specifies when to quit

the EC wave injection: whether the EC wave injection should be stopped when the

perturbation level reaches below the specified level, or the EC wave should be injected for a

specified duration. The value at the ninth item is referred to in the former case, and the value

at the tenth item is referred to in the latter case. In the discharge shown in Fig. 2, the EC

pulse width is set at 2000 ins.

3. Application to Experiment

Typical waveforms in a real-time NTM detection and EC injection experiment are

shown in Fig. 3. Plasma parameters are as follows: plasma current Ip=l.5 MA, toroidal field

B,=3.6 T, major radius R=3.2 m, minor radius a=0.77 m, safety factor at the 95% flux surface

q95=3.9, elongation ic=1.6, triangularity =0.20. EC injection angle is set at 430, which is

optimum to stabilize a 3/2 NTM in this configuration. Neutral beams of 19 MW are injected

at t=4.8 s, and a 3/2 NTM starts to grow at t=5.7 s, as shown in Fig. 3(a). As the amplitude of

magnetic perturbations with n=2 increases, the perturbation level (Fig. 3(b)) also increases.

Note that the perturbation level is not equal to zero even without NTMs because a

perturbation level of about 1.3% corresponds to the noise level. When a perturbation level

exceeds the designated criterion, which is 2% in this discharge, a control signal to inject EC

wave is turned on (Fig. 3(c)). In this discharge, EC wave is injected about 200 ms after the

mode onset. Although power and pulse width of the EC wave were not enough to stabilize

the NTM due to insufficient conditioning of gyrotrons, it is shown that the feedback system

functions satisfactorily.

The EC injection angle is fixed at the optimum in the above experiment. However,

mode location also has to be identified in real-time because it can be changed during a

discharge. In general, mode location can be identified by measuring amplitude or phase of
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electron temperature perturbations. When electron temperature fluctuations near a magnetic

island are measured, reduction of the amplitude is observed at the center of the island, and

phase inversion is observed across the center of the island at the same time . Thus, there are

two ways to find out the mode location. We investigated the possibility identifying the mode

location by evaluating the amplitude of electron temperature fluctuations using the above

system. Figure 4(a) shows amplitude profiles of electron temperature perturbations in shot

E37774. As shown in this figure, decrease in amplitude is observed near the position of

channel 5. According to a phase profile of the electron temperature perturbations evaluated

by using fast Fourier transform (Fig. 4(b)), phase inversion is observed across channel 5,

which suggests that the center of the island is located at this positi on. Although it is found

that signals in each channel are needed to be smoothed to improve the signal-to-noise ratio,

this result shows that mode location can be also identified in real-time with minor

modifications of the present system.

4. Summary
System for real-time NTM detection and EC wave injection was developed. In 2000,

amplitude of electron temperature perturbations was successfully evaluated in real-time, and

EC wave was injected about 200 ms after the mode onset. It was also shown that the mode

location can be identified with minor modifications of this system.
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5.3 Runaway current termination at the plasma disruption [1]

H. Tamai, R. Yoshino, S. Tokuda, G. Kurita, Y. Neyatani, M. Bakhtiari',

R. R. Khayrutdinov2, V. Lukash', M. N. Rosenbluth 4

The runaway current, generated at the plasma disruption should be avoided and suppressed

in order to mitigate the plasma wall interaction. Shutdown of runaway electron current is

successfully performed during the simulated vertical plasma displacement event, where the

surface safety factor, q, of the limiter plasma decreases. For a shots with runaway electron

generation, runaway current starts to decrease with the appearance of spikes in magnetic

fluctuations, and disappears before q, decreases to 2.

Many spikes in magnetic fluctuation appeared during the runaway termination. The

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

fluctuation with a fast growth rate of about 3x 10 4 SA is followed by repeated magnetic

fluctuations whose growth rates are slowed down to about 5x10's-1 . Those fluctuations with

slow growth rate decay and terminate the runaway current.

Corresponding to the loss of runaway electrons by magnetic fluctuations, heat flux pulses

are measured at the inner divertor plates, which indicates the wall interaction with the

runaway electrons. Power is deposited on the divertor plates in intensive pulses with a

duration of the order of hundred micro seconds, not as a constant heat load, during the current

decay.

Halo current, measured by the Rogowski coils, during the runaway termination is small,

and increases after the runaway termination (qs< 2) with a dominant toroidal mode of n=1.

The temporal behaviour of halo current well agrees with the DINA-code analysis.
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6. High Density and Improved Confinement

6.1 Impurity behavior in high performance radiative discharges of JT-60U [1]

S. Sakurai, H. Kubo, H. Takenaga, N. Asakura, H. Tamnai, S. Konoshimna, K. tami,

A. Sakasai, S. Higashijima, T. Sugie and JT-60 Team

Transport coefficients of impurity in reversed shear plasma were evaluated and

compared with those in ELMy H-mode plasma. The diffusivity was significantly reduced

(-1/10) at the ITB region in the reversed shear plasma. An inward pinch velocity of -3m/s

was also observed at the ITB region. The inward pinch velocity increases for higher Z

impurities. Radiation loss inside TB was consistent with bremsstrahlung from carbon and

oxygen impurities and less than 15% of absorbed heating power, but Ar enhanced radiation

loss inside ITB due to high electron density and strong line emission from Ar ions inside ITB.

The effect of Ar seeding to the main plasma was investigated in ELMy H-mode

plasmas. The radiation loss was enhanced at not only divertor region but also the main plasma

edge (0.7a) and SOL. The total radiation power inside the separatrix remained •30% of the

total absorbed heating power. Therefore, the mantle radiation did not significantly affect

energy confinement and higher edge temperature and thermal component of stored energy

were maintained up to 0.7nG.

On the contrary, low edge temperature in a strong D2 fueling case degraded thermal

component of stored energy. Therefore, fueling of D2 gas should be minimized to maintain

confinement improvement, but a large fueling rate might be needed to exhaust He ash and

impurity by puff and pump. The ELM frequency was significantly affected by impurity

seeding and D2 fueling. In low Bt cases, the ELM frequency quickly dropped just after Ar

seeding when radiation enhancement was not large yet. The total heat load on the outer target

plate did not change significantly when the ELM frequency decreased to 1/2- 1/3. Therefore

time integrated ELM heat load was reduced with reduced frequency at outer target plate. The

heat load on the inner target plate has not been measured yet.

[1] Sakurai S., et al., J. Nucl. Matter. 290-293, 1002 (2001).
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6.2 High radiation and high density ELMy H-mode plasmas seeded with Ar Li]

H. Kubo, S. Sakurai, N. Asakura, S. Konoshimna, H. Tamnai, S. Higashijima, A. Sakasai,

H. Takenaga, K. tamni, K. Shimnizu, T. Fujita, Y. Kamnada, Y. Koide, H. Shirai, T. Sugie,

T. Nakano, N. Oyamna, H. Urano'l, T. Ishijimna, K. W. Hill"~, D. R. Ermst", A. W. Leonard 4 1

1) Graduate School of Engineering, Hokkaido University, Sapporo, 060-8628, Japan

2) Graduate School of Engineering, Nagoya University, Nagoya, 464-8603, Japan

3) Princeton Plasma Physics Laboratory, P.O. Box 45 1, Princeton, NJ 08543, USA

4) General Atomics, P. 0. Box 85608, San Diego, CA, 92186-5608, USA

The ITER FEAT design requires ELMy H-mode plasmas with a high radiation loss

power fraction at high density. The high radiation loss power fraction is needed for mitigating

the severe problem of concentrated power loading of the divertor plates. Controlled injection

of impurity gases is a promising technique for enhancement of radiation loss power. The

confinement is degraded in the high density range in large tokamaks, and this degradation is a

critical issue for the ITR FEAT design. By injecting impurities, the confinement has been

improved with high radiation loss power in the high density range in some tokamaks. In

ELMy H-mode plasmas of JT-60U,. Ar, which is being considered for injection into ITER-

FEAT, has been injected into the main chamber for confinement improvement and radiation

loss enhancement due to a radiating mantle at high density.

The radiation loss power from an edge region of the main plasma was controlled with

a feedback technique using Ar puffing and divertor pumping. With the feedback control,

quasi-stationary ELMy H-mode plasmas were sustained in the region of PdIIO < 0.8 Pm,,

where Pr.dt an P,,,, are the total radiation loss power and the net heating power, respectively.

When the Ar density was higher than 0.5% of the electron density, the HH,,g(, 2) remained near

unity in the range of n < 0.65 ncw. The H1-1%,y2) was about 50% higher than that in the
plasmas without Ar injection at n = 0.65 nw. An Ar concentration of 0.5% corresponded to

about a 9% reduction in the ion density. The improvement in confinement more than

compensated for the deuterium density reduction by the impurity contamination, resulting in
-50% higher neutron production rates. The confinement was improved in both the pedestal

and core regions. In the discharges with Ar injection, D2 gas puffing rate to increase the

electron density was low, D,, line intensity remained low, and type-I ELMs were maintained

even at the high density. It seemed that by Ar injection the ion temperature at the pedestal was

kept higher at high density and the confinement improvement was kept due to the high ion

temperature at the pedestal.
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6.3 Ne injection into reversed shear plasmas Lii

H. Kubo, S. Sakurai, N. Asakura, K. Shimizu, K. Itami, S. Konoshima,

Y. Koide, T. FuJita, H. Takenaga, S. Higashijima, K. W. Hill`~

1) Princeton Plasma Physics Laboratory, P0 Box 45 1, Princeton, NJ 08543, USA

The reversed shear plasma is a promising candidate for advanced steady-state tokamak

operation. Heat removal by radiation from controlled injection of impurity gases is a useful

technique for mitigating the severe problem of concentrated power loading of the divertor.

Compatibility between the internal transport barrier (TB) and a detached divertor plasma has

been demonstrated by radiation enhancement using Ne injection in JT-60U reversed shear

plasmas [2]. In order to extend such an operation toward high confinement, Ne and Ar have

been injected into reversed shear plasmas with high confinement. On the other hand, impurity

accumulation inside the ITB is a concern in reversed shear plasmas. Radiation enhancement

and impurity behavior have been studied in the high confinement reversed shear plasmas.

High confinement (H89PL > 2) with an ITB and high radiation loss power fraction (Prm/

P',e> 0.7) were simultaneously obtained with Ne and Ar injection. By Ne injection into the

divertor, the radiation loss power was enhanced in the divertor due to an X-point MARFE,

and the divertor plasma was detached [3]. With the divertor plasma detachment, the ITB

became more pronounced, and the H8 9PL increased from 1.2 to 1.6. Ar injection into the main

chamber, however, resulted in excessive radiation loss enhancement inside the ITB [4].

In the reversed shear discharges with Ne injection, the ITB was clearly seen in the

profiles of the electron density, electron temperature and ion temperature. The Ne and C

density profiles were similar to the electron profile. Therefore, it seemed that impurity

accumulation was not significant. From the time evolution of the Ne density profile after Ne

injection, the inward velocity and diffusion coefficient for Ne were derived to be - 3 m / s and

- 0.5 m 2 / s at the ITB, respectively. The inward velocity obtained using neoclassical transport

calculations was 2 m s, and it seemed to be consistent with the experimentally derived

inward velocity. However, the diffusion coefficient obtained using the neoclassical transport

calculations was 0.07 M2 Is, and it was smaller than the experimentally derived diffusion

coefficient.
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6.4 Exploring high density operation of Ar seeded ELMy H-mode plasma

(RI mode trials)

N. Asakura, H. Kubo, S. Sakurai, K. Itami, H. Tamai, H. Konoshima

Degradation of the enhancement factor of energy confinement is observed in the high

density ELMy H-mode plasmas, where large deuterium gas puff rate is required. Impurity

seeding such as argon (Ar) has been found to increase the radiation fraction at the plasma

edge. At the same time, small deuterium gas puff rate is enough to obtain high density H-

mode plasma with relatively good energy confinement.

In 1999, a few trials were done to improve the energy confinement and to increase the

plasma density for the Ar seeded ELMy H-mode plasma, where I1,= .2MA, B,=2.4T, q95=3.6,

8=0.36, ic=1.38, PNB= 17 MW. (1) gas puffing in near-limiter plasma in order to reduce the

deuterium gas-puff rate during increasing the plasma density. (2) radiation feedback control

for Ar gas puff with the outer strike-point on the exhaust slot to increase the pumping rate in

the detached divertor. Although H-factor and radiation fraction were comparable to those in

standard ELMy H-mode scenario, small ITB was observed.

In 2000, the outer strike-point location was scanned from the outer target plate to the dome

plate. Since the peak particle flux shifts to the outer flux surfaces during divertor detachment

location of the outer strike point on the dome might enhance the effect of pumping impurity

ions and neutrals. It is useful to plan future experiments of the radiation improved mode,

which is often obtained in the limited plasma discharges of TEXTOR, DIII-D and JET.

1. Improved confinement at high density

In order to increase the plasma density up to the similar values (n/n GW -0.6-0.65) during

near-limiter configuration (with pNB= 4.3M1W for 2.5 s), plasma density FB3 control was used

in 2000. Figure 1 shows that total gas puff amount decreased from 20 to 7 Pam3' with the

saturated divertor plate and/or wall. After 6.5 s, the plasma volume was reduced and the outer

strike-point moved to the dome as shown in Fig. 2. At the same time, Ar puff was injected

from the lower outboard port, and P~,Bwas increased to 17 MW.

Figure 3 shows two best discharges (36915 and 37347) in 2000. Although particle recycling

flux was different in the two cases, similar waveforms of density and Ar' 4 radiation were

obtained with using a radiation feed-back of Ar puff rate. After 7s, n was increased up to

0.8n`W during a constant D2 gas puff rate of 8.5-9 Pam3/s, and the profile peaking started. The

ELM activity was reduced rapidly in 7.2-7.9s when Ar' 4 radiation was increased. The ELMy

H-mode plasma (37347) with relatively high H-factor (H89L =1.45 without ripple loss

correction, and H89L* = 1.68 including ripple loss correction of 18%) at high density (-0.8

nGW ) and with the reduction of ELM activity was, for the first time, observed in JT-60U. The

enhancement factor of the H-mode thermal confinement was HH(98y2) = 0.98 with some

uncertainty of the impurity profile. At the same time, the total radiation fraction reached up to
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85% of Pb, and divertor plasma was detached. In particular, at high density operation the

energy confinement was often reduced after an NB breakdown of more than 2 units such as

6.9s of 36915, suggesting that a change in heating deposition reduces the improvement.

2. Strike-point location on dome

It is found that the location of the outer strike-point is the most important operation

parameter. Figure 4 (d) shows time evolution of distances from separatrix and dome surface

(Dgap-3 and Dgap..4 in Fig.4(a)). The outer strike point is located on the dome side for

Dgap_3 > 0 and Dgap-4 < 0, and on the dome top for Dgap-3 < 0 and Dgap-4 < 0, where

uncertainty of the equilibrium fit is several mm. After decreasing x-point height from 7s,

radiation of Ar ions starts increasing, and then n starts increasing when the strike point shifts

to the dome top. On the other hand, the radiation power from Ar ions and n decrease after 8s

since the strike point moves to the dome-side due to an insufficient capability of FB3 control

for changing plasma beta. The ELM activity is also reduced during the strike point on the

dome-top although changes in the edge profiles of temperature and density are not identified

clearly. It is reproduced well, but the mechanism is not understood yet.

In future, improved F control to fix the strike point location accurately such as CCS

method (see 5.1 in this issue) will be used for maintaining the improved confinement plasma

at high density.

3. Density and temperature profiles

Figure 5 shows time evolution of Te and n profiles (36915) measured with YAG Thomson

scattering system, which was not available in the later series of experiment (including 37347).

Peaking of the n., profile starts from 7s (NB break down) for 36915. Peaking factor, ne(0)/<n,>,

increased gradually from 1.6 (7.3s) to 1.9 (8.0s). Reduction of the peaking factor after 8s is

faster than the increasing since the ELM activity exhaust deuterium and Ar ions. Central Te

decreased from 5.1 to 3.9keV, and the thermal confinement time increased.

4. H-factor

Figure 6 shows trajectories of H-factor (without correction of ripple loss) and density

normalize by nw for four cases with the strike-point on dome-top. For the standard Ar puff

ELMy H-mode plasmas (with strike-point on the divertor target), relatively high H-factor

(- 1.5 at 0.7n 1 w) decreases rapidly aboveii, 0.7 n. One the other hand, for the strike point

on the dome-top, small reduction in the H-factor is extended to ne 0.8 ne'w (H89L-- -1.4-1.45)

which is larger than H89L < 1.25 for the standard cases.

Figure 7 shows the time evolutions of plasma parameters during negative NBI of 4.3MW

(only one shot). Enhancement of H-factor from 1.4 to 1.6 (without correction of ripple loss) is

observed at relative high density at n - 0.7 n . This result shows that heating of central

region improves the energy confinement at high density.
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5. Summary
During a series of Ar seeding experiments, the plasma configuration with the outer

strike-point on the dome top was found out to maintain relatively high H-factor (HH~0.98)

at high density (0.O 8nlGW) and radiation fraction (radPabs~ 0 8 ) using feedback control of

Ar gas puff. At the high density, ELM activity became smaller and the density profile was

slightly peaked, which were different from the conventional Ar-seeding results. Sustaining

the high density ELMy H-mode plasma for longer duration is planned in 2001.

2000 exp. ff ELMyH(Iow-q)/near LimA/B (a) 20 . . . ..
1999 exp. * L-mode/Dlivertor near _____________

*0 ELMyH(Iow-q)/near Lim.9 ner
oI L-mode(high-q)/near Lim. liie

2 . . ... ........ E0Outer strike point
0o on outer Dome tile

1.5 ne F (2000) 0 ..

L->L PP (1999) (b) 1
> 1 H tr E.

0)~ ~ ~ ~ ~ ~ ~~~~~~~.

< 0.5 Atached divertor 
pNB 4MW/ V =70-75m a B 1

0 20 9~1O 530O 3-.&40 50
Gas puff (Pam Cm

Fig]1. Plasma electrons as a function of total .
gas puff during near limiter start-up. In 2000, Itapi dcae
density feedback control was used. (d) Ml

Outer stri ke-pt. on dome (6-1 s)s)
Z(m) 2gspl.6m Ar puff

+0.1 A& r B
1.0 A~~~~~~~1

88poi(YAG) (e) 67

126

12

5 6 7ie ~9 1 0

1.8 2.8 3.8 4.8 Fig3. Time evolutions of (a) NBI power,
R(m) (b) electron density normalized by Greenwald

Fig2. Plasma configuration for Ar seeded density, (c) recycling flux, (d) A r +14 ion
ELMy H-mode with outer strike point on radiation, (e) H-factor for 36915 and 37347.
dome top.
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7. Neutral and Impurity Particle Control

7.1 Pellet injection characteristics [1]

H. Takenaga, H. Kubo, K. tami, K. Kizu, T. wahashi, H. Ichige, H. Hiratsuka

1. Introduction
In order to extend the operation region to high density without confinement degradation,

a multiple pellet injector has been installed with injection from the low-field-side midplane

rLFS(mid)] and from the high-field-side at the top [HFS(top)]. Recently, it was found that

fuelling efficiency of a high-field-side pellet is enhanced due to a radial displacement of the

pellet ablatant on several tokamaks [2]. The ablation characteristics and radial displacement in

JT-60U were discussed in Ref. [ 1], where a penetration depth deeper than the ablation depth

calculated based on the neutral gas shielding model was observed for the H-FS(top) pellets in
NB heated plasmas and the Ex13 drift model [3] gives a radial displacement consistent with

the measurements. In this report, peak density in the pellet injected discharges and depend-

ence of the increment in the number of electrons on injection speed and NB heating power are

discussed. Furthermore, the configuration effect is discussed for the HF7S(top) pellet.

2. Pellet injector system
Figure 1 illustrates the layout of the centrifugal pellet injector system, which can inject

30-40 2.1 mm cube pellets in each discharge. So far, the

injection frequency (f) of 10 Hz (designed maximum ~R7OO R1134
Guide tube

value is 20 Hz) and the injection speed (v) in the

designed range of 100-1000 m/s have been achieved. High field Lw field side
side top mdln

The injection lines are arranged for injection from the HFS(top F md

low-field-side midplane [LFS(mid)] and the high-field-

side at the top HFS(top)]. The minimum curvature of

the guide tube for the HFS(top) pellet injection is 600

mm. Deuterium (D) and Hydrogen (H) pellets were
injected into and H plasmas respectively.Fig. Iillustration of pellet injectorinjected into and H plasmas respectively.systeni in JT-60U.

3. Peak density in the pellet injected discharges

Figure 2 shows the peak value of the line averaged density (n p,,k ) normalized to the

Greenwald density (nGw) as a function of plasma current () for pellet injected discharges. For
the LFS(mid) D pellet injection, nPe" reaches up to 1 .8xnGw in the OH discharges without

gas-puffing at 1,= 1.2 MA. With NB heating power (WNB) of >5 MW, ne.Ik reaches up to nw

with gas-puffing for the LFS(mid) D pellet injection. For the LFS(mid) H pellet injection,
nPea is limited below n0~w. For the HF7S(top) pellet injection n peak reaches up to 90%7 of n0 in

the D discharges and 65% of n0 ~w in the H discharges without gas-puffing at PNB> 5 MW. The
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value of n, is limited to about 2 I)LSmdD(HFtoD
30% of n0,w in the region of I1Ž>1.5 G . (bNB<FSWopgaD

O 0 ~~~PNB<5M W g.a's
MA without gas-puffing for both D E UPNB5MWw wgas

and H discharges. PB5W gs
.0.5 A

4. Characteristics of pellet ________0r 

injection in OH plasmas 2 r - -i--r- --- _

Figure 3 (a) shows time 1.5(cLISmdH dHFStpH

evolution of line averaged electron 1j

density (e)in an OH plasma (=1.5 0. U] 
MA BT=3.2-3.5 T) with LFS(mid) _- . 05 - -

0.5 1 1.5 2 250 1 1.5 2 2.5
D pellet injection (v=690 mIs, f=5 lp [ MA ] Ip [ MA ]

Hz), HFS(top) D pellet injection Fig. 2 Peak density in discharges with (a) deuterium LFS(mid)
pellet, (b) deuterium HFS(top) pellet, (c) hydrogen LFS(mid)

(v= 120 mn/s, f= 10 Hz) and gas- pellet and (d) hydrogen H-FS (top) pellet injections.

puffing. The value of increases ( F) d F mId(b

more with LFS (mid) pellet 1Ga-ufin 

injection compared with HFS(top) 1.5MA3T:/

pellet injection. The actual 23 Ga7pufin

injection frequency for the -... .... 1 1.5MA/...35T

HF7S(top) pellets became lower Time s J1 OD [ 1022 ph/s 

than 10 Hz. The gas-puffed plasma Fig. 3 (a) Wave-forms of h-, and (b) relationship between

disrupted at t=7.5 s. The integrated D,, emission and n, for LFS(mid) pellet (solid line),
disrupted at t=7.5 s. The HFS(top) pellet (dotted line) and gas-puffing (dashed line).

relationship between the integrated
D emision nd is shown in Fig. b.Wt FSmici1 OH plasma

Da emission and ri~~~~~~~~~~~ 3(b).~~ With [ ~top) (a) D pellets

LFS(mid) pellet injection, increases with small 
5 mX2.1MM cubeincrease of D emission. The edge density with- 

LFS(mid) pellet is almost the same as that with z 3 9X
HFS(top) pellet and gas-puffing, indicating a peaked 'I 2 0 

dens ity profile. The effective particle confinement time 
defined as c p=Ne/(S pellet or gas dNe/dt), where Ne is the 6,(b) H pellets

total number of electrons and Spellet or g is the time s2.1 M. C.lL

averaged particle source due to pellet injection or gas- D
- 3

puffing, was estimated to be 1.2 s for both LFS(mid) 22 2

and HFS(top) pellets and to be 0.6 s for gas-puffing. 1

The increment of the number of electrons (ANe) 0 9
0 200 40 600 800 1000

for each pellet injection estimated using 2 or 3 v(Ifml/s 
Fig. 4 ANe as a function of pellet

interferometers with a sampling time of mns is shown injection speed for (a) deuterium pellet

in Fig. 4 as a function of v. For the LFS(mid) D pellet and (b) hydrogen pellet.
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(Ip-=0. 8-1.5 MA / BT=3-3.5 T), the maximum value of ANe is independent of v and is almost

the same as the particles for 2.1 mm cube pellet. On the other hand, ANe for the H1FS(top) D

pellet (=1. 2 -1.5 MA / BT= 3 -3 .5 T) decreases with increasing v, which indicates that the
pellet was broken in the guide tube. At v=120 mis, ANe for the HFS(top) D pellet reaches up

to 80% of the particles for 2.1 mm cube pellet. For the H pellet (LFS(mid): 1p=1.5 MA 
BT=3.5 T, HFS(top): 1p=1.5-1.7 MA / BT=3.5-3.9 T), ANe seems to be smaller than that for the

D pellet. This could be explained by the fact that H pellet is softer than D pellet.

5. Characteristics of pellet injection in NB heated plasmas

Figure 5 shows the wave-forms of ik, fuelling rate, PNB and D,, emission intensity from

the inner divertor for (a) HFS(top) D pellet with v=l00 m/s and f=l0 Hz (=1.5 MA / BT= 3 .5

T) and (b) LFS(mid) D pellet with v=690 mis and f=l0 Hz (-=0.8 MA BT=3.0 T) together
with gas-puffed discharges. The pellet fuelling rate was estimated from ANe as an averaged

fuelling rate during 1 s. The value of fi in the HFS(top) pellet discharge increases more

compared with the gas-puffed discharge even with a smaller fuelling rate. The effective

particle confinement time is estimated to be 0.5 s for HFS(top) pellets and 0.02 s for gas-
puffing. The Da emission increases during t=6-8 s due to pellet injection. The I), emission in

the HF7S(top) pellet discharge is almost at the same level as that in the gas-puffed discharge.

On the other hand, the LFS(mid) pellet is less effective in the high power heating phase,

although LFS(mid) pellet injection makes higher iewith a smaller D~ emission intensity in the

low power heating phase. The density jump for each LFS(mid) pellet is larger by a factor of 2

than that for the HFS(top) pellet. However, the decay time for LFS(mid) pellets is shorter than

that for HFS(top) pellets. The a)HFS(top) D pellet (b) LFS(mid) D pellet

base density for LFS(mid) ~ sI g-3 ,.N,

E2o Gspufng 20
pellets is higher by only 10% c -.. [20 E 2 20

than that in the gas-puffed itc [~~5 1 C

discharge with the same total 3:15, :1

fuelling rate. The Dpks-e~e+a

aperaccompanied with pellet :R042Ga

appear ~~~~~~~~~0.4 1
injection. i 0 ------ --l -----

In Fig. 6, ANe estimated t[S] t[s]

with a sampling time of 1 ms is Fig. Wave-forms of ne, fuelling rate, PM1 and D,, emission for (a)
HFS(top) D pellet and (b) LFS(mid) D pellet injections.

plotted as a function of PNB. For
the LFS(mid) D pellet (-=0.8-1.5 MA BT= 3 -3.5 T / v=690-840 m/s), ANe decreases with

increasing PN1B A large ki spike is observed in the fast sampling data with a fast decay time of
1 ms for the high power NB heated plasma. The radial displacement due to Ex13 drift is

consistent with the reduction of ANe. For the HFS(top) D pellet (=1.5 MA / BT= 3.5 T /

v=120 mis), ANe decreases with increasing P,,, in the range of PNB<5 MW. However, ANe
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stays constant in the range of PNB,>S MW. The jump of nl 6 .a. ple5 a Dple 2.1 mm cube.

measured with a fast sampling is smaller than that for em4LSmd

LFS(mid) D pellets, however, a quick decrease of ki is Z FStp

not observed, which is consistent with the ExB drift 1 

model. One of the explanations for the reduction of ANe 0F
0 5 10 15 20 25

for the H-FS(top) D pellet is ablation in the SOL. The PN~B [MW]I
6 . . . . i . .

ablation model suggests a 20% loss in the SOL of NB 5_ (b) H pllet 2.1 mm cube.
heated plasma for HFS(top) pellets. The value of ANe 0- LFS(mid)

3 p

for H pellets (LFS(mid): L1,=1 .5 MAI/BT=3.5 T v=690- z Ftp

1000 m/s, HF7S(top): I1,=1.5-1.7 MA / BT=3.5-3.9 TIZ2

v=120 mis) is smaller than that for D pellets, but its o - - - ...
0 2 46 810 1214

dependence on PNB S similar as that for D pellets. PNB [ MW]1
Fig. 6 A1Ve as a function of PNR for (a)

6. Configuration dependence deuteriumn and (h) hydrogen pellets.

In order to investigate the effect of ablation .... 744 90.b~~~ CE34190

position for HFS(top) pellet injection, HFS(top) D 

pelletsdifn were injected cniuin into three a NBsh heated plasmas

The calculated ablation position is shown in the 3.
3~

insets. The highest 'eis obtained in the most ?E 2.5.
2>

outward-shifted plasma. However, the increase of B1.5.
1 ~1p=1.5MA, BT=3.5T

the density is related to the fuelling rate for the v=12Omls, =10Hz
0.5 PNBI=14MW

pellet injection and particle confinement. The sum 0 6 . -

5 6 7 8 9 10 11 12
of ANe is estimated to be 2.3x 1021 for the case (a) time s 

021 ~~~~~~~~~~~~Fig. 7 Configuration dependence of n,.
and 4.3x10I for the case (b). In the case (c), ANe

can not be estimated because one of the interferometers falls in the edge region. In order to

investigate whether the large increase of the density in the outward shifted plasma is due to
fuelling or particle confinement or ExB drift, further studies are necessary.

7. Summary

The characteristics of high-field-side and low-field-side pellet injections are discussed.
The peak density reaches up to 1.8x(Greenwald density) in OH plasmas with LFS pellet

injection. In high power NB-heated plasmas, although the density jump for each LFS pellet

injection is larger than that for HF7Spellet injection, HFS pellet injection is more effective for

density increase due to slow density decay.
References
[1] H. Takenaga and the JT-60 team, Phys. Plasmas 8, 2217 (2001).

[2] PT. Lang et al., Phys. Rev. Lett. 79, 1487 (1997).

[3] P.B. Parks, W.D. Sessions, L.R. Baylor, Phys. Plasmas 7, 1968 (2000).

- 98 -



JAERI-Review 2002-022

7.2 Trial for pellet enhanced performance mode plasma

H. Takenaga, H. Kubo, K. Itami, T. Fujita

1. Introduction

Pellet enhanced performance (PEP) mode plasma with internal transport barriers (TBs)

has been achieved in many tokamaks [1-4]. Basic iea for the PEP-mode is as follows. A

peaked density profile is formed by central particle fuelling due to pellet injection. Heating

the peaked density plasma leads to a peaked pressure profile, which produces off-axis

bootstrap current. Then, reversed or weak positive magnetic shear configuration is formed by

the off-axis bootstrap current. ITBs are formed with the reversed or weak positive magnetic

shear configuration and plasma performance is enhanced. The TBs lead to a more peaked

pressure profile, which acts as feedback to maintain the reversed or weak positive shear

configuration. In DIII-D, PEP-mode was obtained with central particle deposition by pellet

injection during plasma current ramp-up [4]. Pellets injected later during the current fattop

with positive magnetic shear did not lead to the PEP-mode in DIII-D. In TFR, when pellets

were injected in the current flattop phase with low central shear configuration, a weak ITB

was observed [3]. The PEP-mode is attractive for not only enhanced performance but also

understanding of the formation mechanism of ITB. This report presents results of the PEP-

mode trial experiments using low field side multiple pellet injections in JT-60UJ.

2. Experiments

The PEP-mode trial experiments were carried out with hydrogen NB, hydrogen gas and

hydrogen pellets. The discharge scenario is based on the reversed shear discharge as well as

DIII-D PEP-mode. In JT60JJ, reversed shear plasma is produced using early NB heating

during plasma current ramp-up phase. In the PEP-mode trial discharges, early NB heating

power was reduced, in order to produce a peaked density profile by pellet injection. With low

power NB heating, the low field side midplane Ul 2

(LFS(mid)) pellet injection is more effective for L]

formation of a peaked density profile than the high field ~o

side top pellet injection. Therefore, the LFS(mid) pellet -~uQ pellet
Injectionwith an injection speed of 690 m/s and frequency of 10 oc-

Hz was used in this experiment. Figure 1 shows the/ Jf'

plasma configuration and pellet injection line together

with the FIR measuring chords (UI1 and U2). The UI __1

and U2 chords pass around r/a=-0.8 and r/a=-0.2, 
respectively. The toroidal magnetic field is 3.5 T, the Fig. I Plasma configuration and

M3, ~ ~~~~~~~~~~~pellet injection line.
plasma volume is 65 inthe minor radius is 0.88 m and
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the triangularity is 0.33.

3. Results and discussions

Figure 2 shows the wave-forms for (a) PEP-mode trial and (b) reversed shear

discharges. In the PEP-mode trial experiments, the pre-heating power during I1, ramp-up phase

(t=3.4-4.2 s) was reduced to 1.0 MW for deep deposition of the LFS(mid) pellet injection.

Then, NB heating power of 6.1 MW was applied during t=4.2-5 s. In the reversed shear

discharge, the pre-heating power of 8.6 MW and 6.2 MW was applied during t=3.5-4.2 s and

t=4.2-5 s, respectively, to sustain the strong reversed shear configuration.

In the PEP-mode trial discharge, the central line averaged electron density for the U2

chord increases due to the pellet injections and the ratio of the central density to the edge

density for the U1 chord increases up to 2.5 at t=4.3 s. The particle fuelling due to the pellet
injections during t=3.4-4.3 s is evaluated to be 2.4x 1021, which is larger by a factor of 4 than

the particle fuelling due to the NB injection during t3.4-4.2 s in the reversed shear discharge.

The ablation position is estimated to be r/a=0.25 from the time behavior of electron

temperature. After the NB heating power of 6.1 MW was applied to the peaked density target,

the central density decreases, because pellet ablation becomes shallow due to high

temperature. The spike of the edge density becomes large with the NB heating power of 6.1

MW compared with in the low power heating phase. In the phase of NB heating power of

12.6 MW, the density profile becomes flat. In the reversed shear plasma, density is kept at a

low level until t=4.5 s. Both central and edge densities increase from t=4.5 s, and the density

profile becomes flat around t=5 s. Then, the central density increases and the edge density

decreases.

In the PEP-mode trial discharge, the stored energy increases during t4.3-4.7 s. In this

phase, the stored energy is larger than that in the reversed shear plasma. However, the stored

energy decreases during t=4.7-5.0 s. In the discharges where the increment of the density due

to the pellet injections during the low power heating phase is smaller than that in Fig. 2 (a),

14(a) E038325 20 14(b) E038306 2

1 15 : 9 - 15 
0.6 io . . 01 io6

9. 0.4- 5r ~ 0:4;: -*-

0.2 z 0.2- z
0 0 00

E2.5[/ o2NNI\.E 2.5 -

15- - 15- a02

os r- ra0.5 - 0.s[- ria-0.8
0

4 1.4 4 r1.4
-.-. 35 1.2' ~RG35- 1.2 -

e~ 21 b *.8 2 21L -. 4- 0.8 2
1.5- 0. : ___________ 0:46'

3 3.5 4 4.5 5 5.5 6 3 3.5 4 4.5 5 5.5 6 
Time [s Timel Fsi

Fig. 2 Wave-fiorms of plasma current, NB heating power, central and edge densities, ratio of central to edge
density and stored energy for (a) PEP-mode trial discharge and (b) reversed shear discharge.

- 100 -



JAERI-Review 2002-022

the stored energy is smaller than that in Fig. 2 (a) even with higher NB heating power. n

these discharges, the ratio of the central density to the edge density is less than 2.5. Therefore,

the ratio of 2.5 might be marginal to increase the stored energy. In the reversed shear plasma,

the ratio of the central density to the edge density is in the range of 1-1.5 during t=4.2-5 s. The

stored energy quickly increases with 12.8 MW heating power, which is larger than that in Fig.

2 (a). It is noted that since the stored energy before plasma initiation is larger in Fig. 2 (a) and

smaller in Fig. 2(b) than zero due to an off-set of a diamagnetic signal, the stored energy is

overestimated in Fig. 2 (a) and underestimated in Fig. 2 (b), respectively.

Figure 3 shows the density, temperature and safety factor profiles in the PEP-mode trial

discharge. In the density profile before 6.1 MW heating phase (t=4. 1 s), ITB is observed at

r/a=0.5-O.6 (see Fig. 3 (a)). At t=4.1 s, the reversed shear configuration is kept (see Fig. 3 (g)).

At t=8.1 s after the NB heating with positive magnetic shear profile, where the density

increases again up to the same level as at t=4. 1 s due to the pellet injections, ITB is not

observed (see Fig. 3 (b)). At t4.68 s where the stored energy has a maximum value, an ITB

is not observed in the electron temperature profile (see Fig. 3 (c)), but is observed in the ion

6 e . .. .
- (a) t=4.ls 4 (b) t=8.ls -)t49s()t 59S

E4 $,,~ITB E 4p
O3 ~3

NETMS -NETMS ~~~~~~~E034306 * oe E036306
E0831E0835NYAG 0 NETMS

(c) t=4.68s (d) t=4.9s (c) t=4.9s 4 1 d) t=5.9s
>4 4

4) > 4)e

~2 1 2%g0

1 E33S *E038325 **.*0* 1 E038306 E038304 T 
0 TECE-- T - 1.1 :ECE .. o TECE TETMS

8 . .. .. . . -. . .. 8(e) t~~4.68s (f~t=4.9s ~ E038306 (e) t=4.9s. (f) t=5.9s
6 6 ITB

45 ~5 ;e

3 tap3

1E038325 E 11C E038306 * * 
0 0In 

12 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(9 t4.1 S (hj t=4.9s nia ria

10.

8 Fig. 4 Density, electron temperature and
6 ~~~*Ion temperature profiles in the reversed

shear discharge.
4.

2 0. .081 0 0.2 0.4 0.6 0.8 1
da n/a

Fig. 3 Density, electron temperature, ion temperature and
q profiles in the PEP-mode trial discharge. Dashed line
and open circles in (g) and (h) are the datafjbr a reference.
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temperature profile around ra=O0.5-0.7 (see Fig. 3 ()). In the discharge with a less peaked

density profile during low power heating phase, ITB is observed in neither density profile nor

temperature profile. At t=4.9 s where the density peaking is reduced and stored energy

decreases, an ITB is not observed in both electron and ion temperature profiles (see Eig. 3 (d)

and (f)), although the q profile shows negative shear configuration (see Fig. 3 (h)). Dashed

line and open circles in Fig. 3 (g) and (h) show the data for a reference reversed shear

discharge where similar discharge scenario as Fig. 2 (b) was adopted. In this discharge, NB

heating power of 7-9 MW was applied during t=3.5-5.O s. The q profile in the PEP-mode trial

discharge at t=4. 1 s is almost the same as the reference. A relatively strong reversed shear

configuration is observed in the reference discharge at t=4.9 s compared with that in the PEP-

mode trial discharge. The density and temperature profiles in the reversed shear discharge

shown in Fig. 2 (b) are shown in Fig. 4. At t=5.9 s, TBs are observed in all profiles (see Fig.

(b), (d) and (f)). However, at t=4.9 s, no ITB is observed (see Fig. (a), (c) and (e)).

The threshold power and conditions for the ITB formation are discussed in Ref [5, 6] in

.JT-60U. In Ref. [5], a remarkable correlation between the gradient of electron temperature

and magnetic shear at the ITB position was pointed out for onset conditions of ITB. The

results obtained here indicates a possibility that a peaked density and/or local density gradient

influences the ITB formation condition. As for the threshold power, ITB in the density profile

is observed with very low NB heating power of 1 MW in the PEP-mode trial discharge,

although an ITB is not observed in the density profile even with NB heating power of 6.2

MW in reversed shear discharges. This also suggests that the peaked density and/or local

density gradient influences the ITB threshold power.

4. Summary

ITB is observed in the density profiles, when the peaked density profile is produced in

the reversed shear configuration by pellet injection even with low NB heating power of 1 MW.

This result indicates that the reversed magnetic shear and center particle deposition are

important for density ITB formation. The following heating of 6.1 MW to the peaked density

leads to ITB in the ion temperature profile and does not lead to ITB in the electron

temperature profile. In reversed shear discharges without pellet injection, an ITB is not

observed even with NB heating power of 6.2 MW. These results suggests that the peaked

density and/or local density gradient influences the ITB threshold power.
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7.3 Efficient helium exhaust in divertor-closure configuration
with W-shaped divertor of JT-60U [1, 2]

A. Sakasai, H. Takenaga, H. Kubo, N. Akino, S. H-igashijima, S. Sakurai

The W-shaped divertor of JT-60U was modified from inner-leg pumping to both-leg

pumping. The divertor experiments with both-leg pumping were started in February 1999.
The effective pumping speed for both-leg pumping was estimated to be 15.9 m3/s at about 0. 1

Pa by using a gas filling method, which is 25% higher than the one for inner-leg pumping.

After the modification, the pumping rate was remarkably improved with both-leg

pumping in a divertor-closure configuration, which means both separatrixes are closer to the

divertor slots. The pumping rate was improved up to 5% with both-leg pumping in a divertor-
closure configuration at the gap-in and gap-out of 0.5 cm from 3 with inner-leg pumping at

ne~ = 3.5 - 4.0 x 109i-.However, the pumping rate reduced to 1% in the lower density
region at ne = 2.5- 3.0 x 1019 in- 3 .

Helium exhaust is accomplished by condensing an argon (Ar) frost layer on the liquid

helium cooled surface of three NB! cryopumps for divertor pumping between successive

plasma discharges by injecting a known amount of Ar gas into the port chambers. In steady
state, efficient helium exhaust was realized in a divertor-closure configuration with both-leg

pumping in ELMy H-mode plasmas. Helium exhaust was investigated with He beam
injection f PHe-NB = 1.4 MW, which corresponds to He fueling rate of 1.5 1020 /S

(equivalent to 85 MW x heating) for 3 s into ELMy H-mode discharges (p = 1.4 MA, Bt =

3.5 T, PNB3 = 16 MW, Vp = 58 in3). The He source rate (equivalent to 0.6 Pa.M3 /S) from He

beam injection is balanced by the exhaust rate with He pumping. The electron density in the
main plasma has a broad profile and high edge density of ne = 2.5 x 1019 m-3 (a = 0.93).

The He density has the same profile as the electron density. In this discharge, r*He = 0.36 

and T*He/TE = 2.8 with E = 0.13 s and an H-factor (tE/TEITER- 8 9 P) = 1.2 were achieved,

well within the range generally considered necessary for successful operation of future fusion

reactors, such as ITER-FEAT (i.e., *He/TE = 5). The line-averaged electron density in the

main plasma is ne~ = 3.8 x 1019 in- 3, which corresponds to 0.57 of Greenwald density limit.
As a result, the helium exhaust efficiency in the divertor-closure configuration was extended

by 45% as compared to the one with the inner-leg pumping. In the high X-point configuration

with both-leg pumping, the helium exhaust efficiency and the pumping rate of deuteriumn

deteriorated because of the back-flow through the outer slot. The global particle confinement

time *He in the high Xp configuration was double as compared to the one in the divertor-

closure configuration. The dependence of helium exhaust on the gap is almost consistent
with the pumping rate of deuterium.
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7.4 Helium exhaust and forced flow effects
with both-leg pumping in W-shaped divertor of JT-60U [1, 21

A. Sakasai, H. Takenaga, S. Higashijima, H. Kubo, T. Nakano, S. Sakurai, T. Fujita

The reversed shear mode with internal transport barrier (ITB) is attractive because of its

high performance and a large fraction of bootstrap currents in non-inductive current drive as

one of advanced tokamak operation scenarios for future steady-state tokamak reactors, such

as ITER-FEAT. However, helium ash exhaust from the revered shear plasma is a matter of

concern. It is very important to make clear He exhaust characteristics of reversed shear

plasma because of an enhancement of He particle confinement.

By using central helium fueling with 60 keV He-beam injection, the helium removal

from the core plasma inside the ITB in reversed shear plasmas (p = 1.0 MA, Bt = 3.5 T,
8=0.33 and PNB~ = 7 - 10 MW) in the divertor-closure configuration was investigated for the

first time. The helium density profiles inside the ITB were peaked as compared with those in

ELMy H-mode plasmas. The reversed shear plasma had good confinement performance with

H = 2.4 and N = 1.44. The He residence time inside the ITB is longer than that outside the

ITB. The residence time TnidH, is defined by t`%He = rnsidHeSiniHe in steady state, where

N isieH. is the total number of He ions and S%,e~ is the He source rate inside the ITB. The

ratio of tn'de'cE was estimated to be 15. The increase in helium density inside the ITB was

faster than outside the ITB and helium density profile was gradually peaked. In the case of

low recycling divertor, it was difficult to achieve good helium exhaust capability in reversed

shear plasmas with ITB. So, helium exhaust in reversed shear plasmas with high recycling in
a divertor closure configuration as well as ELMy H-mode plasmas was investigated. In order

to improve the He exhaust efficiency in the core plasma, particle recycling flux was enhanced

by D2 gas puff and shallow pellet injection. As a result, the helium exhaust efficiency was

improved with high recycling divertor.
A transport analysis was carried out to assess the helium exhaust properties inside the

ITB. A one-dimensional, time-dependent, impurity code is employed to calculate helium ion

density. The radial diffusion coefficient D(r) and the convective velocity v(r) are estimated

from the results of gas puff modulation experiments. The He density has a peaked profile

with ITB. The He density was reduced with increasing pumping rate as well as the one

without ITB. Helium removal from the core plasma inside ITB is possible with a sufficient

pumping rate.
Impurity shielding (friction force) with high-density divertor and plasma flow with puff

and pump is essential to reduce impurity level in the core plasma. Carbon impurity reduction

was observed by the forced flow with gas puff and effective divertor pumping. Carbon

impurity level was effectively reduced with both-leg pumping.
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7.5 Comparison of impurity transport in ELMy H-mode, high PIp mode

and reversed shear plasmas [1]

H. Takenaga, A. Sakasai, H. Kubo, T. FuJita, Y. Kamada

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

were estimated using a gas-puffing modulation technique, and these were compared with the

theoretical predictions based on the neoclassical theory [2] and the t urbulence model. The

Multi-Mode Model (MMM) [3] is used as a turbulence model, in which the on Temperature

Gradient (TG) modes, Trapped Electron Modes (TEM) and drift-resistive ballooning modes,

as well as a smaller contribution from kinetic ballooning modes, are included. In an ELMy H-

mode plasma (=1.0 MA, BT=2 .1 T, PNB=
1 ~ "MW and H89PL= 13-1.5), which has no internal

transport barrier (ITB) and positive magnetic shear, helium particle diffusivity (DHe) S in the

range of 1-2 m2/s. n a high PP~ plasma (=1. 5 MA, BT=3 .6 T, PNB=17.5 MW and H89 L= 1 .9),

which has ITBs with a small gradient and weak positive magnetic shear, DH, is in the range of

1-3 m2/s, and seems to be reduced in the ITB region. However, the reduction is less than a

factor of 2. In a reversed shear (RS) plasma (=l.0 MA, BT=2. 1 T, NB= 7 .3 MW and

H89PL=1. 9 ), which has ITBs with a large gradient and reversed magnetic shear, DHe is in the

range of 0.3-2 m 2/s, and is reduced by a factor of 5-6 in the ITB region compared with that in

the inside and outside regions. n the RS plasma, D is almost the same for helium, carbon and

neon, and the inward pinch velocity seems to be large for high Z species. The value of D in

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

The convection velocity in the ITB region of the RS plasma is at the same level as the

neoclassical prediction (-l.--3 m/s). In the ELMy H-mode and high PPi plasmas, DHe is two

orders of magnitude higher than neoclassical predictions, and is smaller by a factor of 3-5

than the turbulence model. The value of D for neon is almost the same as the turbulence

model prediction in the ELMy H-mode plasma. The neoclassical theory predicts a small v (-0

mis) and the turbulence model predicts the inward convection velocity in the rage of -0.3-i.7

mis, respectively, in the ELMy H-mode plasma. These values are in the range of uncertainty

of the estimated values based on the gas-puffing modulation experiments.
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7.6 Methane screening in the edge plasma

H. Takenaga, S. Higashijima, T. Nakano, H. Kubo, K. Itamni

1. Introduction

Methane generated by chemical sputtering is one of the dominant carbon sources in JT-

60U. Generation and behavior of methane in the divertor plasma have been studied in JT-60U

[1, 2]. However, the contribution of the methane generated at the di vertor plates to carbon

contamination in the main plasma is not understood well, and it is still uncertain whether

carbon in the main plasma originates in the divertor plasma or the main plasma edge. In the

divertor plasma, generation of methane is larger than in the main plasma edge. However, the

screening in the divertor plasma should be stronger than that in SOL. Therefore, in order to

understand the origin of the carbon, it is important to evaluate the screening of methane in the

SOL and divertor plasmas. In this report, the effective confinement time, which includes not

only the screening effect but also particle confinement in the main plasma, is quantitatively

estimated for methane puffed from the main plasma edge and the divertor plasma.

2. Experiments (a) F-03839 H2 (b) E038324

Methane (CH4) was puffed into hydrogen ELMy

H-mode plasmas with an NB power of 13 MW at a

plasma current of 1,=1.0 MA and a toroidal magnetic It

field of BT= 2 .1 T. Figure 1 shows the plasma

(c) E038345 (d)E038348
The height of X-point from the dome top was 6-7 cm

for the standard configuration as shown in Fig. 1 (a)- z ~ r

(c), and 18 cm for the high Xp configuration as shown -H
in Fig. 1 (d). Hydrogen (H2) was puffed from the top as _ ~ 9

F} Lh4

shown in Fig. 1 (a), for a reference to CH4 gas-puffing. -iF-H]

CH4 was puffed from the outer baffle plate as shown in CH4 CH4

Fig. 1 (b) and from the divertor plasma through the Fig. Configurations and gas-puffing

pumping slots as shown in Fig. (c). CH4 gas-puffing postos

from the divertor plasma was also applied in the high Xp configuration.
The carbon density in the main plasma was measured with CXRS. H,,,, CII, CIV and CH

band emissions from the divertor plasma were measured by a fiber array with a time

resolution of 50 ins. Since the emission measurement was made at the next toroidal section of

the CH, divertor gas-puffing, the measured values include the emissions of H, C and CH

originating from the puffed CH,.
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3. Method of analysis
In order to evaluate the effective particle confinement time for CH4 tc pH4), the particle

balance is analyzed with and without CH4 gas-puffing. The difference of the total number of

carbon ions with and without CH4 gas-puffing in the steady state phase can be expressed as
NcW - NcW/O =trpC4 X SC,,4, where NcW and NcW/O are the total numbers of carbon ions with and

without CH4 gas-puffing and ScH4 is the CH 4 gas-puffing rate. The value of NcW and NcWIO are
estimated from Zdf as Nc=(Z4r1)/(Z 2-Z)xNe, where Z,,ff is derived from Bremsstrahlung, the

total number of electrons inside the separatrix (Ne) is evaluated from the density profile

measured by Thomson scattering system and Z is assumed to be 6 (only carbon impurity is
considered). Thus, rp CH4 can be estimated as tpCH4 =(Ncw - NcW/O)/ScH4.

4. Results and discussions
Figure 2 shows time evolution of the line averaged electron density (ie), gas-puffing

rate, integrated emission intensities of H,,, CII, CIV and CH band in the divertor plasma and

CV1 emission from CXRS measurement (rxMS) for (a) CH4 puffed discharge from the main

plasma edge (outer baffle plates) and (b) H2 puffed discharge from the top. In the CH4 puffed
discharge, gas-puffing rate of 7 Pamn/s is applied, which corresponds to .77x 1021 carbon

atoms/s and lie increases from 1.9x1019 m' to 2.3x10' 9 m-'. H, CII, CIV and CH band

emissions in the divertor plasma increase, indicating the increase of carbon source from the

divertor plates as the hydrogen flux increases. The increase of 1 CXR indicates the increase of

carbon density, although beam attenuation is not considered. The value of Zw in this

discharge increases from 1.7 to 1.8. On the other hand, in the H2 puffed discharge, 1 cXRs
decreases during H2 a___________

gas-puffing, although E 2 1

emissions in the H0a 

divertor plasma 2 CH_______2 1u'

increase. The shielding ~~~--~ ~ 

effect could become 2 .5 z

stronger with increasing ~ 3ra.5rao ~ ~ .

'5e. The value of Z 0 SA *flUE 7. a&S 7 7.56a

also decreases from
1.57 to 1.47. ~ Fig. 2 Time evolution of density, gas-puffing rate, integrated emissions (H,,
1.57 to 1.47. CII CIV and CH band) from the divertor and CXS signals for (a) CH,, and

Figure 3 shows (b) 14 puffied discharges from the main plasma edge.

time evolution of the

CH4 puffed discharge from the divertor plasma in (a) standard and (b) high Xp configurations.

The emissions in the divertor plasma increase as well as in the main gas-puffing case. It is

noted that these emissions include the emission of H, C and CH originating from the puffed
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CH4, as mentioned in3 ~

Sec. 2. In the standard 1 1" ES 5

Iens 0.5~~~~~~~~~~~-. rs7 configuration, 1 CXRS1 £ 

increases during t=5.6- St 25 c- 

6.0 s.However, it _ _____

decreases from t=6.0 s.5I
The shielding effec C 6~ _______.

could become stronger C 5 4 4J ; 7.. A ~ SA * &A 75 

with increasing ie. In Fig. 3 Time evolution of density, gas-puffing rate, integrated emissions from

the high Xp configu- the divertor and CXS signals for Cl- 4 puffed discharges from the divertor
ration ICX~ befor gas-region in the (a) standard and (b) high Xp configurations.

puffing is higher than that in the standard configuration, and gradually increases during gas-

puffing. Difference of t ime behavior of jjCR8 could reflect different dependence of the
shielding on le. The value of Zen increases from 1.78 to 1.89 (at t=6.0 s) in the standard

configuration and from 1.82 to 1.99 (at t=7.4 s) in the high Xp configuration.
The value of Z.f decreases with increasing ie for both with and without CH4 gas-

puffing cases in the standard configuration as shown in Fig. 4. The value Qf Z,.f in the main
CH4 gas-puffing case is comparable with Z, intedvro H as-puffing case without

divertor pumping and is larger than that with divertor 24

pumping. With divertor pumping, puffed CH4 might be 2. --

directly pumped before CH4 reaches to the divertor div~ftr pumoing ofF
2

plasma. In the high Xp configuration, Z is higher 

compared with Z,£ in the standard configuration for both 18

with and without CH 4 gas-puffing cases. The value of 
Z. seems to increase wit i in the high Xp 1.----

configuration. 1.4..
1.6 1.8 2 2.2 2.4 2.6 2.8

The value of Nc calculated using Zg is shown in iC [1019 m-3 ]

Fig. 5. Solid line shows NcW/O and dotted lines indicate Fig. 4 Zff as a finction of h, Closed

the error for NcW/O. The value of Ncwr) largely decreases circles show the data without CR4 gas-

in the egion f iie=.7-1.9 1 9 m 3,n rdal puffing. Open circles show the data within th regon o iie1.7-.9x1 M- andgradally CR4 gas-puffing from the main plasma

decreases in the high density region. The higher Zeff for edge in the standard confiuain

the iveror Dgas-uffig wa reprtedcompred ith Closed and open squares show the data
the iveror D gaspuffng ws reorte comaredwith with C 4 gas-puffing from the divertor

Z~f for the main D2 gas-puffing [3]. In this report, the region without and with divertor

sam TNw" sue o ohminaddvro Hgs pumping, respectively, in the standardsae~C~ sue o ohmi n ietrC gs configuration. Closed and open

puffing. In the high Xp configuration, NcWN) is estimated diamonds show the data for without and

only at iie= 2.4 x10'" m-', therefore, this value is used at with C 4 gas-puffing in the high Xp
o9 3. configuration. The divertor pumping is

both iie=2.4 and 2.7xl11 on except for closed squares.
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The estimated r~~is shown in Fig. 6. Here, 6 

dNc/dt is ignored, because it is much smaller than SCH4. I

The value of r cH4 is in the rnge from 4 to 8 ms in the 41

standard configuration for both main and divertor gas- ' 

puffing cases. The value of C CH4 for the main CH4 gas- -----
z 2

puffing is not so large (at least within a factor of 2)
compared with z;cH' for the divertor CH4 gas-puffing. 1 -_

This result suggests a large contribution of the carbon 01.6 1.8 2 2.2 2.4 2.6 2.8
source generated by chemical sputtering at the divertor -* 1019 m-3 ]

plates to the carbon density in the main plasma. In the Fig. Nc as a fugnction of h, The legend
is the same as Fie. 4.

high Xp configuration, TCH is in the range. from 3 to 9 12fF

ins, which is smaller at iie=2.4x1019 m3 and larger at 10 -

fie=2.7x10 19 m3 than that in the standard configuration. 8

This result reflects the gradual increase of the carbon 6

density in the high Xp configuraion.
Finally, N/ is estimated using TCH and the

intrinsic carbon generation rate. At iie=2.3x1019 m3 2

without CH4 gas-puffing, the particle flux to the ....
9.9X1022 1S 1.6 1.8 2 2.2 2.4 2.6 2.8

divertor plates is estimated to be 9x12 /sfrom the fe 1019 M-3

target probe measurements. The total chemical Fig. 6 zPH as a function of it The

sputtering yield was estimated to be 10-20% considering lev'end is the same as Fie'. 4.
not only CH4 but also C2H2 and C2H4 [2]. The total yield of carbon is estimated to be 1 X 1022 s

with 10% of the total chemical sputtering yield. Therefore, NcW' is estimated to be 4x1019

using CH4 =4 ins. This is larger by a factor of 2 than the measured Nc W10, suggesting a large

contribution of carbon generated at the divertor plates to the carbon contamination.

5. Sumnmairy
The effective confinement time for CH 4 is estimated to be in the range of 4-8 ms in the

standard configuration for both main and divertor gas-puffing cases, and in the range of 3-9
ms in the high Xp configuration. These results are consistent within a factor of 2 with the
measured number of carbon ions in the main plasma, suggesting a large contribution of

carbon generated at the divertor plates to the carbon density in the main plasma.
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7.7 Impurity control by boronization using deuterated decaborane

T. Nakano, S. Higashijima and H. Kubo

1. Introduction

The plasma performance in nuclear fusion experimental devices such as a

tokamnak can be degraded by impurities. It is therefore important to reduce impurity

generation to a minimum. Especially, after a vacuum vessel is exposed to the air, main

impurities are water, oxygen and oxide adsorbed to tiles and some other structures 1.

As a result, the plasma is contaminated by a large amount of oxygen impurity.

Boronization is one of the methods to suppress oxygen release. Boronization covers first

walls with a thin boron film and keeps oxygen in the form of boron oxide L21. In JT-60,

boronization using hydride-decaborane (B10H,,) was performed to reduce oxygen

impurity and particle recycling [311. A problem of the boronization was that hydrogen

originating from hydride-decaborane diluted core deuterium plasmas. About 200

tokamak discharges were necessary to reduce the hydrogen fraction to a negligible level.

In 2000, boronization using deuterated-decaborane (B10D14) was introduced to minimize

the number of conditioning tokamak discharges [41. In order to investigate the durability

of boronization effects, discharges with an identical condition were repeated. This

report discusses the oxygen gettering efficiency and the durability of the effects of the

boronization using deuterated-decaborane.

2. Experimental

Boronization was performed using a glow discharge with a mixture of helium

(99%) and decaborane vapor (1%) at a baking temperature of 540 K. Table 1 shows

decaborane quantity, glow discharge current and measured boron film thickness for the

1st, 2nd and 3rd boronization carried out in 2000. To produce a toroidally uniform

boron film, 12 gas inlets for the mixture gas were positioned at even intervals along the

toroidal direction and 3 electrodes for the glow discharge were used.

In order to investigate the durability of the boronization effects, L-mode

discharges with an identical condition ( the plasma current 1.5 MA, the toroidal field 3.0

T, the neutral beam heating power 4.3 MW and the line averaged electron density 1.5

X 1'm ) were repeated before and after boronization. _________

Boronization Decaborane Glow discharge current Boron film thickness

1st ~ 7 g .2 A - 35nrm

2nd - 20g -13A - 145nrm

3rd - 20g 1IOA __ _ _ _ _ _

Table Conditions of the 1 - 3rd boronization.

- 110 -



JAERI-Review 2002-022

(a) 5~8- Figure 1 shows a poloidal cross-
1.0 ~~~~~~~~~~section of the plasma after the st and
1.0 ~~~~~~~~~2nd boronization. The plasma volume

was set at - 67 M3 and the plasma

0.0 .- shape was configured at a triangularity

-1.0 ~ ~ ~ ~ ~ Xplasma-wall interactions except for the

-1. ~K~ ~ --<> strike points on the divertor plates.

(b) ~ ~ ~ ~ ~~~~3. The plasma configuration after the 3rd
El ~~~~~~~~~boronization was different from that

1.0 after the st and 2nd boronization.

_____________ Figure 1 (b) shows a poloidal cross-

0.0 7. section of the plasma after the 3rd

1 ~~~. ~ boronization. The plasma volume was
'1.o - set at 55 m3 and the plasma shape

] 1 ~~~~~ -> ~~was configured at a triangularity of -

2.0 3.0 4.0 3.0 3.5 .I
Major radius [ml Major radius [m The plasma effective charge

(Zf) was evaluated from visible

brernsstrahlung emission. A VV
Fig. 1. Plasma configuration of the plasma spectromneter measured spectral lines

and expansion around the X point (a) after with a transition of n = 1 - 2 of

the st and 2nd boronization, and (b) after hydrogen-like boron, carbon and

the 3rd boronization oxygen. The oxygen content was

derived from Z,,f and the intensity ratio

of the spectral lines with a help of C

VI n = 7 - 8 ) and 0 VIII ( n = 9 -

10) emission intensities from the main

plasma by charge exchange

recombination spectroscopy.

3. Results and discussion

Figure 2 shows the oxygen content (noln,) as a function of shot number. The

vacuum vessel was exposed to the air before the st and 2nd boronization and not

before the 3rd. The st boronization using 70g of decaborane reduced nJ;n from -

1.5 % to - 0.7 %, and then nn, gradually increased. The plasma with noIne less than

1% were kept for - 400 shots. After it reached - 1.4 %, it decreased again. The decrease
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was not due to oxygen gettering by
3.0 -i--c ~ T~00 0 boron burst because the strong

2.5 ~~~~~~~~spectral line of boron was not
_ I 0 0' observed ound the shot number of

-~ 2.C0- 800. By the 2nd boronization using

--'D I - - 20g of decaborane, nn, decreased
c~', 

0 - LIIfrom - 2.8 % to 0.5 %. The
0 1.O - plasma with nCine -1 % was

-___-- ~~~~~~~sustained until the 3rd boronization.

I ~~~~The 3rd boronization was
0.0t -A _____ '- performed under the condition with

0 500 1000 1500
Shot number noine 1% After the 3rd

boronization, nne increased to 
Fig. 2. Oxygen content in the main plasma 1.5 % in contrast. Since the plasma

as a function of shot number. Vertical lines configuration after the 3rd

correspond to - 3rd boronization. boronization was different from that

3.5 1 ~~~ I ~~ '~~ I after the 1 st and 2nd boronization as

3.0 -- I I ~~~~~shown in Fig. 1, local plasma-wall
interactions took place at different

2.5 - ---±--~~.--.1 parts of the first walls and the
* * ! ~~~~~divertor plates. Oxygen might have

2.0 - been released from an unclean
4- .~~~ .~m region.

i.5 -4 -- ____ The boron spectral line could be
0 0~~ .o 0

4.1 ~ ~ ~observed only within 50 shots
1.0 Lafter boronization. Then the boron
0 500 1000 1500 cotn nnwaesitdtob

Shot number cnet(j~ a siae ob
less than 0.2 %. The carbon content

Fig. 3. Zeff as a function of shot number. The (ncine) was not dependent on

trace is similar to non, in Fig. 2. boronization. A constant nne 

2.5 % was observed. As a result, Zeti was strongly dependent on the oxygen content.

Figure 3 shows Zeff as a function of shot number. The trace of Zei, is similar to that of

ni/ne. This indicates that boronization is effective in reduction of oxygen impurity,

resulting in plasmas with low Zetf.
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4. Summary

In order to investigate the durability of boronization effects, L-mode discharges

with an identical condition were repeated before and after boronization. The oxygen

content (njn,) in a main plasma decreased from 1.5% to 0.7 % by boronization

using 70 g of decaborane and from 2.8 % to 0.5 % by boronization using 20 g of

decaborane. The plasma with nojne less than % was sustained for 400 shots after the

boronization using 70 g of decaborane. On the other hand, even after boronization, the

oxygen content in the main plasma increased when the plasma shape was configured

differently from the plasma shape before the boronization. This is believed to be due to

local plasma-wall interactions at unclean parts of first walls. After boronization, the

boron content in the main plasma decreased to a negligible level in 50 shots and the

carbon content in the main plasma did not change by boronization. As a result, Zejt was

strongly dependent on the oxygen content. Therefore, boronization is necessary to

obtain high plasma purity, especially after vacuum vessel ventilation.
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7.8 Impurity reduction experiments by low baking temperatures

T. Nakano, H. Kubo, S. Higashijima and T. FuJita

1. Introduction

Carbon materials have widely been used for divertor tiles, limiters and first walls in

many tokamaks because of their high thermal shock resistance, high melting point, good

thermal conductivity and low atomic number. Carbon, however, has the property of

strong chemical reaction with hydrogen. The chemical sputtering process is more

prominent than the physical one in cold and dense divertor plasmas. The chemical

sputtering yield is dependent on the temperature of carbon materials while the physical

is not. The chemical sputtering yield increases with the temperature of carbon materials

to 600 C, and it has the maximal value around 600 C [1]. In this experiment, by

lowering the baking temperature of carbon first walls and divertor plates from 270 C,

usual baking temperature in JT-60U, to 150 and 80 C, we attempt to decrease the

impurity concentration of the main plasma. The chemical sputtering yield is measured at

each surface temperature of the carbon divertor plates.

2. Experimental.

The plasma effective charge (Zeft) was measured in L-mode discharges with neutral

beam (NB) heating powers of 4 and 13 MW and in reversed shear discharges with NB

heating power of 10 MW at the baking temperatures of 270, 150 and 80 C. The plasma

current was 1.5MA and the toroidal field 3.0 T and the line averaged electron density ~

1.4 and 2.0 x 10` m' in L-mode discharges with 4 and 13 MW NB heating power,

respectively. In reversed shear discharges, the plasma current was 1.2 MA, the toroidal

field 3.5 T and the line averaged electron density - 2.4 x O'9 M-3 . A series of

experiments were carried out in a hydrogen discharge with almost the same plasma

configuration, that is, plasma volume, plasma shape, the position of a null point and

strike points as shown in figure 1(a) in section 7.7 of this report for the L-mode

discharges.

In order to measure the chemical sputtering yield, intensities of Cl-H 43 1.4 nim ) and

C2 ( 516.5 nim) spectral bands in the divertor plasma, ion flux to divertor plates and

temperatures of the carbon divertor plates around the strike points were measured by a

spectrometer, Langm--uir probes and IRTV, respectively. L-mode discharges with 4

MW NB heating power were carried out in hydrogen gas at the baking temperature of

270, 150 and 80 C and also in deuterium gas at 270 and 150 C. The line averaged

electron density of the main plasma increased to 2.5 - 3.4 x 1019 m' by gas puffing. The

electron density and temperature were 1 x 02 m-' and 1 0 eV around the strike point

on the outer divertor plate. The details of measurement and analysis methods are
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described in [2].

3. Results 2.5

Figure 1 shows Z of the main I LLoe ih1~M

plasma as a function of baking Reve sed ear ___

temperature in hydrogen discharges. In 2.0
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NB heating and reversed shear 1.5 -0---- 9--
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decrease of Zeff might result from the heating, open circles for L-m ode with 13 MW and

dependence of the chemical sputtering diamonds for reversed shear.

yield on the wall temperature. Therefore, the chemical sputtering yield was measured at

the surface temperature of 270, 150 and 80 C in hydrogen discharges and at 270 and

150 C in deuterium discharges.

Figure 2 (a) shows the CH4/CD4 sputtering yields as a function of ion flux density at

the outer strike point. Each sputtering yield shows a decreasing trend with increasing

ion flux up to 1.3 x 1023 M,2S- for each surface temperature and hydrogen isotopes.
Regression analysis of the CH4/CD4 sputtering yield (Y) with a function of Y OCFn

results in a -0.05 to -0.40 with errors of 0.2, where Fis the ion flux to the divertor

plates. Figure 2 (b) and (c) show the C2 1-11/C 2D and the total sputtering yield defined as

YIOwJ = Yciicn,4 + 2 YC2HVC2D. as a function of ion flux density. Similar analysis for the

C2 HX/C 2DX, and the total sputtering yield leads to a -0.07 to -0.37 and a -0. 12 to -0.37

(except for the total sputtering yield by deuterium ions at the surface temperature of 150

Ta - 0.6), respectively. Since it is difficult to separate clearly the dependence of the

chemical sputtering yields on an ion flux and on an incident ion energy, the above

analysis results in only an apparent dependence of the sputtering yields on the ion flux.

In order to investigate the dependence, the total sputtering yields have been analyzed by
a regression analysis with a function of Y O T , where T, is the electron temperature

at the strike point. Figure 3 shows the total sputtering yields as a function of electron

temperature. Assuming an ion temperature is equal to the electron temperature,

corresponding impact energy range is from - 30 eV to - 90 eV due to a sheath
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(H20C for the sputtering yields witha

Total - function of Y Oc T. To avoid

10 .... ;? ..... serious errors due to extrapolation,

~~~~ ~~~comparison is limited in the electron
. .. .... .- ........

. ... .. ....(...... temperature range from 10 eV to 15
eV. The resultant ratio of the

. ...................
Total(D, 5000chemical sputtering yield at the

H ~~~~~~ .-. ~~~~surface temperature of 270, 150 and
0

Total (,80 0) 80 C is about 1 0.5 - 0.6 0.3.
1 Similar analyses result in the ratio of
5 1 0 1 5 20 1 : 0.4 0.3 for the CH 4/CD4 yields

Electron temperature (eV) and the ratio of 1 : 0.5 - 0.7 0.3 for
Fig. 3 The total sputtering yield as a function o1 the C2Hx/C2D, yields.
electron temperature. Symbols are similar to Fig. 2. In Fig. 2 and 3, the difference

between the chemical sputtering yields by hydrogen ions and deuterium ions is also

compared. The sputtering yield by deuterium ions was similar to the sputtering yield by

hydrogen ions.

4. Summary

The plasma effective charge (Zei 1f) was successfully decreased in L-mode discharges

with 13 MW NB heating and reversed shear discharges by lowering a baking

temperature from 2700 C, usual baking temperature, to 150 and 80 C. This might result

from the lower chemical sputtering yield at the lower surface temperature. The
measured chemical sputtering yield showed apparent dependence on an ion flux, i.e., Y

CC on05 - -0.40. However, the regression analysis with a function of Y O T indicated

that the reducing dependence of the chemical sputtering yields on the ion flux was

considered to be due to the decrease of the incident ion energy. The chemical sputtering

yield also showed clear dependence on the surface temperature. The ratio of the

chemical sputtering yield at 270 and 150 and 80 C was about 1 : 0.4 - 0.7 0.3. The

sputtering yield by deuterium ions was similar to the sputtering yield by hydrogen ions.
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8. Divertor/SOL Plasmas

8.1 Volume recombination in detached divertor plasmas

H. Kubo and T. Nakano

1. Introduction

The detached divertor regime is attractive for mitigating the severe problem of

concentrated power loading of the divertor plates. The volume recombination is considered to

be important in reducing the ion flux to the divertor plates and detaching the plasma from the

divertor plates [1-3]. This paper describes a study of the volume recombination in detached

divertor plasmas by observation of Balmer lines of hydrogen atoms and continuum.

2. Experimental

The diagnostics for the present divertor study is shown in Fig. . Using a filter optics

with a 6Och optical fiber array, the spatial profiles of H,, and C 11 658 nm line emission were

measured. Using a visible spectrometer, spectra around a wavelength of the Balmer series

limit of H were observed. With the spectrometer, we could simultaneously observe the

spectra for 16 viewing chords selected from a 6ch optical fiber array. n two identical

discharges, spectra for 30 viewing chords were observed by changing the fiber selection.

Figure 2 shows a spectrum of the Balmer series lines. The Balmer series lines with the upper

levels of n = 7 - ii were identified. Profiles of electron density and temperature were

measured with Langmnuire probes at the divertor target plates and in the vicinity of the X point,

as shown in Fig. 1. The electron density at the divertor target plates might be underestimated

by a factor of -2 due to erosion of the Langmnuir probes.

Figure 3 shows time evolution of an L-mode discharge (hydrogen plasma, NBI power:

4 MW) to be investigated. By a feedback technique using a H2 gas puffing, the electron

density was raised and kept 52 % of the Greenwald density limit. After the onset of an X-

point MARFE at 7.9 s, the gas-puffing rate decreased. Time evolution of the intensities of H,,

and HE lne emission is shown in (b) and (c). The intensities were integrated over the inner and

outer divertor plasmas. The intensities increased with the electron density, and the intensities

in the outer divertor increased rapidly at the MARFE onset. Spatial profiles of emission of H,,,,

H., and C LI lines are shown in Fig. 4. At 6.4 : before the MARFE onset, the emission

profiles had peaks around the inner and outer strike points. At 8.5 : when the MARFE

appeared, not only the C II profile but also Ha and H, profiles had peaks around the X point

besides the peaks around the inner and outer strike points. In Fig. 3 (d), time evolution of the

ion fluxes to the divertor plates is shown. The ion fluxes were derived from the target probe

measurement. The ion fluxes to the inner and outer divertor plates rolled over around 6.3 and

7.2 s, respectively. They decreased drastically, when the MARFE appeared. Therefore, partial
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detachment started gradually before the MARFE onset, and the detachment became

pronounced by the MARFE onset. Spatial profiles of electron density, temperature, and

pressure measured with the target and X-point probes are shown in Fig. 5. It seems that the

inner and outer divertor plasmas had already been detached partially near the strike points at

6.4 : before the MARFE onset. The width of the detached region was - 1 m. Since the

reduction of the ion flux in the detached region was small for the outer divertor, the total ion

flux to the outer divertor plates did not decrease at 6.4 s as seen in Fig. 3 (d). The detachment

was clearly seen at 8.5 : after the MARFE onset. The width of the detached region was ~- 0.5

cm in the outer scrape-off layer near the X point, and the width was - 2 cm at the divertor

plates. The electron density and temperature in the attached region just outside of the

detached region were - 1.2 x 1020 m-3 and 30 eV near the X point, respectively. The electron

density and temperature were ~ 1.5 x iO'` m and - 5 eV at the divertor plates, respectively.

3. Analysis and Discussion

From the intensities of the Balmer series lines with the upper levels of n = 7 - , it

was found that the populations of n > 7 levels could be explained by the Saha-Boltzmnann

distribution. Therefore, the population of the n = 7 level was attributed to the recombination

component. When we assume that the populations of the n = 3 and 7 levels are attributed to

the recombining components, using a collisional radiative model, the intensity ratio is

estimated to be 0.05 - 0.3 in the region of ne ( 1 - 1 0) x i0O' m' and T, = 0. 3 - 1 00 eV. The

ratio of the H. line intensity to the H,, line intensity is shown in Fig. 4 (d). The intensity ratio

was lower than 0.01, and it suggests that most of the population of the n = 3 level was

ascribed to the ionization component. When the population of the n = 7 level is attributed to

the recombination component, the recombination rate is almost proportional to the H line

emission rate in the region of ne = (1 - 10) x 101 m-3 and T, = 0.5 - 10 eV [3]. In the region,

the ratio of the recombination rate to the H. line emission rate is - 135. From the profile of the

H. line emission shown in Fig. 4 (b), it is suggested that the recombination rate was high

around the both divertor plates before the MARFE onset. When the X-point MARFE

appeared, the recombination rate was also high around the X point. In Fig. 3 (c), the

recombination ion flux, which was derived from the intensity of the HE line emission on the

assumption that the ratio of the recombination rate to the H, line emission rate was 135, can

be seen by referring to the right scale. The recombination ion flux increased gradually with

the electron density. The increase with the MARFE onset was notable in the outer divertor.

When the MARFE appeared, the recombination ion flux was estimated to be 25 % of the

divertor plate ion flux at 7.5 : before the MARFE onset. The ratios of the recombination

ion flux to the ion flux to the divertor plates were 1 and 0.5 in the inner and outer divertor,

respectively.

To explain the spectroscopic observation, the electron temperature measured with the

Langrnuir probes was too high and the electron density measured with the Langmuir probe
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was too low. At the present stage, the reason has not been known. The Langmnuir probe

measurement might have a problem for low-temperature plasmas. Molecular activated

recombination [3], which has not been considered in the present analysis, might play

important roles. Effect of line integration for the spectroscopic measurement should also be

considered [2].

4. Summary

From the profile of the H, line emission, it was suggested that the recombination rate

was high around the both divertor plates before the MARFE onset. When the X-point

MARFE appeared, the recombination rate was also high around the X point. The

recombination ion flux increased gradually with the electron density. With the MARFE onset,

the increase in the recombination ion flux was notable in the outer divertor. When the

MARFE appeared, the recombination ion flux was estimated to be 25 % of the divertor ion

flux before the MARFE onset. The ratios of the recombination ion flux to the ion flux to the

divertor plates were 1 and 0.5 in the inner and outer divertor, respectively. To explain the

spectroscopic observation, the electron temperature measured with the Langrnuir probes was

too high and the electron density measured with the Langrnuir probe was too low. Further

investigation is necessary to understand the volume recombination.
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8.2 Pumping effect on plasma flow and divertor detachment[1]

N. Asakura, S. Sakurai, HI. Tamai, Y. Koide, Y. Sakamoto, 0. Naito, K. Masaki

Control of the plasma flow in the scrape-off layer (SOL) and divertor, using a divertor
pumping system, is considered important because of its implications for the exhaust of helium
ash and impurity retention in the divertor. However, there were few measurements of the
SOL plasma flow, and the effect on the pasma flow pattern is not understood. In 2000, the
SOL plasma flow for te case of pumping at the down-stream sides (both inner and outer
divertor private flux region) was investigated under the partical detachment condition, using
the reciprocating Mach probes installed at the outer midplane and the x-point[2]. The neutral
recycling in the divertor region was also measured.
Pumping effect on divertor detachment

Profiles of Te and js, in the SOL were measured in the L-mode plasmas where J, = 1.6-1.7 MA,
Bt= 3.5 T, qg5 = 3.5, and plasma density, fi, was scanned on a shot-to-shot basis. An improve-

ment of the divertor operation is observed for the both-side pumping case. Partial-detached
plasma at both divertor targets without causing the x-point MARFE (i.e. plasma detached
below the x-point) is maintained at fi, of (2.3 - 2.6) x 1019 m`. The onset kt of the x-point
MARFE (2.75 x 0'` m-') is higher than that for the inner divertor pumping, where the partial-
detached plasma is observed at n, = 2.45 x 1019 M-3 and the x-point MARFE appears at ,

=2.6 x10` 9 m~3.
Under the partial-detached plasma at both divertor targets without the x-point MARFE,

T$"' decreases to 10-30 eV and p'~P is maintained at 230-340 Pa while 2p' decreases. The
ratio of 2pdi /p',P is smaller than that for the inner-side pumping case, which is mostly due
to a large reduction in the ion flux at the divertor target, while Tdtv of 5-10 eV is comparable.
The larger plasma flow just below the x-point for the both-side pumping is produced by larger
reduction in p 'ot The neutral source at the separatrix is reduced by the divertor pumping
from the private flux region. The larger reduction in p "' is also observed during the x-in
MARFE, where the detachment region extends to the up-stream (x-point) and the outer flux
surfaces.
In-out asymmetry in divertor recycling D~

For attached divertor condition at high i, in particular, D4"' (recycling flux in the inner
divertor) is enhanced 2-3 larger than b di,7". Both recycling flux in the divertor and the in-out
asymmetry are similar for the inner-side and both-side pumping cases. Neutrals from the inner
divertor to outer divertor through the bypath is small so that the in-out asymmetry does not
change.

When plasma detachment occurs at the inner divertor separatrix, 4 4 §Oa increases with
nl', and then outer divertor plasma is detached. For the detached divertor without x-point
MARFE, in-out symmetries in recycling flux, neutral pressure and ion flux are observed. For
the both-side pumping, larger values of ob dJt' and ($tdivtou are observed in the detached divertor,
compared to those for the inner-side pumping cases.
Summary

With application of both inner and outer divertor pumping, the both-side pumping was
favorable for the partial-detached plasma, which can be maintained without appearance of x-
point MARFE. Under the partial-detached divertor condition, an increase in the plasma flow
at the x-point was observed for the both-side pumping due to a reduction in the down-stream
plasma pressure.
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8.3 Fast measurement of SOL flow and plasma profle in ELMy H-mode

N. Asakura, S. Sakurai, K. tami, H. Tamai

Fast measurement of heat and particle fluxes in SOL during an ELM is crucial for evaluating

convection and conduction of ELM power flow. At the same time, measurements of the ELM

flow pattern is important to understand the particle and impurity exhaust in ELMy H-mode.

The plasma flow in SOL of the ELMy H-mode plasma was measured using reciprocating

Mach probes installed at the outer midplane and the divertor x-point. ELM heat load on the

divertor plates was measured with IRTV of fast sampling (250pis per profile). Plasma

parameters were I=1MA, B=2T, =0.32, K=1.4, NB= 4.3MW Line-averaged electron

density was 1.8x1i0' 9 m-, and additional gas puff was not supplied during measurements,

where ELM frequency was 30-40Hz. Since reciprocating period of the probe is about s,

about 10 ELM events are measured near the separatrix (<10cm).

1. SOL plasma flow

Time evolutions of ion saturation currents, is, at up-stream side of the midplane and the x-

point probes, and j ratio, j(down-stream side)/js(up-stream side), are shown in Fig.lI. Figure

1 (a) shows that two ELMs occur and increment of j, at up-stream side of the probe is an order

of magnitude both at midplane and x-point. Values of j, both at up-stream side and down-

stream side of the probe are increased. However, time evolutions of j, ratio are different for

the two locations as shown in Fig. 1 (b). j(down)/j,(up) at the midplane is decreasing to unity

(i.e. flow velocity zero) just after ELM event. On the other hand, j(down)/j,(up) near x-point

is decreased to 0. 1 (i.e. flow velocity increases towards divertor) and, then, it is increased to

unity (i.e. flow velocity zero).

Enlarged figures in the period of 2 ms are shown in Fig.2. Figure 2(a) shows that j both at

up-stream and down-stream sides of midplane are increased to the maximum values just after

the ELM event and that values of js for the two sides become comparable in I ins. The change

shows that increment of j, is caused by radial diffusion or poloidal drift rather than the parallel

transport along the field lines. Figure 2(b) shows that j, at the up-stream side near the x-point

is increased faster than j at down-stream side and that it reaches a peak in -200pis after the j,

peak at the midplane. The time delay between , peaks at the midplane and the x-point is

explained by the parallel convective flow. Transit time of ions from the midplane to the x-

point is about 30ps (connection length = 26m1 acoustic speed = 2xliO'm/s assuming pedestal

ions and electrons are exhausted into SOL, where Ti = 800eV and Te = 600eV are measured at
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pedestal).

Figure 2(c) shows that flow velocity near the x-point becomes large during 200is of j,

peak. Then j,(down)/j,(up) increased in ms larger than that between ELMs, i.e. flow velocity

decreases. It may be caused by an increase in the plasma pressure near the divertor target.

Profiles of Mach number at the midplane and near the x-point are shown in Fig.3(a) and (b),

respectively. At the midplane, flow reversal between ELMs is reduced just after ELM (at j,

peak), and flow velocity becomes zero over the SOL region. In particular, SOL flow towards

the divertor is observed only at cm outside of the separatrix. As a result, increment of j at

outer flux surfaces may be caused by the radial diffusion. Near the x-point, flow velocity is

increased from -0.5 to 0.8-1.0 just after ELM (at j, peak) only within - 1.5cm outside of the

separatrix, while flow velocity is reduced in the outer flux surfaces. Thus, the parallel

convective flow is observed just after ELM within - 1.5cm. of SOL. The increment of j at

outer flux surfaces may be caused by the radial diffusion similar to that at the midplane.

An increase in the plasma pressure near the divertor target may be caused by the ionization

of neutrals. Figure 4 (b) shows time evolution of D,, brightness at midplane and divertor. A

rapid increase in D,, brightness at outer divertor is observed during the large convective flow.

2. Target heat load

Figure 5 shows a superimposed plot of 8 time evolutions of ELM heat flux to the divertor,

which are normalized by each maximum value. Most ELM heat fluxes are extended over 2-3

time frames of the fast IRTV measurements. This fact suggests that deposition time of ELM

heat flux corresponds to 1-2 x frame (250jgs) = 250-500 gts.

Figure 6 shows time evolutions of ELM heat flux and j, j-ratio and floating potential

measured with the x-point Mach probe. The period of the peak heat flux corresponds to that of

the enhancement of the plasma flow (j5 is increased, j-ratio is decreased), 2Ojis. Fast

electrons and ions reached to the x-point Mach probe at the start of the heat flux enhancement

(faster than at the peak). This fact suggests that most of energy flow to the divertor is

transported by the parallel convective flow.

Profiles of ELM heat flux are measured with the fast IRTV, and 8 ELMs are superimposed

in Fig. 7. At the outer divertor, FWHM of the ELM heat flux profiles ranged in 1.3+-0.2cm,

and multi-peaks are sometimes seen in the profile. The FWHM of 1.3cm is in good agreement

with area (1 -1.5cm) for enhancement of the ELM SOL flow. At the inner divertor, FWHM of

the ELM heat flux profiles ranged in 1.7+-0.6cm, and multi-peaks are very often seen in the

profile. Thus, deposition width of ELM heat flux is wider than 1.7cm.
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8.4 Fast measurement of SOL flow and plasma profile in pellet injection

N. Asakura, S. Sakurai, H-. Takenaga

Fast measurement of particle flux in SOL during pellet injection was performed, for the first

time, to investigate perturbations of density profile and SOL flow pattern. The plasma flow in

SOL was measured using reciprocating Mach probes, similar to that for the ELMy H-mode

plasma (Sec. 8.3), installed at the outer midplane and near the divertor x-point. Plasma

parameters were I=1MA, B1=2T, =0.32, =1 .4, NB= 3.5MW for hydrogen L-mode plasma.

Line-averaged electron density was 1.3x iO'C m-', and additional gas puff was not supplied

during the pellet injections (PI). Pellets were injected from two locations: horizontally from

the outer midplane port (outboard pellet injection, 0-PT) and vertically from the inner upper

port (upper-inboard pellet injection, UI-PI).

1. SOL profile measurements

Profiles of electron density and temperature are measured with applying a triangle waveform

of voltage (from -200 to +200V, a period of 2ms). Figure 1 shows time evolution of ion

saturation current measured at upstream-side of the x-point Mach probe, j,,, and distance

from the separatrix (mapping to midplane). Pellets are injected from outer midplane with the

frequency of -10Hz, and one pellet is not injected (this is the best case). Reciprocating period

of the probe is about s, and about 3-6 pellet events are actually measured. Value of j,,u7x is

increased rapidly after pellet injection, in particular, near the separatrix. It should be noted

that an increase in J is observed in the private flux region (large increase in up was not

observed for the SOL plasma measurements of ELM events in ELMy H-mode plasma). For

the case of PI, SOL plasma density is also increased in the private flux region.

Figure 2 shows profiles of jsu and Te,up at up-stream side of the x-point Mach probe for 0-PI

and UI-PI. For the two cases, increments of ju are roughly 30-50% near the separatrix. Teup

does not change in the time resolution of voltage scan (2ms), except for near separatrix

(<1mm at midplane distance) of UI-PI case, where Teup is decreased from 70 to 45 eV.

Figure 3 shows time evolutions of the ion saturation current measured at upstream-side of
mnidmithe midplane Mach probe, j,U, and distance from the separatrix. Increment of j pi s

observed near the separatrix (0.8 cm). Profiles of j, and T,up at the up-stream side of the

midplane Mach probe are shown in Fig. 4 for 0-PI and UI-Pl. Increment of ju is relatively

small and slow at the outer midplane, as shown in Fig. 4(a), even for 0-PI. The midplane

Mach probe did not move in 38369(UI-PI), and pellets were not well injected in 38367

(increment of j,,, was not clearly seen either for UI-PI).

2. Fast changes in j, and plasma flow in pellet injection

Figure 5 shows the time evolutions of j, 1 and j...iid for 0-Twtapligacnat
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voltage of -160V, and fast sampling time of 5jgs. The value of jJ1 is increased rapidly by a

factor of 3-5 just after PI (<O.lIms). However, it is reduced within ms, and increment of juXP

is actually by 20-50%, and it is decreased to the background level in 40-80ms. On the other

hand, change in j~up~ is tosred at the midplane.

Figure 6 shows ime evolutions of j~p~ and jmp' for Ul-PI during the probe insertion. The

value of j~x is increased by 30% at 6.85s after P1 (0.2-0.4 ins). j 1,'p" is increased largely just

outside the x-point (at 6.91s) by a factor of 2, and it is decreased to the background level in

40-60ms. Rapid and large increases (a factor of 2-3) in j,,upd are observed at the midplane for

UI-Pl. After the rapid increase, jsumd is decreased in 0.4- Ims to the background one.

The pellet injector, the x-point and midplane Mach probes are located at P-1O, P-9 (-20

degree) and P-18 (+160 degree), respectively. Since magnetic field lines do not connect

between the midplane Mach probe and the outboard pellet injector, increment of ion density

ablated by 0-PI may not affect the midplane SOL at P-18. Connection of magnetic field lines

between two points should be identified by equilibrium analysis.

Figure 7(a) shows time evolutions of the jP ratio, j 1.'x'/js wxP, for UPI. Value of

isu~p ~dwXP increases just after PI shows that SOL flow velocity towards the divertor. Values

Of s,upXP/js~downxP after ms (cross-squares) and between P(circles) are picked up, and the

profiles of Mach number are shown in Fig.7(b) from 3 UI-PI shots, where the Mach number is

estimated from the Hutchinson's formula, 0.35nU,,uX/j,,do,,flxPj. A large increase in SL

flow velocity is observed near separatrix and private flux region (<2mm mapping to

midplane). Plasma flow in the outboard SQL, except for near the separatrix and private region,

is not affected by UT-PT.

Figure 8(a) shows time evolutions of jUX/,,.,,X for 0-Pl. SL flow velocity is increased

just after PI, corresponding to the jpx peaks in Fig.5(a). Values of jsu~/~dwX just after

Pl(darken squares), ms after PI(cross-squares) and between PIs (circles) are picked up, and

profiles of Mach number are shown in Fig.8(b) from 3 0-Pt shots. A large increase in the flow

velocity towards the divertor is observed just after PI in relatively wide SOL region (< 2.6cm

mapping to midplane). However, it is decreased rapidly, and at ms after PI an increase in

SOL flow is seen only near the separatrix and private flux region (similar to Ul-PI case).

3. Summary

Increases in jJ" and the SOL flow velocity were observed, in particular, near the x-point.

Those are similar between UPPT and 0-Pt, except for large peaks just after 0-PT (< I s). Net

increment of the plasma density near the x-point is 20-50% but it is decreased to the

background level in 40-80ms. The large and rapid peaks in j,,,x near the x-point and no

change injs~upmid for 0-PT may be caused by local increase in the plasma density.
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9. Plasma Diagnostics and Heating System

9.1 Infrared laser polarimetry for electron density measurement in

tokamak plasmas [1]

Y. Kawano, S. Chiba, and A. Inoue

The infrared CO 2 laser polarimetry for electron density measurement based on the

tangential Faraday rotation has been progressed in JT-60U tokarnak. The reliability of

polarimetry in a pellet-injected plasma was confirmed. The Faraday rotation was measured

with good angle resolution of -. 01O under the sufficiently fast temporal resolution of 4 ins.

Electron density evaluated from the tangential Faraday rotation measured by polarimetry

shows good agreement with that measured by interferometry for an identical probing laser

beam. The long-time continuous measurement up to 7 hours was successful with good

stability and accuracy. The basic feasibility of the infrared CO2 laser polarimetry for electron

density measurement in long-time and steady-state operation in large fusion devices was

demonstrated.

'C-4-:3ms

25sampling: 0.5s May 19th, 2000

polarimetry- zlock-i6Irms samnwg: 4rns E36560 E36561
interderorrerv- samplig 1 ns E36046 2 Ar3.73T 1 .7MAI.

0.8 1.' TDC

0.5 - _~~~~~~~~~~~~~~~~~~~~.3

047 
0.3~~~~~~~~
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t~~~~~s) 2~~~~~~~ i Disruption

Fig. Comparison between the raw Faraday .
rotation angle (A.= 9.27j/un) and the line 
integrated electron density measured by 1.991 1.992 1.993 1.994 1.995

inteferometry. t (hour)

Fig. 2 Detail fmm long-time continuous
measurement (7h) of t C 2

laser polarimetry.

[1] Y. Kawano, S. Chiba, and A. Inoue, Rev. Sci Instrum. 72, 1068 (2001).
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9.2 Development of a 20-channel electron cyclotron emission
detection system for the grating polychromator [11

A. Isayama, N. Isei, S. Ishida and M. Sato

1. Introduction
In JT-60U, there are three kinds of ECE diagnostic systems [2, 3, which are the

Fourier transform spectrometer [4], the grating polychromator [5] and the heterodyne
radiometer [6, 7. The grating polychromator is advantageous in that the measurement point
can be changed by changing the grating mirror angle, and it is used to measure electron
temperature and its perturbationis. There has been a 20-channel ECE detection system for the
grating polychromator, where indium antimonide (InSb) detectors are cooled at 4.2 K by a
refrigerator. From the viewpoint of maintenance work, a refrigerator is better than a cryostat
which holds liquid helium because there is no need to refill the liquid helium. However, large
noise from the refrigerator sometimes makes it difficult to measure small perturbations. In the
grating polychromator system, three out of twenty channels are used only for noise
measurement. Furthermore, typical channel separation of the grating polychromator is about
6-8 centimeters in major radius, which is not enough to measure the electron temperature near
the internal transport barrier. In 2000, a new ECE detection system was installed in order to
measure electron temperature more precisely with narrower channel separation.

2. System specifications
The new ECE diagnostic system is composed of 20 waveguides, a 20-channel InSb

detector system, preamplifiers, filter amplifiers, analog-to-digital converters and electrical-
optical converters. Schematic diagram of this system is shown in Fig. 1. Detailed
specifications of the waveguides, the InSb detector system and the preamplifiers, which are
specially designed and fabricated for the new system, are described in next subsections.

2.1 Waveguides
Frequency-resolved ECE is led to the InSb detector system through waveguides. They

are composed of an L-shape WR-5 1 (12.954 mmx6.477 mm) rectangular waveguide and a
rectangular-to-circular waveguide transition from WR-51 to 412.7 mm. The waveguides are
made with silver plated brass. Measured transmission loss of the L-shape waveguide and the
waveguide transition are 3.8 dB and 0. 1 dB at 170 GHz, respectively. The waveguide array is
inserted between the existing waveguides, which enables reduction of channel separation
(Fig. 2).

2.2 Twenty channel InSb detector system
Since electron cyclotron emission from a JT-60U plasma is transmitted through 40 m

waveguides, its intensity is reduced to about - 11 dB in the frequency rage of 100-300 GHz. In
order to detect the ECE signal with a high signal-to-noise ratio, detector system with good
responsivity is required. In the existing detector system, InSb detectors are cooled by a
refrigerator, where mechanical noise sometimes makes it difficult to measure small
perturbations. Thus, we adopted an InSb detector system with a cryostat. Schematic drawing
of the cryostat which holds InSb detectors is shown in Fig. 3. Diameter and height of the
cryostat are about 500 mm and 660 mm, respectively. In the cryostat, there is a 30-liter can
for liquid helium and a 25-liter can for liquid nitrogen. At the bottom of the 30-liter can,
twenty InSb detectors are aligned in a row. Boil-off rate of liquid helium is monitored by
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measuring the flow rate of helium gas from the cryostat. Time trace of the flow rate after the
first fill is shown in Fig. 4. While the flow rate is high just after the start-up phase of the
cryostat, it becomes stable after a few days. Typical flow rate in a stable phase is 0.3-0.4 liter
per minute, which corresponds to about 6 - 7 weeks' hold-time. Height of the liquid nitrogen
is monitored by a level meter, and the liquid nitrogen is automatically refilled every 2 days.

2.3 Preamplifiers
Detected ECE signal is led to the preamplifier. DC-coupled amplifiers are used in

order to improve gain characteristics in low frequency region. Since offset voltage changes in
time in a DC-coupled amplifier, a circuit to cancel the offset voltage is needed to be installed.
In the preamplifier system, two of the trigger signals, which are originally used to control the
other CAMAC (computer-aided measurement and control) systems, are used to control the
offset cancellation circuit: One signal, S 1, is received one minute before the discharge, and
the other signal, S2, is received at end of the discharge. The sequence of the operational status
is shown in Fig. 5. When the preamplifier receives the Si1 signal, an internal timer is turned
on. After Ti second, the circuit in the preamplifier is closed to cancel the offset voltage.
When the preamplifier receives the S2 signal, the circuit is opened. Even when the
preamplifier does not receive the S2 signal, the gate is opened after T2 second. In the
preamplifier system, Ti and T2 is set at 50 seconds and 30 seconds, respectively. Voltage
gain is manually changed from 1000 to 10000. Error in output gain is within ±+0. 1 dB in the
frequency region of DC to 100 kHz. Typical noise voltage is measured to be 1 nV/HZ05 ,
which is lower than that in the existing preamplifiers (typically 4 nV/Hz0 -5). Offset drift is
measured to be about 0.5 mV/s even for the worst case. Since output voltage is typically 5V,
the offset drift during a discharge (15 seconds) is very small. It has been confirmed in
experiment that the offset voltage is canceled as expected, and that the offset drift during a
discharge is negligibly small.

3. Measurement of electron temperature
Time evolution of electron temperature in a reversed shear discharge measured by the

new ECE detection system is shown in Fig. 6 (a). Note that electron temperature is not
measured from 4.95 s to 5.05 s because a shutter located at the input of the polychromator is
closed to measure the offset voltage in the old system. At t=4.4 s, electron temperature of
channel 10 increases while electron temperature of channel ii1 does not, which suggests the
formation of internal transport barrier. After the mini-collapse at t=4.9 s, a large collapse
occurs at t=5.5 s, and the central electron temperature decreases from 5 keV to 1.5 keV. From
Fig. 6(a), we can see that these collapses are observed after the increase of the electron
temperature of channel 10. Time evolution of electron temperature near the collapse at t=5.5 s
is shown in Fig. 6(b). It can be seen from this figure that there are two phases in the collapse.
At the first collapse at t=5.485 s, decrease in electron temperature at the peripheral region
(CHIO-CH12) is much larger (Te/Te=-100%) than that near the center (CH5; 8Te/Te=-10%).
At the second collapse at t=5.502 s, decrease in electron temperature (CH5-CH7) near the
center is observed. From this measurement, we can see that the timing and location of ITB
formation and the process of a collapse can be measured by the new ECE detection system.

4. Summary
A new 20-channel ECE detection system was installed in 2000. Since the detector is

cooled by liquid helium held by a cryostat, no mechanical noise is observed. This enables
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measurement of small electron temperature perturbations. Furthermore, a 20-channel DC-
coupled preamnplifier is used to improve gain characteristic in the low frequency region. It
was confirmed that the offset cancellation circuit worked as expected, and that the change in
the background noise was negligible. Since there is no need to measure the background noise,
all channels can be used for electron temperature measurement, and thus precise
measurement of the structure of ITB and the process of a collapse became possible.
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9.3 Collective Thomson scattering using a pulsed CO2 laser in JT-60U11]

T. Kondoh, and S. Lee

A collective Thomson scattering (CTS) diagnostic system using a carbon dioxide (CCO)

laser has been developed for the purpose of establishing measurement technique of ion

temperature and fast alpha particle in a fusion reaction plasma. A pulsed CO2 laser (1 5J, 1 gs

at 10.6 pm) and a heterodyne receiver with a stray-light notch filter has been successfully

installed. The noise equivalent power (NEP) of the heterodyne receiver is below 9 x 1 `'

W/Hz up to a frequency of 8 GHz. A six-channel filter bank analyzes spectrum of the

scattered light in the frequency range from 0.4 GHz to 4.5 GHz to measure ion temperature

and to detect fast ions generated by negative-ion source neutral beam (N-NB) injection of the

JT-60U plasmas. Test of the CTS system by injecting the CO2 laser into the vacuum vessel of

JT-60U has started. Stray light signal around the JT-60U vacuum vessel was detected and

optimization of the optical alignment was proceeded.

Reference

[1] T. Kondoh, S. Lee D. P. Hutchinson, and R. K. Richards, Rev. Sci. Instrum. 72, 1143

(2001).
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9.4 A filter bank system for scattered spectr~ analysis in collective Thomson scattering

diagnostic on JT-60U [1]

S. Lee, T. Kondoh, Y Yonemoto and Y Miura

In JT-60U, collective Thomson scattering (CTS) diagnostic system has been developed to

measure ion temperature and velocity distribution of fast ions to demonstrate feasibility of

measurements of confined alpha particles. In order to resolve frequency distribution of pulsed scattered

light (i ps), we developed a wide band filter bank system ( 0.4 - 4.5 GHz, Fig. 1) for scattered spectr~

analysis. The detector bandwidth and frequency resolution are both designed based on the calculation

results of expected scattered spectrum in JT-60U. In order to realize wide band multichannel. detection,

cascade connected seventh order simultaneous-Chebyshev (elliptic) bandpass filters were adopted(Fig.

2(b)). Signal to noise ratio (SIN) based on the noise-equivalent-power (NEP) of quantumn-well infrared

photodetector receiver and laser pulse length are also evaluated. Horizontal step line in Fig.2(a) shows

the required signal level to obtain a sufficient S/N value (S/N=2). The calculation shows that sufficient

scattered power from bulk ions is expected in JT-60U experiment. The bandpass filter of zlB=2GHz

was also prepared in order to measure fast ions (6ch). A wide band filter will improve the S/N ratio.
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Reference

Ll]S. Lee, T. Kondoh, Y Yonemotol and Y Milura, Rev. Sci. Instrum. 71,(2000)4445.
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9.5 Neutron emission profile monitor on JT-60U

Y. Shibata', T. Nishitani, A. Morioka and M. shikawa 2

Department of Nuclear Engineering, Nagoya University, Nagoya, 464-8603, Japan
2 Plasma Research Center, University of Tsukuba, Tsukuba, 305-8577, Japan

1. Introduction

Fusion neutron measurement is one of the most promising techniques for diagnostics on

burning plasmas and is necessary for the future fusion devices such as ITER [1]. Especially,

measurements of neutron emission profiles are useful to study the transport of bulk and high-

energy ions [2]. We have developed a neutron emission profile monitor for deuterium-

deuterium plasmas in JT-60UJ.

2. Measurement system of neutron emission profile monitor
The neutron emission profile monitor has a neutron collimator (3m x 3m x m), which

has 6 fan-shaped channels made of polyethylene and lead. The collimator is installed in

oblique downward of the vacuum vessel and is located 5 m away from the plasma center (see
Figs. 1 and 2). The detector of the system is an NE213 organic quid scintillator ( 1, x 1").

M

Fig. I Positiooftemauentytm
Fig. 2 Neutron Collimator of the measurement system

3. Primary results and discussion

3.1 Test of the performance of the detector

The performance of an NE213 organic scintillator detectors was tested with 2.45 MeV

neutrons at the FNS (Fusion Neutron Source) neutron generator in JAERI Tokai. In this

experiment, we calibrated the six detectors for 2.45 MeV DD neutron measurement. An

experimental system is shown in Fig. 3. As shown in Fig. 4, the width of the neutron energy

spectrum is around 310 keV at FWHM. From these relative calibrations, we decided relative
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detection efficiency between each detector.
3.00-

2 45M NIC u e 1, 

Fig. 3 NE213 psition in FNS xperiment 0 2Neutron Energy SMeV] 

Fig. 4 Energ Spectrum of'NE2J3 in FNS experiment

3.2 First measurement in JT-60U

We applied the neutron emission profile monitor to JT-60U experiments. Firstly, we

confirmed the linearity of the NE213 detector of the profile monitor. Figure 5 shows that the

count rate of the NE213 detector is linearly proportional to the neutron flux from the 2 U

fission chamber (FC). We can see that the count rate of the NE213 detector was deviated from
the linearity at a neutron flux of .0XI016

_______________

neutrons/s of the FC. We confirmed that thea
1.2 -

neutron emission profile measurements are ~

reliable up to the neutron flux of 1Ol' 

neutrons/s of the FC in the present setup. 0 

The neutron emission profile during 

the NBI (Neutral Beam Injection) was 0, 

measured. Figure 6 shows measured count

rates of individual channels. Since these QOo
0 .5 1 0 1 5

values are line-integrated neutron emission U-FC [10''
rate we ave o emloythe bel nverion Fig.5 The relativity between count-rate fom
ratewe hve toemply th Abelinvesion NE2]3 and 23UFC in JT6OUNBI experiment

method to obtain a neutron emission profile.

The method converts the line-integrated I

values to local neutron emission on the -U64

magnetic flux surfaces. The neutron . S~s
emission is calculated from

Ji .i 005

where C is the measurement values (line- 

integrated value), l1 is the length of line * *

chord (weight coefficient), and 0, is the 0.0 I 0 
0.0 0.2 0,4 0.6 0. 8 1.0

neutron emission. The result is shown in /

Fig.7. The shape of profiles seems to be Fig.6 Neutron ounts (line integrated values) f
each channel in E3 7838, t6.4, 8.6s
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reasonable. The obtained neutron emission
profile will be compared with those from 1.I I

analysis codes (TOPICS and OFMIC). 0.8 .. .
0~~~~~~~~~~~~. 

Summary ~0.6 

We have developed a neutron 0 

emission profile monitor with a 6 fan- 
shaped channel neutron collimator. We &. 2 

have adopted NE2 13 organic liquid 0.0 m -

scintillator and calibrated the detectors at 0.0 0.2 0.4 /a0.6 0.8 1.0
FNS JAERI Tokai. Fig 7. Neutron emission profile after Abel inversion in

We have found that the profile E388 =4,86

monitor is reliable up to the neutron flux of .0x 1016neutrons/s of the FC in the present setup.

In the NBI measurements, we have obtained neutron emission profiles by Abel inversion of
the line-integrated values measured with this system. We confirmed that the neutron emission
profile monitor operates well in the typical DD plasma experiments of the JT-60U.

In the future, we will measure and analyze the DD plasma routinely with the system,
compare the measured profiles with those from analysis codes, and investigate a correlation
between the neutron emission profile and other plasma parameters.

References
[ 1] . M. Adams et al., Nucl. Inst. Methods, A329, 277 (1993).

[2] B. Wolle, Phys. Reports, 312, 1 (1999).
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9.6 Multichordal charge exchange recombination spectroscopy
on the JT-60U tokamak [1]

Y. Koide, A. Sakasai, Y. Sakamoto, H. Kubo and T. Sugie

Recent development of the JT-60U charge exchange recombination spectroscopy (CXRS)
diagnostic system is reported. The measurements of the radial profiles of the ion
temperatures (Fig. 1(a)), the toroidal and poloidal rotation velocities (Fig. 1(b)) and the
impurity density (Fig. 2(a)) are based on CXR spectra of fully stripped carbon ions induced
by neutral beam injection. Radial electric field profile is estimated based on momentum
balance equation (Fig. 2(b)). Measurements are made simultaneously at 59 spatial points (23
toroidal and 36 poloidal) with a time resolution of 1/60 second throughout the full discharge
pulse of 15 seconds. It should be noted that apparent velocity, especially for poloidal velocity,
is induced due to the energy dependence of cross-section of charge exchange reaction.
Therefore precise information on the cross-section is crucial for the estimation of radial
electric field; however it is still under discussion.

Reference
Ill] Y. Koide, A. Sakasai, Y. Sakamoto, H. Kubo and T. Sugie, Rev. Sci. Instrum. 72 (2001)
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9.7 Improvement in MHD equilibrium reconstruction code with MSE data

T. Fujita, T. Oikawa, T. Suzuki

1. Introduction
In the MHD equilibrium reconstruction code with MSE (motional Stark effect diagnostics)

data in JT-60U, the current density profile was assumed to be a polynomial function of

normalized poloidal flux 1]. However, since it had a small number of free parameters,

difficulties were frequently encountered to fit the MSE data satisfactorily. The fitting was

poor especially in reversed shear plasmas which had the bootstrap current peaked at the
internal transport barrier (ITB) layer. To improve the ability of fitting of MSE data, the

functional form for current density profile has been extended.

2. Function for current profile in the previous code

In an axisymmetric MHD equilibrium, which is represented by the Grad-Shafranov

equation, the current density is given by a function of P and R, where P is the poloidal flux

function and R is the major radius;

j(R, '1) = Rp'(P)+(1/[i 0 R)*F(P)F'(T).

The profiles of current density and pressure, j(p) and p(p), are mainly determined by two

functions, p(T) and F(TP). Here p is the normalized radius; p = 0 at the axis and p = 1 at the

last closed flux surface. In the MHD equilibrium code in JT-60U to fit the MSE data, p'(4P)

and FQ{')F'(PF) are assumed to be similar functions of normalized poloidal flux XV~, Y(u);

pP) = c*P3PC*Y(WJ), (I/got)*F(T)FYP') = c*(1-Ppcj* RP 2*Y(NJ)

then

j (R,NJ) = c *(R * pp (1-p)* PI)Yx

where Wj=0 at the magnetic axis, N,=1 at the last closed flux surface, RP is the plasma major

radius, and PP is a constant close to the poloidal beta; c and Pp. are determined to adjust the

total plasma current and the poloidal beta (or plasma stored energy) to given values.

In the previous code, Y(W) was assumed to be a polynomial function of Wv;

Y(NJ = 1+c3+C1 I+C2XJ2-(1+C1±C2)NJ3 . (1)

The coefficient C3, wh ich represents the amount of surface current, is fixed and is given in an
input file. Coefficients of c, and 2 can be determined in a code to adjust q(0) and li to given

values or can be fixed and given in an input file. An example of MHD equilibrium

reconstruction using the MSE data in reversed shear plasma (Fig. 1) with this function is

shown in Fig. 2 (a). Here, the plasma current is 0.8 MA, the plasma major radius (RP) is 3.4

m, toroidal field at RP is 3.4 T, the plasma minor radius is 0.80 m and q is -9. The data of

channel 4 to 8 in the MSE collection optics viewing a counter NB (#713) are used to fit and

shown in Fig. 2 (a). These channels cover p = 0.35 to 0.85 in this configuration. At the top,

a projected pitch angle y of magnetic field line along the #7B3 beam line is shown.
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Rectangular symbols denote the MSE data (ME

while a solid line is a calculated one from the
equilibrium obtained with the code. The dotted line1
denotes a projected pitch angle for a vacuum toroidalNB B
field, ypo. The solid line crosses the dotted line where E 

the #7B beam line is closest to the magnetic axis. In
the outer region where R>R,,, VP becomes smaller

than 'Ypo due to the poloidal field. The magnitude of -
poloidal field is proportional to an absolute value of

,y-yo Roughly speaking, the slope of yp, reflects the2345
current density there; the slope becomes steeper when R [m]
the current density there is larger. Our purpose is to Fig. 1. Plasma configuration for the

find an equilibrium that has a profile of yp, as close as test of equilibrium code. MSE points
to that of MSE data. The fitted curve was obtained (ciric.es) and the beam line of #7B are

also shown. Closed symbols denote
with c = 12.92, 2 = -24.92 and C3 = 0. It can be seen the points used for the fitting in Fig. 2
that the slope between channel 5 and 8 is too gentle, (channel 4 to 8).

which means that the current density at p 0.5-0.7 is
too small. With this functional form, it is impossible to make a narrow peak at a half radius

because Y"(ty) is a linear function of Wj which increases or decreases monotonicaily with iji.

At the bottom is shown the q profile. The solid line denotes the q profile of equilibrium while
symbols are calculated as q*(Qyp -po/(ypmSE_ y4 0 ) assuming that the q is inversely proportional

to the yp-ypo.

3. New functions for current profile

Two kinds of new functions have been installed into the equilibrium code. One is a
polynomial function + Gaussian function of W~j and the other is a spline function of p.

3.1 Polynomial + Gaussian
Here, a Gaussian function exp(-c((W- c5)) is added to the polynomial function (1) to

represent an off-axis peak;
YO)= 1+c3-iC1 I+C'112-(l+c1+C2)N13+ c,*exp(-o(W- c5)2). (2)

The location, width and height of peak are given by C5, x and c, respectively. These
parameters are fixed and are given in an input file. An example of using this function is
shown in Fig. 2 (b) for the same MSE data as Fig. (a). By adding a Gaussian function
located at p - 0.55 with full-width-of-half-maximum of -0. 18 in p, the steep slope of channel
5 to 8 are fitted well. It is noted that the current density at p=0.55 (0.7 MAm 2 ) becomes 1.4
times as large as that in Fig. 1 (a) (0.5 MA/M2 ) . The bootstrap current peaked at the ITB layer

is well represented. Accordingly, the deep hollow in the q profile around q,,i is obtained; a
large positive shear at p - 0.75 and a large negative shear at p - 0.45. However, the outermost
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channel (channel 4) cannot be fitted well by this function.

3.2 Spline function

The spline function can represent any shape, in principle, by adjusting the number and

the position of knots. Here, Y(xV) is represented by a third-order spline function of p, g(p);

Y()= g(P(M'). (3)
The number of knots, Nk, positions of knots, p (i =,. Nk), and values of Y at each knot,

Yi (i Nk) are given in an input file. The function p(i') is calculated by tracing the

poloidal flux surfaces at W' = W,= iNp i 1.. Np) at each step of iteration to solve the Grad-

Shafranov equation, where NP is typically 50. An example is shown in Fig. 2 (c). Here, a

spline function with 8 knots is used. To fit a positive slope between channel 4 and 5, it is

required to reduce the current density between them (p ~ 0.8) than that in Fig. 2 (b). All five

channels (4 to 8) are well fitted in Fig. 2 (c). In the current profile, a small peak near the

surface appears since the current at p 0.8 has been moved to p - 0.9. This can be

interpreted as the bootstrap current in the H-mode pedestal. As mentioned above, the pressure

profile in the equilibrium code is automatically determined from the current profile and

cannot be fit. However, the pressure profile in Fig. 2 (c) has a typical feature of reversed

shear plasma with an H-mode edge; steep gradient at the ITB layer, flat portion inside and

outside the ITB, and the edge pedestal. This is because the bootstrap current is dominant in

this discharge (-80%). The bootstrap current becomes large where the pressure gradient is

large while, in the equilibrium code, the pressure gradient is mainly proportional to the

current density since both are proportional to Y(xy).

Typically one knot per one section between neighboring channels is put in addition to two

points at p = 0 and p = 1. More knots are required to make a large change in the gradient in Y.

Since no algorithm to adjust the value at knots is equipped in the code, one has to adjust the

values and/or positions of knots by hand looking at the previous results. Typically -20

iterations are required to obtain a satisfactory result.

4. Summary and discussion
Two kinds of new functions have been installed into the equilibrium code; polynomial

function + Gaussian function of W and a spline function of p. The spline function is very

powerful and can fit almost any shape of current profile. By using these new functions, the

real shape of current profile in JT-60U reversed shear plasmas, which is characterized by the

bootstrap current peaked at the ITB layer, has been obtained for the first time. This enables us

to do deeper analysis, for instance the calculation of bootstrap current density, the estimation

of loop voltage profile [2] and so on in reversed shear plasmas.

References
[ 1] Fujita, T., et al., Fusion Eng. Design 34-35, 289 (1997).
[2] Fujita, T., et al., Phys. Rev. Lett. 87, 085001 (2001).
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Fig. 2. Examples of equilibrium reconstruction with MSE data using different types of function
for the current profile; (a) polynomial, (b) polynomial + Gaussian, (c) spline. From the top,
projected pitch angle, Y, current density, pressure and q.
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9.8 Improvement of LH-coupling by neutral gas injection

M. Seki

It is very important to obtain good coupling for LHCD performance, because an

optimized spectrum for high current drive efficiency is launched under the condition of low

reflection coefficient. In order to realize good coupling, a thin plasma for propagation of LH

wave is required in front of an LH antenna. The density of the plasma should be higher than

the cut-off density (-5 x 10` m-') for the LH wave of 2 GHz. This means that outer plasma

surface must be close to the LH antenna so as to obtain an enough density for good coupling.

On the other hand a large clearance between the outer plasma and the first wall should be kept

for low enough heat load on the LH antenna mouth. Therefore an active method, for example

neutral gas injection, must be established for good coupling at a long plasma-antenna distance.

This long distance coupling allows wide flexibility in LH--CD) operation, for instance in the

reverse magnetic shear plasma.

Preliminary coupling properties of LH were reported in ref [ 1, 2] without neutral gas

injection after modification of the divertor to a semi-closed W-shaped one. In this campaign

coupling properties are systematically examined such as dependence on the amount of neutral

gas, dependence on the gas species and dependence on the toroidal magnetic field. Figure 1

shows a reflection coefficient of the LH antenna located at an equatorial port versus a distance

8, between the outer plasma surface and the first wall near the LH antenna. By increasing the

amount of neutral gas injection from to 3 Pa~m'/s, the critical distance allowing a low

reflection coefficient less than 10 % is extended from 6 to 8 cm. The improvement of

coupling for gas injection of Pa.m 3/S is small compared with no gas injection. A higher

toroidal magnetic field leads to a longer critical distance. The density profile measured by a

fast moving probe in front of the LH antenna is consistent with the coupling property. No

major difference of the critical distance is observed for some species of gas such as H2, He

and CH4. However gas injection of CH, shows a possibility of suppressing rf breakdown at

higher LH power. This effect will be confirmed in the next campaign. The neutral gas

injection does not degrade good confinement of the reverse magnetic shear plasma up to -5

Pa~m3/s

In summary, it was found possible to maintain a low reflection coefficient at a large

clearance by using a neutral gas feed. The neutral gas injection near the LH antenna can be an

active method to improve coupling of LH.

References
[1] M. Seki, JAERI Review 98-019, pp. 13-14, (1998).
[2] 0. Naito, M. Seki, S. Ide, T. Kondoh, K. Ushigusa, JAERI Research 98-039, pp.105,
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Fig. Reflection coefficient vs plasma - wall distance.
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9.9 Behavior of reflected X-mode electron cyclotron wave [1]

K. KaJiwara, Y. Ikeda, S. Moriyama, M.Seki and T. Fujii

The behavior of the unwanted X-mode was studied on JT-60U when the fundamental EC
wave was launched from the low field side. The power fraction of the X-mode component
was changed from -10 to 60 % using a pair of polarizes. The poloidal injection angle of the
EC beam was also changed from the center (poloidal angle:-400 ) to the edge (poloidal
angle:~0 0 ) using a steerable antenna mirror. It was found that the pressure at an NB1 port
adjacent to the ECRF antenna increased in the case of the poloidal injection angle of 19'-23'

at the plasma density of -2.5x1iO' 9 m-'. The pressure increase for the injected X-mode power
of 0.54MW x 3-sec was about seven times higher than that for the normal NBI operation. A
large reduction of the liquid helium in the cryo-panel at the NBI port was also observed in this
condition, where the reduction of the liquid helium was in proportion to the injected X-mode
energy. It was found that the reduction of the liquid helium depended on the plasma density.
When the plasma density was -3.5x1i0' 9 m-3, no reduction of the liquid helium was observed
even though the poloidal injection angle was set at 190.

It is well known that the fundamental X-mode launched from the low field side reflects at
the cut-off layer, whose position depends on the plasma density. Since the injected EC beam
was well focused within the diameter of -0. 1 m, the reflected point at the cut-off layer was
changed with the poloidal injection angle and the reflected X-mode might keep its locality.
Therefore, it seemed that the reduction of the liquid helium was caused by the local invasion
of the reflected X-mode into the NBI port. Indeed, the diagram of the poloidal injection angle
and the plasma density, where the reduction of the liquid helium was observed, is well
explained by a ray tracing code. The calculation shows that the EC wave wit h the poloidal
injection angle of 190 is guided into the NBI port after the reflection at the cut-off layer when
the plasma density is less than 2.5x 10'9 m-', while the reflected X-mode is not guided into the
NBI port for the plasma density more than 2.5x1i0' m-'.

Though it has not been clearly understood how much energy of the invaded X-mode was
acceptable for the NBI cryo-pumnping system, the NBI operation was sometimes terminated
by the pressure interlock at the NBI port. The fundamental 0-mode launched from the low
field side is the proposed scheme for electron cyclotron current drive in ITER. The deigned
EC beam is well focused for local current drive. Since the position of the cut-off layer
depends on the plasma parameters and the 0-mode power fraction depends on the angle
between the magnetic field line and the EC wave vector at the plasma edge, the development
and optimization of the real time control of the 0-mode power fraction are required in
response to the plasma parameters and the injection angle during a long pulse and/or steady
state operation in ITER.
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m 1055.06 107.586 2.93072 10-- 252.042 1 778.172 6.58515 x< 1021 75 kgf-m/s

1.35582 0.138255 3.76616 x 1-- 0.323890 1.28506 10` 1 8.46233 x 3
1 8

1 735.499 W

1.60218x 10--- 1.63377x 10`2 4.45050 x10`6 3.82743 x10` 1.51857 x 12 2 1.18171 x 10-" 

BclS Ci CR Gy rad l9 C/kg R N sv rem
IV 4 

1 2.70270 X1W'' W 1 100 N 1 3876 fl 1 100
84 U N 3~~~~~~~f

3.7 x 1012 1 0.01 1 2.58 x10-- 1 0.01 1

(86 - 12fM 26 E] MA)
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