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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 B, H-mode plasmas and in reversed shear (RS) plasmas. In the high B, H-mode, with
injection of the negative ion based neutral beam (NNB) of 360 keV and 4 MW into a high
electron temperature plasma (T.(0) ~ 13 keV), a high fusion triple product np(0)T;(0)tg =
2.0x10%° keVm=3s has been obtained at the plasma current of 1.5 MA, and the highest value
of current drive efficiency of NNB (1.55x10!° A/W/m?) has been achieved. In RS, LHCD
and NNB-CD were employed for current drive and high confinement (HHy, ~ 1.4) at high
density (fow ~ 0.80) has been achieved. In the 110 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 T, ~ 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 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 ﬁp 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 (qq5 = 3.4), HHy, ~ 1 was obtained at fgy = 0.65. In a
configuration with the outer strike-point on the dome tile (qo5 = 3.6), a peaked density profile
was obtained and Hggp = 1.68 was achieved at fgy = 0.80. In RS (qg5 = 6-7) with Ne puff,
Hgop = 1.8 and HHy, = 1.2 were obtained during X-point MARFE. Helium exhaust efficiency
was extended by the both leg pumping and T*/Tg = 2.8 with Hggp = 1.2 was achieved in
ELMy H-mode (q¢5 = 4.0). Impurity and Z. 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 I ELM was evaluated with the O-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.
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JT-60U, High B, H-mode, Reversed Shear, Non-inductive Current Drive, NNB, ECRF, Pellet

Injection, CCS, Internal Transport Barrier, ITB Control, High Triangularity, Helium Exhaust,
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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 Bp H-
mode plasma with 1.5 MA and in a high confinement reversed shear (RS) plasma. In the high
ﬁp H-mode, with injection of the negative ion based neutral beam (NNB) of 360 keV and 4
MW into a high electron temperature plasma (T,(0) ~ 13 keV), a high fusion triple product
np(0)T;(0)tg = 2.0x10%° keVm™s has been obtained, and the highest value of current drive
efficiency of NNB (1.55x10'"” A/W/m?) has been achieved. In the RS case, LHCD and NNB-
CD were employed and high confinement (HHy, ~ 1.4) at high density (fsy ~ 0.80) has been
achieved. In the 110 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 T, ~ 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 ﬁp
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 I ELM was evaluated with the O-mode
reflectometer installed at the midplane.

1.1.1 Sustainment of higil performance and non-inductive current drive

The full non-inductive high Bp 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 (np(0)TgTi(0) =
2.0x10?°m3skeV) and the neutral beam current drive efficiency (ncp = 1.55x10'°A/m*/W)
have been demonstrated at 1.5 MA with N-NB injection (360keV, 4MW). High stability (By
=2.5) and high confinement (HHy2 = 1.4) were also obtained.

The density range in the high §, ELMy H-mode regime with high confinement, high By
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 qq¢5 = 3.4, By = 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 (HH, ~ 1.4) and
with high density (fsy ~ 0.80) has been achieved by using LHCD and NNB-CD at I, = 0.9
MA, B, = 2.5 T and qo5 ~ 6.9. High values of By (~2.2) and bootstrap current fraction
(~61%) 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 (By ~ 2) and high confinement (HH,, ~ 2.2) had
been achieved before by bootstrap current and off-axis NBCD in a high q regime (qg5 ~ 9).
High beta (By ~ 2) was sustained for longer than 51 in a low q regime (qp,, ~ 2.5, qgs ~ 5.5)
while high confinement (HH,, >~ 1.5) was sustained only for ~tg. 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 Bp 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 Bp 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 pgp,, 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 T, reaching T,(0)~10 keV by utilizing EC. Measured NNB driven
current reached 1 MA with np = 1x10'°A/m%/W and agreed with the theoretical prediction.

In the EC wave injection system for local heating and current drive, the number of
gyrotrons (110 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 B, mode and RS plasmas
under electron heating were studied. Both in high B, mode and RS plasmas, confinement
enhancement relative to the L-mode (Hggp) was found not to change drastically and to be
good enough, during the electron heating dominant phase. In the RS case, ion temperature T;
and electron density n, profiles were almost unchanged, while, in the high ﬁp mode case,
gradients in T, 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 I; and the toroidal rotation
V, was examined in RS plasmas. On the toroidal rotation, the results would suggest that V,
could affect ITB formation. On the plasma current, no conclusive results were obtained since
not only L, 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 T; 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 Bpf"ot rather than I, and was proportional to
(B, )", where B, ! is a poloidal magnetic field at the ITB foot.

Dynamic behavior of transport and heat propagation were studied in normal and
reversed shear plasmas with ITBs, which revealed a combination of various fast and slow
time scale processes. Abrupt variations of ¥.; (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 I'TB 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 (8) H-mode plasmas without an ITB were produced to investigate
the dependence of confinement on the triangularity. The thermal confinement in high
3 (3 ~ 0.45) H-mode plasmas was substantially higher than low & (8 ~ 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 6 high Bp H-mode with an
ITB, further increase in the pedestal pressure was obtained.

1.1.3 MHD 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 m/n = 3/2 was
achieved by using upgraded EC system. In this experiment, the first harmonic O-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 f, > 0.6 and qo5 < 4.5.
Disappearance of NTM with m/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 O-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 pus. The burst of divertor D, singal was delayed by 105-195 us 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 Alfvén 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 (CCS) method, with which the shape of the separatrix is
calculated every 1 ms. 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 3, between the plasma surface and the wall,
which is very important for LH 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.



JAERI—-Review 2002—022

1.2 Divertor and Boundary Plasmas

Since H-mode confinement degradation below ngy, (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
HH,, remained near unity in the range of n, < 0.65 ngy,. HH,, was about 50% higher than that
in the plasmas without Ar injection at n, = 0.65 ngy,.

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 H;,, = 1.68 after ripple loss correction at 0.8 ngy. 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 (Hg, < 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 of Pye.ng = 1.4 MW
(equivalent to 85 MW « heating) for 3 s into ELMy H-mode discharges (Ip = 1.4 MA, Bt =
3.5 T, qos = 4.0, PNp = 16 MW, Vp = 58 m3). In one of those discharges, T*yge = 0.36 s and
T*He/TE = 2.8 with an H-factor (=Tg/Tg!TER-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 HFS (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, n,** | reached up to 1.8 X ng, 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 ExB 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 Z.; 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 (ny/n,) in the main plasma decreased from ~ 1.5%
to ~ 0.7 % by boronization. The plasma effective charge (Z,;) was suécessfully reduced due to
reduction in carbon content in the L-mode and reversed shear plasmas by lowering the baking
temperature from 270°C, usual baking temperature, to 150 and 80°C. The measured chemical
sputtering yield was reduced from 15 % at 270°C to 10 % at 150°C and 5 % at 80°C,
respectively. The CH,/CD, yield was not apparently dependent on the baking temperature,
while the C,H,/C,D, 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 CH, 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 IRTV
with fast sampling data(250us 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 js,upx" (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’upo (electron temperature on the up-stream side of the X-point Mach probe) did not change.
While large and rapid peaks in j,,, near X-point was found, no change in j ™ (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.




JAERI—Review 2002—022

2. Sustainment of High Performance and Non-inductive Current Drive

2.1 Enhanced performance of the high Bp ELMy H-mode
with high NNB current drive efficiency

Y. Kamada and the JT-60 Team
Abstract ‘

In the high Bp 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-NB and bootstrap current. The full non-
inductive high Bp ELMy H mede 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-inductive current
drive ( np(0)1T;(0) =2.Ox1020m’3skeV) and the neutral beam current drive efficiency ( nCD=1 55x1019A/m?
/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 By, 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-f3,))
ELMy H modes characterized by both internal (ITB) and edge transport barriers and high
bootstrap current fractions fgg, 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-B,, H mode development. Based on the early development for high By 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 By, I, and heating power.

2. Achievement of high integrated performance with NNB current drive

With N-NB injection (360keV, 4MW), the full non-inductive high-fp ELMy H-mode
regime was successfully extended to the higher I regime (=1.5MA). Figure 2 shows time
evolution and typical profiles of the discharge (E36715) with high confinement enhancement
over the ITER H-mode scaling HH,=1.4 and high Bny=2.5 under full noninductive current
drive obtained near the steady state current profile solution. The main parameters are listed in
Table 1. The noninductive current drive was achieved mainly by on-axis current drive by
NNB (608kA, 40% of Ip), broad current drive by P-NB (255kA,17%) and off-axis bootstrap

high-Bp+ H-mode
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- + full CD
=1 high ntT

high

| high core Bee conf.& By ——
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Fig.1 Strategy of high- ﬂp H mode development
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current (760kA, 51%) (see Fig.5 a)). In the later phase of the N-NB pulse, the safety factor at
the plasma center q(0) 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 T,(0), on-axis ECH was
applied and T,(0) reached 13keV, and then the record N-NB ncpy of 1.55x1019 A/m?/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 (1.5MA/3.7T) and another discharge achieved previously at IMA/3T. The figure
consists of 7 axes: HHyz, BN, fgg (fraction of bootstrap current to plasma current Ip), fep
(fraction of non-inductive driven current to I,), 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 HH,.fgs and fop. 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).
Table 1. Achieved Parameters
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Figure 5 compares profiles of driven current j , magnetic shear s, safety factor q and ion
temperature T; 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 g-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 B mode experience, the ITB 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 ITB 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 JT-60U,
which can occur at an inner region where q<2 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 3, ELMy H-mode regime, PByHgopy, ~7 has been sustained for
~1.3s (~31g) with full nonmductlve CD and ByHgopy, ~5.5 for ~2.8s (~121p) at q¢5=3.3 (Fig. 6
a). For sustainment of high ByHggpy values, high triangularity operation (6>0.3 —0.4) is
essentially important in addition to current and pressure profile optimization [3].
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JT-60U has increased plasma current and toroidal field in developing high-B5 full
noninductive CD plasmas . Figure 6b) demonstrates the significance of this research direction
on the v *(collisionality) - ppi*(norr'nalized 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 p;* close to the reactor operational regimes. The JT-60U
high-By full noninductive CD regime has accessed Vv.*~0.01-0.02 and p,;*~0.07-0.1. These
values are close to those for the ITER-FEAT steady-state reference design; Vv *~V.*tgr and

Ppi*~3-4 Ppi*ITER-
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2.2 Extended operation regimes of quasi-steady high p ELMy H-mode discharges
with high integrated performance

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

Abstract

With the high field side pellet injection and NNB injection, JT-60U has successfully
extended the density range in the high Bp ELMy H-mode regime with a favorable integrated
performance; high confinement, high By and 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 qgs=3.4, By=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 Bp ELMy H-mode with multiple pellet
injection and NNB injection into high triangularity discharges.
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IMA, 6 =0.45, q95=3.6) with strong gas puff.
c) Comparison of T; T, and n, profiles
between E37413 and E32398.

d) The integrated performance of E37413. The
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With the high field side pellet injection, JT-60U has successfully extended the density
range in the high B, ELMy H-mode regime with a favorable integrated performance. Figures 1
(a) and (b) compare two discharges ; one with pellet injection and the other with gas fueling.
We adopted high triangularity (6~0.47), since high-0 is beneficial to achieve high pedestal
pressure. In addition, we injected NNB which can keep a centrally peaked heating profile even
at high density. In the pellet injected discharge, the H-factor stays almost constant 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 E36715 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, HHy,2=1.05 together with B\=2.2 and f;;~60% was achieved at n /
ngy~0.7. Without pellets, n/ng,~0.6 was the upper density limit to achieve HH,, >1. Figure 2
shows that the high confinement discharge regime expands to higher n/ng, with pellet
injection and high 8. The remarkable difference between the two discharges treated in Fig.1
appears in the pedestal parameters. Figure 3 shows that the pedestal pressure (~n,FEPxT,PED)
stays roughly constant for the standard H-mode with type I ELMs (open circles). In the high
Bp ELMy H-mode (small closed circles), the pedestal pressure can be higher than that of the
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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 I ELMs are improving with increasing Bp in the high & regime. Figure 4(c) shows
the pedestal Bp, defined by the ratio of the pedestal pressure to the poloidal field, increases
with increasing total Bp at high 8 0.46. The two discharges E37413 and E32398 follows this
relationship. On the other hand, B -PED seems almost constant at low-6 (open squares). In
the case of high 8, the pedestal pressure limited by type I ELMs increases with Bp, which may
be due to improved edge stability. Figure 5 summarizes correlations among pedestal and core
parameters observed in JT-60U. For a steep pedestal pressure gradient, high 0 and high Bp 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].
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Fig.6 Extended density and By regimes with NNB injection.
a) NNB injected discharges E37887 (full noninductive
current drive) and E37913 (partial current drive with pellet
injection). b) HH-factor vs. normalized electron density for
Jull non-inductive high- ﬁp ELMy H mode discharges with
high By values. c) By vs. qgs5 for quasi-steady (sustained
for >5Tg) and transient discharges. In E37887, PBn=3 was
sustained (the large closed square).
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- n=2 (E35136)

Fig.7 Extended period of high By at a low qg5~3.4 3
(high Bp ELMy H-mode at IMA, 2.1T and 8~0.41).

E35091 E35100

2.1T, 1MA, q95~3.4, 5-0.41
03 time (s) 10
2.2.2. Enhanced {3 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 §=0.43, ,=1MA, B=3.6T and gqss=4.5, we have
demonstrated full noninductive current drive by NNB injection together with Bx=3.0, HH,.=1.2
and at ne/now~0.6 (E37887, see bold lines in Fig.6 (a)). Figure 6 (b) shows the HH, 5 factor
versus the Greenwald parameter together with Bj; values. Figure 6 (c) shows By vs. qg5 for
quasi-steady (sustained for >57g) and transient discharges. In E37887, B=3 was sustained (the
large closed square). In the quasi steady discharges, the sustainable By 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 By as discussed in Sec.2.1. In JT-60U, the
sustainable duration of high By values has been also successfully extended. As shown in Fig. 7
Bn=2.8- 2.9 was sustained for 4sec at a high triangularity =0.41. The sustainable duration has
reached the hardware limitations; excitation time limit of the poloidal field coils for high &
shaping. At higher values of & =0.5 and q,=6.9 (IMA/3.6T), we have also demonstrated full
noninductive current drive with grassy ELMs (Fig.8). In this case, high confinement
performance HH,,=1.2 was achieved at n/ngy~0.6. For Grassy ELMs, the peak heat load onto
the divertor plates is 1/4 ~ 1/5 of that for the Giant ELMs.
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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, O. 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; HHyg, ) ~ 1.5, By ~ 2.7 - 3, fgg ~
54%, electron density normalized to Greenwald density; f, ~ 0.83 and qys ~ 4.1. Toward the
realization of ITER steady state operation, it is important to demonstrate such a high
performance plasma in an existing tokamak. 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-60U, this has been explored by using non-
inductive current drive by lower hybrid wave (LHCD)[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 LHCD and negative
ion source based NBI (N-NBI).

The experiment was carried out in a deuterium plasma, [, = 0.9 MA, B, = 2.5 T and qys
~ 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 (P,;; ~ 4 MW with
duty 90% on-off power modulation) were injected, Ppyg iy ~ 6.5 MW. With the injection of

nj

LHCD, expansion of ITB was observed and stored energy was increased accordingly.
Around the maximum performance, HHgg, », ~ 1.4, By ~ 2.2, fzg ~ 61%, gy ~ 0.80 were
simultaneously obtained.

The role of LHCD 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 @ minimum.
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2.4 Extension to low q regime of high confinement reversed shear plasmas [1]

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

High confinement of HHyy, ~ 2.2 was sustained for 2.7 s (6Tg) in an ELMy H-mode
reversed shear plasma with high bootstrap current fraction of ~80% maintaining large radius
Of Qpyin (Pymin) and that of ITB [2]. However, low I, (0.8 MA) and high q (qys ~ 9) operation
was required to sustain large py., with available power (2 MW) of co-tangential off-axis
beam and with attainable beta (By ~ 2). Though stationary sustainment of the q profile is not
expected in a lower q regime at present, q values (g, and/or qys) are supposed to affect the
MHD 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, qos ~ 5), Hgop ~2 (HHygy, ~1.2) and By ~1.6 were
sustained for 3 s though the q,,;, continued to decrease gradually. The q,,, passed through q =
3 successfully with By ~ 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 (qys ~ 9). The discharge entered a higher confinement state during the stored
energy feedback control and Hgy ~2.7 (HHygy, ~1.5), By ~1.8, Wy, ~ 3.9 MJ, n(0) ~ 5x10"
m? and T,(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 s (~Tg). In a lower
toroidal field regime (2.2T, 0.8MA, g5 ~ 5.6), By ~2 was sustained for 1.6 s (~5 T3) but the
duration of high confinement (HHgg, ~ 1.6) phase was limited to ~0.4 s (~1.27g), 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 (By ~ 2) was sustained for longer than 51 in a low q regime (qp, ~
2.5, qys ~ 5.5) while high confinement (HH,, >~ 1.5) was sustained only for ~tg. Long
sustainment of HHg, >~ 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.
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2.5 Weak magnetic shear plasma

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

1. Introduction

In JT-60U, two approaches for advanced operation with internal transport barriers (ITBs)
have been explored; the high B, mode [1] and the reversed shear (RS) plasma [2]. The RS
plasma is characterized by a very high H-factor (Hg,~3), but achievable By is moderate (By <~
2-2.5) except in wall stabilized cases [3] and steady-operation is not easy because the current
profile tends to change according to the penetration of inductive current. The impurity
accumulation and confinement of o particles may be problems in a reactor. The high B, mode,
which has typically a weak positive shear, is characterized by high stability (high By)
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
By & 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 q,,. High g5 was
employed to enhance the bootstrap current fraction. Typical parameters were as follows;
working gas was deuterium, plasma current (I,) was 1 MA, toroidal field (B, was 3.65-3.81
T (1 shot with 2.68 T), g5 ~6.5 (4.5 for 2.68 T), plasma volume ~58 m’, triangularity at the
separatrix ~0.45, target electron density ~1.5x10" m” (several shots with 0.4-1.1x10"m™?),
and main heating power was 14 MW NB (6.5 units). All discharges entered H-mode with
type I 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 (E37751) 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 = 5.9s(0.7
s into the current flattop) and preheating of 1 MW (half unit) started 0.9 s before the main
heating. In E37751 (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 E37751, 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. 1 (c) and (d). In Fig. 2, radial profiles
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Fig. 1. Waveforms in three discharges for magnetic
shear scan. (a) Plasma current for three discharges.
(b) Plasma stored energy and NBI power in E37765.

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

The shape of profile was also changed
from a ‘parabolic type’ ITB to a ‘box type’ ITB.

The H-factor was Hgy ~1.8 in E37765, Hy, ~2.2 in E37748 and Hgy ~2.9 in E37751. The
confinement was enhanced as the shear became more negative or the ITB became steeper. In
Fig. 3, Hy, and Py 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 B, H-
mode plasma with I, = 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 B, H-mode
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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 plasmas.



JAERI—Review 2002—-022

regime and obtained Hg, and By in that regime are Spw T h'ig'h'é Hmo(lje
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Figure 3 (a) indicates that the confinement was = 2r v s
enhanced as the magnetic shear was reduced. 1.5 - "

The By at the collapses (crosses in Fig. 3 (b)) f' ‘(?)I, T
seems to increase as the magnetic shear was reduced, -1  -05 0 0.5 1
but it should be noted that the heating power was shear
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improvement. Hence, the tendency shown in Fig. 3 = £ X% X o
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that the collapses were encountered at relatively low

beta (By ~1.5-2) in a nearly zero shear regime and Fig. 3. (a) H factor (Hgg) and (b)

j - i o normalized beta (By) as a function of
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 By ar a
stability remains a problem in the nearly zero shear  collapse while solid circle without
collapses. The toroidal field was 3.65
-3.81 T except for one shot. Open
rectangles denote the data of a
typical high ﬁp H-mode plasma.

plasma as well as in the reversed shear plasma.

3. Collapses in nearly zero shear plasmas

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 By ~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 B, mode. MSE angles (Yyge)
were also changed. This seems to be caused by j(r) not by E(r) since both of Yy 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 (f) 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 (f). 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 ms, 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=3/1 is
speculated, but q at the ITB seems larger than 3. Precursors with similar features were
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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
and p ~0.62, (c) ion temperature at p ~0.58, and (d) MSE polarization angle viewing a counter
beam (p ~0.55 and p ~0.65) and a co beam (p ~0.55). In (d), the upper direction corresponds
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) lon temperature, (f) q, and (g) current density.

observed before major collapses. Collapses seem to become major ones when q(r) was flat
near the axis and q,;,(~q(0)) became integer; 3 (for qys ~6.5) or 2 (for qq5 ~4.5). It will be
necessary to adjust g(0) between integers and to sustain q(0) stationary by raising B,
(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 B, mode and the typical RS with the same configuration, [, and B,
n,(target) and Py;. In the zero shear region, confinement higher than that in the high , 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(0) ~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. Fuyjita, 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. In 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 LH.

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) EC
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 (n,-bar) was raised to ~1x10”m> 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 B ~ 0.9. This seems to be related to q,;,,~5. 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 By
was reduced to ~0.5 and no collapses were observed. However, the locations of q,,;, 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 (f), where p is the normalized radius. The normalized radius of q,,,
Pymin CONtinued to move inward after that and it was 0.3 when the plasma current reached 1.1
MA (qys = 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 p,.,. 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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Fig.1. Waveforms (left) and profiles (right) of an RS plasma with high power heating and
low Ip ramp rate. (a) Plasma current Ip (solid line) and NB power (dashed line). (b) Plasma

stored energy W, (solid line) and line-averaged electron density (dashed line). (c) Normalized
beta By (solid line) and poloidal beta ,Bp (dashed line). (d) Central electron temperature T,(0)

(solid line) and EC power (dashed line). (e) Ion temperature profile art = 4.9 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.

hydrogen gas and hence By 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 B can be sustained.

2.2 EC heating

In the discharge shown in Fig. 2, EC (110 GHz, O-mode) of 0.4-0.8 MW was injected for
t = 3.4 -4.9 s into the central region of a low density (n,-bar ~0.4x10""m™) plasma. The NB
power was 3.4 MW (three tangential units). Due to the EC heating, high T,(0) of ~5 keV was
obtained and p,,,, 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 (By~ 0.3). After that, high power NB heating was applied and pg, ~
0.3-0.4 was obtained at the end of current ramp (1.2 MA, qys = 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 s 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 [3]. In the discharge shown in Fig.
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Fig.2. Waveforms (left) and profiles (right) of an RS plasma with EC heating and
low Ip ramp rate. (a) Plasma current | b (solid line) and NB power (dashed line). (b) Plasma

stored energy W ;;, (solid line) and line-averaged electron density (dashed line). (c) Normalized
beta By (solid line) and poloidal beta Bp (dashed line). (d) Central electron temperature T ,(0)

(solid line) and EC power (dashed line). (e) Electron temperature profile att = 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 (n,-bar ~0.65x10" 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 p,,,, 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 p,,,;,~0.7 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 q,,, and qq; (~ 6.4) were higher
than those in discharges shown in Figs. 1 and 2 because of larger plasma volume for LH
coupling (~80 m’ compared to ~60 m® in discharges shown in Fig. 1 and 2).

3. Discussion

Figure 4 shows time evolution of p,,,, in three discharges discussed above. In E38215
(high power heating) and E38202 (EC heating), pu, continued to decrease during I, ramp. In
E38174 (LH current drive), large p,,, 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 p,,, Though it may be possible to obtain
larger Py, 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 py, of 0.7 was successfully sustained
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Fig.3. Waveforms (left) and profiles (right) of an RS plasma with LH current drive and
low Ip ramp rate. (a) Plasma current Ip (solid line) and NB power (dashed line). (b) Plasma

stored energy W, (solid line) and line-averaged electron density (dashed line). (c) Normalized
beta By (solid line) and poloidal beta ﬁp (dashed line). (d) Central electron temperature T,(0)

(solid line) and LH power (dashed line). (e) Electron density profile at t = 6.7 s. (f) Electron
temperature profile at t = 6.7 5. (g) q profiles at t = 4.2 5 (triangles) and 6.7 s (circles). The
working gas was hydrogen. The toroidal field at the plasma center was 3.6 T.

with only 1.8 MW. It is noted, however, that MHD activities were observed when q,,, passed
through 5 in E38174, which caused tentative decrease of p,, at t = 6 s as shown in Fig. 4. In
another series of experiments in a low q regime (with a higher I, ramp rate), collapses with
Qmin = 4 and 3 were observed. On the other hand, in the previous experiments [2], q,,,<4 was
obtained without collapses, which indicates a possibility of stable path to a low ¢ regime.

Optimization to establish a scenario to a low

regime without collapses will be done in future. 08 SRMRLAAARL AL LA AL AR M
0.7F E38174
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2.7 MA-class N-NB current drive in high electron temperature (!l
T. Oikawa, Y. Kamada, A. Isayama, 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 (T,(0) < 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 7.(0) ~
10keV, 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-NBIs 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 [1]. Figure 1 shows comparison of the measured N-NB driven current /nng(exp.)
with the calculated one /nng(calc.) An agreement over a wide range from 0.1MA to IMA has
been shown. Experimentally measured N-NB driven current reached up to IMA at T, = [0OkeV.
This value is a record of NB current drive in JT-60U. Corresponding current drive efficiency
nep was 1 x 10" Am~?W~! as shown in Fig. 2. Confirmation of N-NB current drive ca-
pability with high accuracy over a wide range of electron temperature reaching ~10keV and
nep ~ 1 x 10" Am~?W ! shows validity of theoretical prediction and gives more confidence
to the design of high energy neutral beam for ITER.
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Figure 1: Comparison of N-NB driven cur- Figure 2: Current drive efficiency ncp versus
rent Innp(exp.) with Inng(calc.). driven current Ing for N-NB(330-370keV)
and P-NB(85keV).
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2.8 Measurement of EC driven current by motional Stark effect polarimetry [1]

T. Suzuki, S. Ide, T. Oikawa, T. Fujita, A. Isayama, Y. Ikeda, 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, experimentai 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.

EC driven current is estimated from internal magnetic field measurement by motional Stark
effect (MSE) polarimetry and new magnetic equilibrium reconstruction technique [2]. 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 1IMA/m?, 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~0.1) 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,
Ibaraki, (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 (LHCD) 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 LHCD
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.1. The injection angles of EC were 30 to 51 degrees in the poloidal
direction. The EC power was ~700 kW of X-mode at 110 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.1. The injected EC wave should
couple with LH-driven fast electrons via resonance condition including Doppler effect
and relativistic effect at R, in the Fig.1. 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 51degree (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 R, 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 LHCD
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. Kamada, 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 (I, = 0.3 MA, B, =3.65 T, q; = 25 ~
35) region, and the bootstrap current fraction fyg 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 B, and fzs parameters in this new regime.

1. Introduction

A bootstrap current is usually induced in a high poloidal beta (f3,) 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 (fys) is roughly proportional to the normalized beta (By) and
the edge safety factor (q): fzs ~€"* B, ~€"* By Qer Where € = a/R is the inverse aspect ratio. It
is one of key parameters for the steady state tokamak fusion reactor [1]. However, the high f;q
plasma within the high By and normal edge safety factor q., (< 7 ~ 9) region is usually limited
by the MHD instability due to the By (~3) limit in the JT-60U high B experiments [1,2]. The
enhancement of fyg is strongly affected by the By limit (MHD limit) in the previous
experiments [1-4]. It is thought that a higher edge safety factor with a lower By 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 fy¢ plasmas at a very
high edge safety factor and moderate B (under the B limit) condition. Recently the high fy
plasma at a very high edge safety factor (g, = 25 ~ 35) was studied preliminarily in the JT-
60U hydrogen discharges in 2000.

2. Experimental results

The operational parameters in the new experimental region for high B, plasma are:
plasma current I, = 0.3 MA, toroidal field B, = 3.65 T, average density = 0.9 ~ 1.1x10" m”,
plasma volume = 57 ~ 58 m’, the effective safety factor at the edge q,,; = 25 ~ 35. Figure 1 is a
diagram of normalized beta By and the edge safety factor q.,, of the experimental new data (I,
= 0.3 MA, and B, = 3.65 T) in JT-60U. The reference discharges with different current (0.35
MA at 3.65 T) and different toroidal field (B, =2.5 T, 2.0 T at 0.3 MA of plasma current) are
also plotted in Fig.1. The high B, plasma with By = 1, q,;; = 33.2 (shot No.E038355, 8.0 s) is
achieved, and the highest value of 3, 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-NBI is 12.5 MW, and the N-NBI power is about
4 ~ 4.5 MW. It shows a clear non-inductive current plasma phase that the loop voltage is less
than O V in Fig.2. There is no MHD limit to prevent the increasing of B, and fyg 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-NBI power. The average density in this shot is about 1x10" m?,
and the plasma confinement is still in the L-mode level [5]. In JT-60U, the published data
shows that high By plasma always appears within the high H factor and a good confinement
[1]. A further increase of By and fgg in this regime should be obtained in JT-60U deuterium
discharges with improved confinement. Figure 3 is the profiles of the beam driven current
Jen(r), the bootstrap current jgg(r), ohmic current j,,(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 fys plasma at a very high edge safety factor (g, = 25 ~ 35) was
studied preliminarily in the JT-60U hydrogen discharges in 2000 [6]. The high beta (By ~ 1,
B, ~ 3.61) plasma was obtained at a very high edge safety factor region, and correspondingly
the bootstrap current fraction (fz5) was about 38% ~ 40% by the ACCOME code calculation.
It was clearly shown that there was no MHD limit to retard the increasing of B, and fg
parameters in this new regime. Therefore there is still much room for increasing the By before
reaching the MHD limit in this experiment. It is expected that the further increasing of By and
fgs 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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Captions
Fig. I The diagram of normalized beta By and the edge safety factor q,,
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Fig.2 A typical waveform of the high fps discharge (shot No.E038355).

Fig.3 The profiles of the beam driven current jcp(r), the bootstrap current jgo(r), ohmic current jou(r)

and the total plasma current jp,,(r).
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2.11 Current profile measurement during co/counter LHCD
X.Gao, O.Naito, K.Ushigusa, Y.Ikeda, M.Seki, Y.Kaniada, and S.Ide

1. Introduction

A change in the plasma internal inductance during LHCD has been observed in many
machines [1]. In order to understand the effect of LHCD on profile control, the MSE
diagnostics or Li-beam probe diagnostic were used in co-direction LHCD experiments to
measure the current profile in many tokamaks. 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 A¢ = 30° and A = 210° in JT-60U. The result is compared with the HX 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 A¢ = 30° and Ad = 210° used in
the JT-60U LHCD experiment. Figure 2 shows experimental dependence of the peaking
factor of HX profile and the derivative of the internal inductance (dl/dt) on different LH wave
phases. The open circles and squares are old data by the phase scan in JT-60U, 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 I, = 1.2 MA,
toroidal field B, = 3 T, the plasma volume ~ 80 m’, the injected LH power = 1.5 MW, the
average density ~ 0.8x10" m>. 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 A¢ = 30° (Fig.2), a hollow
current profile (E038178 in Fig.3) is consistent with a slightly negative value of dl/dt (closed
circle at A¢ = 30° in Fig.2) during co-LHCD. There is almost no change in the current profile
(E038157 in Fig.3) on counter-LHCD discharge, and it is consistent with dl/dt ~ O (closed
square at A¢ = 30" in Fig.2) during counter-LHCD. However in comparison of the j(r) profile
(Fig.3) with the dl/dt on Ad = 210° (where 210° = -150° in Fig.2), the measured j(r) profiles
for neither co-LHCD (E038176) nor counter-LHCD (E038158) 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, B, P,
assumin g Bppa.rallel — Bpperpemﬁcular; L=2x(A+1- Bpperpendiwlar) =2 x [(Bpparallel +1/2) - Bpperpcndiculurj.
This should be done carefully during LHCD due to the possible pressure anisotropy and lack
of direct measurement on the parallel component of poloidal beta B,°***. The result for the
co/counter LHCD at A¢ = 210° case is not clear yet, because the HX profiles of E038176 and
E038158 at A¢ = 210° (where 210° = -150° in Fig.2) are also abnormal compared with the old
previous data, suggesting a problem in the LHW system.

3. Summary

Co/counter LHCD with A-unit at wave phases of 30 degreés 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 B = B PP during LHCD, can not be explained
well by the current profile measurement for the co/counter LHCD at A¢ = 210° 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
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Captions ,
Fig.1 The LH wave spectrum of the refractive index of waves Ny at Ap = 30° and 210°,

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) LHCD.

Fig.3 Current profiles measured by MSE diagnostics during LHCD (dotted line) and the target ohmic
plasma (solid line).
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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. Isayama, 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 (T,). On the other hand, plasmas in the ITER or future reactors, T, is higher than
T, since predominant electron heating by fusion o particle. It is theoretically expected that
TJ/T, > 1 is a destabilizing factor to the ion temperature gradient (ITG) micro-instability,
which is eipected 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-NBI but not zero. The study had been continued, previously the ITBs in
RS plasmas of moderate confinement improvement under T/T; > 1 were investigated and
found to be robust in such a condition [1]. One of the main objectives in this year was to
demonstrate good enough confinement under electron heating both in RS and high J,

plasmas.

2. Experimental result
2.1 High 3, plasma

High B, mode is one of typical confinement improved modes on JT-60U. The main
heating scheme is P-NBI, and T, is quite high compared to T, especially in high performance
discharges.

In the experiment, the target plasma was chosen as [, = 1 MA so that the fraction of
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Fig.1 Typical waveform. I, = 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 §, 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
B, mode target plasma was formed by P-NBI heating as usual. Then P-NB power was
stepped down and ECRF and N-NB powers were injected instead. Profiles of T,, T, and n,
are shown in Fig.2. In the target, at 4.3 s, T, is much higher than T, as an usual high §,
discharge (Fig.2 a). On the other hand, during electron heating dominant phase T, in the core
region increases to reach T, 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 Hgyp = 2.6/HHyy 5 = 1.1 and Hgy =
2.3/HHyg 5, = 1.0 respectively.
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Fig.2 Comparison of the T, (circles) and T, (squares) profiles, a); at 4.3 s and b); at 5.5 s. ¢)
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, T, is relatively close to T, compared to high 8, mode, but still T, is

lower than T, in usual discharges with P-NB heating.
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Fig.3 Typical waveform. I, = 1.35 MA, B, = 3.7 T. Deuterium discharge.

In the experiment, the target plasma was I, = 1.35 MA and B, = 3.7 T for the central
ECH. Typical waveforms are shown in Fig.3. Similar to the high B, mode experiment, P-NB
power was stepped down to be replaced by the ECH and N-NB powers. In this discharge, T;
and n, did not change drastically even when the heating scheme was switched mainly to
electron heating and low fueling ones. Profiles of T,, T; and n, are shown in Fig.4. As shown
in Fig.4 a), T, in the core region is higher than T, at 6 s before ECRF and N-NB injection
started. At 7 s, later phase of the electron dominant heating, T, in the core region exceeded T;
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).
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Fig.4 a) The Te (circles: ECE polychrometer, diamonds; YAG Thomson) and Ti (squares)
profiles in the target, at 6 s. b) Those during the electron heating phase, 6 s. c) Density profile
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T (keV)
(6}
&
g .

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

heating (7.0 s) phases as Hgqp = 2.4/HHyq 5, = 1.3 and Hggp = 2.9/HH 5, = 1.5 respectively.
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3. Discussion and Summary

Both in the high B, and RS plasmas, confinement enhancement relative to the L-mode
(Hgop) was found not to change drastically and to be good enough, during the electron
heating dominant phase. In the RS case, T, and n, profiles were observed to be almost

unchanged. On the other hand, in the high B, case, gradients in T; 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 B, 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

improvemeht 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 tokamak
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. In 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 ExB 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 B, = 3.8 T, the working gas was deuterium.
ITB was intended to be formed during I, ramp-up.

Temporal evolutions of I, Py and T; 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 Py, shown by hatching is the fractional power by parallel beams. In the
counter injection case, separation of T; 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, ITB was
not formed, or at least not clearly visible, before 4.4 s in the co injection case, even though
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Fig.1 Temporal evolutions of 1, (upper box, solid line), Py, (upper box, dashed line)
and T, (channels. 15, 17 and 18, cf. 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.
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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 case. 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 25T T T
this. As shown in Fig.2 (a), a steep gradient in T, is 20
already formed at p ~ 0.8 at 4.06 s and the gradient 15
evolves to a clearer ITB at the same position. The
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10
profile at 4.5 s is shown for a reference, as seen in Fig.1 |
(a), the ITB grows further up to ~ 4.8 s. On the other 50 0.5 1
hand in the co injection case (Fig.2 (b)), even at 4.4 s the p

Fig.3 The q profile at 4.06 s

profile looks quite smooth suggesting ITB was 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
V, 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,,, 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 T, 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 Pyg. 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 I,. I is an

important factor not only for physics understanding but also from a view point of designing a
new machine. Dependence on B,, one of the other important parameters, had been found to
be small already [1]. The experiments were carried out with deuterium discharges. The
plasma configuration was chosen so that upper tangential beams passed through near the

plasma center.
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Fig.4 Temporal evolution of I,, Py and T; at the core ( solid line) and peripheral (dashed line)
region for lower (left) and higher (right) injection discharges..
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Fig.5 Estimated n power against I,
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be formed. Also here, both co and counter central beams were used. Open circles correspond
to the lower I, discharges in which ITB is formed and closed circles correspond to the
higher 1, discharges, while Xs and crosses correspond to the lower and higher I, discharges
in which ITB was not formed. Crosses at around I, = 0.7 MA correspond earlier phase of
higher 1, 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 1. 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 highér 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.

LT T T LT e o e 4
14 92 12~ s s s 2
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10 /—“\‘_U\ g r: _2 8 u\ ............. ___9_2
............................ Xr -4 6 OB EE @-— .4
%.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 ITB was examined against I, and V, in RS plasmas. 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 — 1/5 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 n, 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, E,, profile. Toroidal rotation as well
as pressure gradient profiles affect the E, shear profile because the E, is 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 JT-60U,
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., Nucl. Fusion 41, 865 (2001).
[2] Shirai, H., et al., Plasma Phys. Control. Fusion 42, A109 (2000).
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3.4 Scaling of ITB width in JT-60U reversed shear plasmas [1]

Y. Sakamoto, Y. Kamada, S. Ide, 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 ITBs were formed in ion
temperature, T, and electron temperature, T,, 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 SkeV to in 10keV 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
~0.24T. 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 (2001).
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3.5 Scaling of stored energy in JT-60U reversed shear plasmas [1]
Y. Sakamoto, T. Takizuka, Y. Kamada, T. Fujita, T. Fukuda, S. Ide, H. Shirai, Y. Koide

Confinement properties of reversed shear plasmas were investigated under the discharge
conditions of B=4T, 0.03<8<0.1, 1.7<k<2.0, 3.08m<R<3.18m, 0.5<p,<0.75, 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, W, was strongly correlated with I, and also W, increased
with g, due to the larger improved confinement region when q,,, was fixed. Therefore the
confinement property should be characterized by a local parameter such as poloidal magnetic
field at p;,,, which is written by

Bgoot _ Pfoot Jeff uORIP .
R 4 foot 21ta2B]-
where a, q.; and qg,, are the minor radius, the effective safety factor and the safety factor at
the ITB foot, respectively. The stored energy was strongly correlated with Bpf°°‘ rather than [,
and then proportional to (B,”)"*. In JT-60U reversed shear plasmas, the ITB width, A,
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, p,;">. This indicates that the
transport property at the ITB layer can be characterized by the ratio of Ay to p,;™. We
consider the dependence of this ratio, and then W, scaling for reversed shear plasmas was
rewritten by

-0.25
pi )

1.5
Wiia = 27.1><(Blf,°°t) x(A[TB/pITB

(in MJ, T and m). The RMSE for this fit is 6.86%. It should be mentioned that W, is
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. Sakamoto et al., J. Plasma Fusion Res. SERIES, 4, 249 (2001).
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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. Isayama,
: Y. Kamada 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,; (ITB-events) are found in NrS plasmas. ITB-events are observed as the
simultaneous rise and decay of electron and ion temperatures T, in two zones. ITB-events
widths are generally similar for weak ITBs in RS and NrS plasmas while profiles of %, jump
(dy.) 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 [1].

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 x ** =
0.1m?%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) T, 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 x,™ as low as ~0.1m’/s are found. A similar low value of the ion
dynamic heat diffusivity (close to the neoclassical one) is obtained for ion HPP. 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 Ho) is found well inside the weak ITB in the RS region,
suggesting edge-core interplay across q,,, in ms timescale. The T, decay is interpreted as
abrupt appearance of the negative 8y, at global H-L transition [1].

References

{1] Neudatchin, S. V., Takizuka, T., Shirai, H., et al., 2000 IAEA Fusion Energy
Conference (Sorrento, 2000) IAEA-CN77/EXP5/01.

[2] Neudatchin, S. V., Takizuka, T., Shirai, H., et al., Plasma Phys. Control. Fusion 43,
661 (2001).
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3.7 Compatibility conditions of the edge and internal transport barriers in J T-60U
T. Fukuda, T. Takizuka, T. Fujita, Y. Sakamoto, 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-
formance 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 JT-60U. This is seemingly due to the fact that
the heating beams are near perpendicular to the magnetic field in JT-60U, 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 JT-60U, 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 [1-3], 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-H transition threshold power in plasmas with internal barrier

It is known and pervasively accepted that the L-H 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.1 (a) as a func-
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Fig. I (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 for H
mode with and without ITB (internal transport barrier), and the cross indicates L. mode with ITB. (b)
Temporal evolution of the heating power normalized by the L-H transition threshold scaling for plasmas
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 1.4,
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-H 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 I.-H transition in plasmas with internal barrier

The edge ion temperature (T95) is plotted against the edge density (ne95) 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 circles are

respectively for H mode 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 ne95 = 0.5x 1019
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 JT-60U. 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 H89 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 JT-60U,
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-D, 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
amount of reduction in the L-H transition threshold power
less than 10% even for the case of rampdown at 2 MA /s.
The most appropriate method, which enables the L-H tran-

sition in plasmas with internal barrier is to control its qual-

0 r/a 1

ity, in terms of wgxp / '[4] which is the ratio of shearing
. - ) Fig. 3 The evolution of density
rate to the growth rate of assumed instability. The experi-  profile ar the modification of the
barrier quality. 5.6 s is right
before the start of unidirectional

unidirectional tangential beams, in order to modify the tor- bilagl 3injecti0n which continues
13 .3 8.

mental procedure often employed in JT-60U is to inject

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. Kamada, Y. Sakamoto, 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 JT-60U. 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 JT-60U, which results in the decrease of central temperature as well
as the degradation of global confinement. In regard to the properties of edge Er 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 E 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 JT-60U, 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.

References
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3.9 High triangularity ELMy H-mode plasmas with highly improved energy
confinement in JT-60U

H. Urano', Y. Kamada, H. Shirai, T. Takizuka, T. Fukuda, T. Hatae 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, n°%. However, it has generally been seen 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 B,y discharges [23,24]. An increase in the H-mode
edge pressure gradient on the outerboard midplane is observed with increasing the poloidal beta, Bpots
due to high power additional heating {24].

2. Experiments

The experiments were performed at the plasma current, [, = 1.0 MA. The toroidal magnetic field,
B,=2.1 T and g5 = 3.5-3.7. The neutral beam (NB) injection power, Pyg;, for deuterium plasma was
in the range of 9.0-11.5 MW at the relevant time of analysis. With deuterium gas puffing, 7, was
varied on a shot by shot basis from 1.8x 10" to 3.1x 10" m™. Elongation, k, of 1.38 to 1.44 and
triangularity at the separatrix, d,, of 0.45 to 0.49 were fixed. The plasma volume, V},, was in the range
of 55-56 m’. The plasma major radius, R, and the minor radius, a,, were in the ranges of 3.32-3.33 m
and of 0.80-0.82 m, respectively. In order to assess the effects of triangularity, low triangularity
discharges were also carried out at &, = 0.20. '

3. Thermal energy confinement properties 1.4 [ T.50U ELMy H-mode i
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predictions of the IPB98(y,2) scaling as a £ 1.2r o k/s" =045 ]
function of #,/n°Y. For reference, figure 3 also 8 g 1b-- O __o% 57020
includes data from the density scan experiments :.‘: S bo) ‘/‘ type-lll ]
of the low triangularity ELMy H-mode (/,= 1.8 "2 = g g} /3 %@OC ELMs
MA, B,=3.0 T, gos = 3.0, 8, = 0.16 and Py, = T g L sMA 30T oooo .... )
8-13 MW) [13]. It is seen most clearly that the a 06f 8;8= 0.16.0.18 o .
thermal energy confinement is improved by high e [
triangularity discharges at a given density. At 0.4 b
low densities, the discharge in steady state is 02 03 04 05 06 07
characterized by type-I ELMs. When the density ﬁ«lnGW
is increased further to 50 % of n°" in the high Fig. 1 Hy-factor for ELMy H-mode discharges
triangularity experiments, a transition from in JT-60U as a function of 7, /n¥.

type-I to type-1II ELMs occurs.
Profiles of ne, T, and T, for low and high triangularity plasmas with Pyg = 9.0 MW at a fixed
density of fow ~ 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
the core temperature is also improved by a factor of
~ 1.3 as well as the peripheral temperature (see
figure 2(d)) by high triangularity discharge that is of
most significance because the plasma shaping affects
strongly edge toroidal magnetic flux surfaces as seen
in figure 2(c). Thus, there seems to exist a large
transport structure where the core temperature is
determined by a boundary value through the profile
stiffness, such as ion temperature gradient (ITG)
driven turbulence modes [25-28]. Since the
temperature at the shoulder of the H-mode pedestal
is raised by high triangularity, the core temperature
may be increased due to the effect of profile
stiffness.

4. Pedestal characteristics

As seen in figure 2(c), triangularity affects
directly the edge toroidal magnetic flux surfaces. In
this section, the pedestal structure imposed by the
ELM activities is examined for the case of low and
high triangularity. A comparison of the pedestal
characteristics between low and high triangularity
ELMy H-mode plasmas is shown as a diagram for
the pedestal density and temperature in figure 3(a).
At a fixed I, of 1.0 MA, the high triangularity ELMy
H-mode plasmas produce the pedestal temperature
higher than that of low triangularity plasmas at a
given density. Besides, it is seen in high triangularity
plasmas that the pedestal pressure tends to decrease
gradually with density. Figure 3(a) also shows a time
trace of the pedestal for a high B, ELMy H-mode
discharge with ITB in the core with high power
heating. On the high triangularity configuration, it
can be seen that the high B,y H-mode plasma
reaches the higher critical pedestal pressure. Related
to this respect, the dependence of the poloidal beta at
~ the pedestal, Bp°]‘°°d, upon triangularity is plotted in
figure 3(b). A comparison of standard ELMy
H-modes without ITB between low and high
triangularity discharges indicates that Bpolped tends to
increase gradually with increasing triangularity. In
high B,y H-mode plasmas, although the
improvement of the pedestal confinement is seen
over a wide range of triangularity, the increase in
Bpo™ is larger in high triangularity plasmas. High
Bro H-mode therefore displays its potential on the
pedestal confinement at high triangularity.
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Fig. 2 Profiles of (a) n,, (b) T, and (c) T; for low
and high triangularity discharges at a fixed
density (fgw ~ 0.40). (d) The pedestal T; profiles
are also shown.
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Fig. 3 (a) Diagram of (e, T.>% 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 14 ! JT-60U ELM; H-mode i
plasmas depends strongly upon the temperature S L JOMA/21T ]
at the shoulder of the H-mode pedestal £ V2F ; g R ]
[11,16-19]. In the standard ELMy H-mode § g ’ L > Qe R
without ITB, Hy'"2**%? increases approximately "é & 5,=0.20—— 07
proportional to the pedestal temperature as "-"I?j 08k o0 -
shown in figure 4. At a fixed [, of 1.0 MA, the X 3 . ' é’w K ]
trends of the enhancement factors of thermal @ 0.6 ] 1.8MA/30T :
energy confinement are conformed consistently = ] 8,=0.16-0.18 i
with low and high triangularity cases. This result 04 ]
could be expected from the profile similarity in 0 05 1 15 2 25 3
the temperature. The core temperature increases PED [keV]

in roughly proportion to the pedestal
temperature for each species, independent of  Fig, 4 Dependence of the Hy-factor on the pedestal

triangularity. The core T; and T, 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 7% from 0.5 to 2.2 keV and with 7.7 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 B,s 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 B,
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 (8x ~ 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 B,, 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. Itami, T. Fujita and the JT-60 Team

1. Relation between the edge parameter and L-H 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 (Pw) 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 P 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 . The edge ion collisionality vi*gs
[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 vi*gs 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 Pt 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 noX was indeed documented by the
DEGAS code analysis. In addition, it was observed that noM, which can increase Pt by the
charge exchange process, is slightly lower for the W-shape. Here, noM 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 (ne95), which may indicate the relevance of neutral particle com-
pression in the reduction of P in the W-shaped divertor.

2. Influence of the X-point height on the L-H 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 ne9 was fixed at 1.0-1.5
x 1019 m-3. The changes in Pt were subtle except for the case of Xp = 0.18, where remark-
able reduction in Pt 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.
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search (Maastrricht, Holland, 1999) P1.021.
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3.11  Understanding of the H-mode pedestal characteristics

using the multi-machine pedestal database [1]

T. Hatae, M. Sugihara', A. Hubbard®, Y. Igitkhanov', Y. Kamada,
G. Janeschitz!, L. Horton®, N. Ohyabu*, T. Osborne’, M. Osipenko®,
W. Suttrop’, 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 I ELMs which is a reference operation mode of a future tokamak reactor, (ii)
identification of the operation regime of Type II ELMs which have small ELM amplitude
with good confinement characteristics, (iii) identification of upper stability boundary of
Type 111 ELMs for the access to the higher confinement regimes with Type I or Il 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 ¢ and & are important parameters to obtain the Type Il 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 tokamak discharge since a reversed magnetic shear configuration is consistent with large
bootstrap current fraction [1]. Operation at high [ 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 DIII-D, 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 interchange 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 7, during a process of a major collapse in low 3 regime (By = 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 ¢ = 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 m/n = 3/1 mode, which mode numbers were identified by Mirnov
analysis, appears with amplitudes much larger than the growing mode near p ~ 0.51 and lasts
for 2.6 ms, then the second thermal quench occurs at ¢ = 6.111s. The T profile is flattened
after the second thermal quench and the third thermal quench occurs at £ = 6.1133s 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 7, before the first thermal quench. Radial
profiles of I;, g, and the perturbation amplitude of 7, divided by the local 7, gradient, T, /VT.,,
just before the first thermal quench are shown in Figs. 1(c) and 1(d), respectively. Here, T, is the
difference between the maximum and the minimum in the last one cycle of the T, perturbations
before the first thermal quench (6.107s < ¢ < 6.1083s).

A growing T, perturbation appears at ¢ ~ 6.105s in the large VT, region (p = 0.47 ~
0.54) near the inner ¢ = 3 surface with the growth time of v ~ 0.5ms in the linear growth
phase. The growth time v~! ~ 0.5ms is considered to be that of resistive instabilities by
the same reason described in the previous section. Growth of the T, perturbation amplitude
saturates before the first thermal quench. No evidence of magnetic islands (phase inversion
of T, 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 T, perturbations at p = 0.71 and
p = 0.73 near the outer ¢ = 3 surface. Since the T, perturbations is localized near the outer g =
3 surface, we regard the T perturbations as an m/n = 3/1 magnetic islands on the outer ¢ = 3
surface. The m/n = 3/1 magnetic islands exist before growing of the resistive mode near p ~
0.51. It was not confirmed when the m/n = 3/1 tearing mode became unstable. The oscillation
period is not the same between the m/n = 3/1 tearing mode near p = 0.71 and the resistive
mode near p ~ 0.51 until ¢ ~ 6.1064s. Moreover, no clear T, perturbations are observed in the
region p = 0.58 ~ 0.65 even just before the first thermal quench. Therefore, the m/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 T, 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 m/n = 3/1 mode suggest that mode coupling of two modes, i.e. an inner mode (a
resistive mode at the large VT, region) and a tearing mode at the outer ¢ = 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 n kink modes and calculates a stability parameter of tearing modes, A/,
including the effects of finite 3, toroidal geometry in the free boundary condition. Evaluation
of the stability criterion, Dg, was done following the expression given in Ref.[7].

Plasma parameters just before the first thermal quench are Sy = 0.77, 3, = 0.70,
Gmin = 2.1 and ¢* = 4.85. Here, ¢* (= 5a*Br/(2RI,)[1 + k%(1 + 20% — 1.26%)]; Br: toroidal
magnetic field, R: major radius, : elongation, §: triangularity) is a safety factor near the plasma
edge. The difference between ¢* and gq5 is usually less than several percent of ¢*.

First, we confirmed that the equilibrium just before the first thermal quench is stable
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against an ideal n = 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 ¢ — 3 surface (A u > 0)
and A’ at any other mode rational surfaces with respect to n = 1 such as qg=4andqg =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 (Dg > 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 V7, region near the inner ¢ = 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. MHD Behavior After the First Thermal Quench ‘

Figure 3 shows time evolution of 7, perturbations in the process of the major collapse
and 7. 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 (m). After the first thermal quench, the T, profile changes drastically near the
large VT, region and the internal transport barrier is destroyed. Then, the change of 7, profile
extends to the wider radial region accompanying a global m/n = 3/1 mode within 240 us,
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(> 2) modes is less than 10% of that of
n = 1 mode. The global m/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 7}, after the first thermal
quench suggests existence of magnetic islands near the innermost channel (R = 3.741m) in the
early phase (¢t ~ 6.1086s) and growth of magnetic islands near the outermost channel (R =
4.033m) until occurrence of the second thermal 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 harmonics (n > 2).

6. Conclusion

Resistive interchange instabilities were studied in JT-60U. 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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4.2 Wall stabilization experiments on JT-60U

S. Takeji, S. Tokuda, T. Fujita, T. Suzuki, A. Isayama,
Y. Sakamoto, S. Ide, Y. Kamada, G. Kurita and The JT-60 Team

1. Introduction

Wall stabilization of ideal low n (n: toroidal mode number) kink modes is crucially important
in reversed shear discharges for the high 3 discharges such that By > 8% ~"*! since fr° ! of
reversed shear configurations is relatively lower than those of conventional tokamak configura-
tions [1]. Here, By is the normalized 8 and /% ~*!' is magnetohydrodynamic (MHD) stability
limit against low n kink modes with the ideal wall at infinity. Then, suppression of resistive wall
modes (RWM:s), which appear when Gy > A2 "2l 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 ;' by the
wall, here 7, 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 Oy regime. Figure 1 shows [y at the time of
major collapses as a function of ¢* 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 By is lower than 2.3. The up-
per boundary of the achievable By was confirmed to be consistent with B>~ of an n = 1
kink mode. The achievable By was improved up to 2.6 in discharges with an H-mode edge.
Relatively higher By was also achieved in discharges with the plasma shapes of d/a < 1.3.

Enhancement factors of the achievable Oy, Ew = On/ gre~wall were estimated for two
discharges; i.e. 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 [y is 2.02 and
evaluated %° ! 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 By **!! is ~ 2.2 while the achieved Oy
was 2.6, then we obtained Eyw ~ 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 [y 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 [y 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 ¢ = 3 surfaces (A3 ;,) and A’ at the inner g = 3 surfaces (A3 )
on the parameter d/a. It was confirmed that A, changes from positive to negative with
decreasing d/a, while significant change is not observed on Aj ;, by changing d/a. Since the
outer ¢ = 3 surface is close to the plasma surface, Aj , is affected by the boundary condition
more strongly. The critical value of d/a to make Aj , , 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 7., (7, is the magnetic field penetration time into the wall) and a characteristic tearing
growth rate [6]. Estimated 7, of the JT-60U wall is about 10 ms and a characteristic tearing
growth time, 7R, is the order of millisecond or much longer. Since the typical toroidal rotation
frequency, fior, Of JT-60U’s reversed shear discharges is several kilohertz and thus is much
larger than both of 7! and 75, 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.

O (d/a<1.3)
¢ H-mode edge (d/a>1.5)
o L-mode edge (d/a~2.0)

4T R chlevable By 'n'n'ﬁt'

with d/a>1.5

B=DT5, eae=. 07

w

B (%MT/MA)
N

1
0 el d
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Fig.1. Occurring region of disruptions or major col- Fig.2. Dependence of stability parameter of tear-
lapses in the Bn — q* plane in several type of JT-60U ing modes, A, on the ratio d/a. Here, Ay ;, and
reversed shear discharges. Open circles are data with Al .. are ' at the inner and outer ¢ = 3 ratio-

the L-mode edge with the plasma shape d/a ~ 2.0.
Closed diamonds are ones in discharges with the H-
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 d/a ~ 2.0 and with the plasma shape
d/a < 1.3, respectively. The evaluated enhancement
Jactor, Eyy, was 0.92 for the former discharge and
was 1.18 for the later discharge.

nal surfaces, respectively.

3. Parameter Dependence of Growth Rate of RWM
The wall-stabilized high By reversed shear discharges are almost always terminated by disrup-
tion accompanied with n=1 modes which are attributed to RWMs at By > 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
= 1 modes on the plasma volume, V,, (larger V,, corresponds to smaller d/a) and on the
edge safety factor, ¢* (= (5a®Br/2RI,[1 + k*(1 + 26% — 1.26%)], here, Br is toroidal field,
R is major radius, [, is plasma current, « is elongation and 9 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\;,l (tw ~ 10 ms) with V, < 70m® (d/a > 1.3)
and reduces to ~ T, with V, > 72m® (d/a < 1.3) (see Fig.4(a)). We also confirmed for the
data with V,, > 72m?® that the growth rate is enhanced when ¢* is close to integer values such
as ¢* = 4 or S (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 d/a < 1.3) but is ineffective if
the safety factor near the edge (¢*) is close to an integer value.

B (T/s) ' _#36576

Fig.3. Time evolution of n = 1,2 and 3
components of perturbed magnetic field
measured by a saddle-loop array.
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4. Performance of Wall-stabilized Reversed Shear Discharges

As above-mentioned, by pushing plasmas close to the wall (d/a < 1.3), the achievable [y is
improved up to 2.85 owing to the stabilizing effect of the wall (see Fig.1). Such high By 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 /,=1.0 MA, the safety
factor near the plasma edge q* (~ gg5) ~ 5) with the poloidal beta 3, ~ 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, Hggp, on the electron density
normalized by the Greenwald density, ne/ngw. The confinement parameter Hggp seems to be
increasing with increase in the electron density n./ngw. 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-3, H-mode. If the neutral beam power loss by the toroidal
ripple is taken into account, Hgop is 3.2 at ne/ngw ~ 0.8.

]

ripple loss
is subtracted

4

Fig.5. Confinement improvement factor,
Hyoyp, versus electron density normalized
by the Greenwald density, ne /now.

00.4 0.6 0.8 1 1.2
n/n

5. Conclusions

Wall stabilization of reversed shear discharges were demonstrated on JT-60U. 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 3 discharges with Ox >
ﬂ{\}"_“’“” 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
(¢*) 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.
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4.3 Complete stabilization of a tearing mode in steady state

high Bp H-mode discharges by the first harmonic electron
cyclotron heating / current drive [1, 2]

A. Isayama, Y. Kamada, S. Ide, K. Hamamatsu, T. Oikawa,
T. Suzuki, Y. Neyatani, T. Ozeki, Y. Ikeda and K. Kajiwara

Tearing mode stabilization experiment using EC wave was started in 1999 [3]. In JT-
60U, the stabilization experiments have been performed using the first harmonic O-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=3/2 was completely stabilized. In a typical discharge
where the complete stabilization was achieved, EC driven current density is calculated to be
about 0.15 kA/m2, which is about twice as large as bootstrap current density. Total EC driven
current is calculated to be about 25 kA, which is 2% of plasma current. 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 Bp 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 Bp H-mode discharges, such as density
dependence of onset By, has been investigated [2]. In 1999, collisionality dependence of
onset By normalized by Larmor radius was investigated, and it was found that dependence of
ion Larmor radius p;« is stronger than that of electron collisionality Ve« (Bn/pjxocVes-36) [3].

In 2000, dependence of mode number on discharge condition has been investigated
using database containing more than 250 high B, 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 B,>0.6 and g95<4.5. Existence of the lower limit of Bp 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 g¢s can be understood by considering the relation
between the pressure and the safety factor profiles: in low-g discharges, mode rational
surfaces for 4/3, 3/2 and 5/3 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
Bn/p;+ 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 Bp H-mode discharges with and
without NNB. It was found that by replacing a part of PNB power with NNB 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, B=3.6T, g95=3.8, 8=0.19, x=1.5) the normalized beta at the
mode onset By°" is about 3 times as large as that at the mode disappearance B\°ff : Byon=1.6
and Bp°ff=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 MHD instabilities on N-NB current drive [!]
T. Oikawa, A. Isayama and Y. Kamada

Current drive capability of N-NB has been experimentally evaluated in the high electron
temperature regime (7. = 10keV) and confirmed to agree with the theoretical prediction [1].
This validity of theoretical prediction for N-NB current drive was concluded for MHD-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 (7. ~ 0.65 x 10'm~). This instability was considered to
occur in the central region (r/a < 0.3) from the observations that loop voltage inside r/a = 0.3
and 7. atr/a = 0.3 increased just after burst. Observed reduction in central 7, 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 5, 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 ~ 40kA 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 giaht 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 O-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 O-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 Dq
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 ps, 100-350 ps, 200-500 ps and 6-10 ms, 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 observed and varied in a range of
105 to 195 pus (average 148 ps). Since the connection length, L, is about 28 m, mean velocity
of ELM pulse, vgLy, is simply estimated to be 1.9x10° m/s.'When we assume vgry = Cs, the
mean temperature of ELM Ppulse 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 Alfvén eigenmodes driven by energetic ions in JT-60U

K. Shinohara, 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. Kuriyama, the JT-60 Team
G. J. Kramer', N. N. Gorelenkov', R. Nazikian', C. Z. Cheng', G. Y. Fu',

A. Fukuyama®

Instabilities in the Alfvén Eigenmodes (AEs) range of frequencies can cause enhanced
loss of o particles in burning plasmas with a high o particle pressure gradient and can prevent
the plasma from sustaining the fusion burn. The enhanced o 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 o particles expected for ITER:
0.1 % < <Bp> < 1% and v, /v, = 1. One type of the observed instabilities, the Slow FS
(frequency sweeping) mode, appears with the frequency inside the Alfvén continuum
spectrum and its frequency increases to a gap frequency of TAE on the equilibrium change
time scale of = 200 ms. 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 -20kHzin 1 -5
ms. During the Fast FS mode, abrupt large-amplitude events, ALEs, often appear. ALE has a
large amplitude, which reaches up to B /By = 107 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 B /B, The loss appears when the magnitude of magnetic fluctuation is larger
than = 10 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 AE activity near/in the ITER relevant domain in terms of <f4> and v,,/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 S of our

' Princeton Plasma Physics Laboratory
? Kyoto University
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experiment is more peaked one, the velocity distribution of o particles is isotropic. One of the
necessary conditions found in JT-60U N-NB experiments is a low shear g-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. Shinohara, 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 MHD instabilities can be explained by prompt loss or redistribution of
energetic particles.

In the case of Alfvén eigenmodes (AEs), the destabilization term is written as follows

w*f 1
oc —=)F(v 1
¥, < B =)F() M

where 8, .,  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 8, and .,
respectively. The simplest model of the modes is a simultaneous differential equation, which
is called predator-prey relationship as follows

da

d—y=na 2
an__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. 1 (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.
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Fig. 1 Typical solutions of egs. (2) and (3). (a) Time evolution of the normalized population of energetic
particles and the normalized amplitude of the instability. (b) The normalized interval of a period
increases gradually as the normalized amplitude of the instabilities increases.
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2. Experimental setup

The magnetic fluctuations are measured with usual Mirnov 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 (Fig. 2 (b)) in the range of whole
possible frequency and time in addition to the
usual calculation of power spectral density
(PSD) of the magnetic fluctuation (Fig. 2 (a)).
This new plotting method helps us to identify
the modes even if many modes are observed

intricately.

3. Experimental results

We investigate an NNB injected
plasma with a low toroidal magnetic field B, in
order to increase the ratio of beam velocity to
Alfvén velocity and the beta value of high

energetic ions B,. Furthermore, the plasma
current is relatively low (I, < 1 MA) in order
to emphasize the reduction of the confinement
of energetic particles. The 360 keV and 80
keV deuterium neutral beams are injected into
a deuterium plasma. Injected power of the
Negative NBI is Py ~ 3.8 MW and that of
Positive NBY is Ppxg; ~ 2 MW. B, = 1.2 T and

I, = 0.6 MA. With the OFMC code <B,> and

Bupea are calculated to be ~0.9 % and ~5 %,
respectively. Figure 2 (a) shows the temporal
evolution of contour plot of PSD of the
magnetic fluctuation. As shown in Fig. 2 (a),
it is difficult to identify observed instabilities
with presumable MHD instabilities. To avoid
this difficulty, we calculate cross correlation
between the signals of two magnetic probes
separated about 40 degree in the toroidal
direction. When the coherence is sufficiently
high (larger than 0.9 in this paper), we plot the
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 = 1 and propagates in the co-
direction. The mode is presumed to be AE
because the frequency of the mode is related
to the Alfvén velocity, and the direction of
propagation is consistent with that of the AE.
The other modes with n=2 or n=3 are detected
in the frequency range higher than n=1 mode.
The modes are also presumed to be AE
modes. Moreover, many modes can be
detected. But we cannot identify all of the
modes.

The intense n = 1 mode has the two
features in its nonlinear temporal evolution.
One is bursting modulation of amplitude
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which correlates with a drop of neutron emission rate as shown in Fig. 2 (¢). 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 {3]. Surprisingly, the
amplitude of this instability reaches ~10° 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 MHD 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

contour plot of the magnetic fluctuation in the #37887 (a)
integrated high performance plasma with high 140}
B, mode. The 390 keV NNBI of ~5.4 MW ¥ |
and PNBI of ~20 MW were injected into the <=
plasma of B, =21 Tand [, = 1.0 MA. To g0l
achieve the large fraction of noninductive 8 |
current drive the plasma current is set to be g go|-
relatively low. <B,> and B, ., are estimated -
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 __'40f ]
modes. However, in contrast with the burst in yo0k 8 _
Fig. 2 (a) which consists of a single mode of £ 7| 7
n = 1, the burst in the Fig. 3 (a) consists of &'4p0f g ]
many modes, which have different toroidal § 4
mode numbers ranging n=3 to 8 as shown in g 80f n=3 ]
Fig. 3 (b). Thus, the new plotting method is & _ |
powerful for such instabilities. The 60¢ ) . ]
fluctuation of lower frequency has a lower 4.0 45 5.0 55 60
toroidal mode number, such as n = 3 in Fig.3 Time(s)
(b). The modes are also presumed to be AEs e = o
because the frequencies of the modes are <—Co Toroidal mode number
ranging in the predicted Alfvén gap Fig. 3 Observed magnetic fluctuation in an NNBI
frequency, and the directions of propagation heated high By mode plasma. (a) A contour
of the observed modes are also consistent plot of the amplitude. (b) A plot of toroidal
with that of the AE. The reduction rate of mode number and direction of propagation.
neutron emission rate and the amplitude of
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Fig. 4 Interval of bursts of magnetic fluctuations as a function of neutron drop (a) and magnetic
[fluctuation averaged 0.1 ms (b).
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the magnetic instability are relatively smaller
than those in the previous low B/I, plasma;

As/s~3 % and B ~10* T. The intervals of
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
the amplitude of magnetic fluctuations seem to
be related to interval of bursts, but they are
widely scattered (Fig 4). The injected neutral
beam power in the shot of #36379 is half to 2/3
of that in other shots. Therefore the beam
fueling rate in #36379 is as small as the beam
power. The scatter will be reduced taking into
account of such difference in beam fueling.
The longer the interval between the bursts of
the modes are, the more affected by the modes
energetic particles are. If the deposition power
of NNBI does not change so much, we can
easily estimate the influence of the mode on
the confinement of energetic particles from the
interval of bursts. e :t“tme (SZ S

The AEs are also observed in RS g 2 0 3 7

lasmas in spite of relatively low <B,> (Fig. 5) <—Co Toroidal mode number  Ctr >
Ié . p y e g-2) g ig. 5 Observed magnetic fluctuation in an NNBI
ontinuous AE modes are observed in an RS heated plasma with reversed magnetic
plz;smz; gf B, =,12,'7 T ang I€h= 1'0. MA froﬁn 6.2 shear. (a) A contour plot. of the amplitude.
S 1o J.I 8. 0 avol € minor coiiapse (b) A plot of toroidal mode number and
responsible for the interchange mode only half

direction of propagation. .
unit of NNBI was injected. Therefore, <f,>

and B, 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 inject
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 particies.
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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 [3]. 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 MHD mode and energetic particles in JT-60U. (2) Many modes are destabilized
at the same time or alternatively. We cannot calculate with Eqgs. 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-NB heating 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 (I',,(E)) of charge
exchange neutral particles is given by

[, (Ey=Ce Jno ene<ov>, 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 <ov>, 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



P, P, AQ.

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 AQ is the probability that the velocity vector of fast ion is
directed to the entrance slit of CX-NPA. We calculate P, P, and AQ 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.1. Now we can calculate the expected charge exchange
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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 (1981).

CX flux (arbit. unit)

To 1l -SSR BN L AL AL BLELRLELE BN
10°
10°
10*
10°
10°
10’
1000 110° 210° 310° 410° 510°

energy (eV)

Fig.1. The calculated CX energy spectrum with N-NB heating by OFMC-code
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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
Y.M. Miura, K. Kurihara, Y. Kawamata, T. Fukuda, Y. Hoshi,
O. 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
"straight 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 (R), Zy) of plasma is calculated in
a 250-pus cycle by the CPU#1. 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
contour lines in their own zone in the vacuum
vessel in parallel. After this, the contour lines

are composed into a continuous separatrix line.

The parameters such as plasma center position
R,, triangularity &, clearance 8y between the
vacuum vessel wall and plasma surface, are
also calculated every 1 ms.

3. Application

Figure 1 shows the experimental results
using this system. A comparison between
the results of the CCS and full-equilibrium
calculation (FAME) shows a good agreement
in R, and Z; control except for X;,. Figure 2
shows the strike points calculated by the CCS
and the same full-equilibrium code (FBEQU)
as FAME. In this figure, peak positions of
the ion saturation current and C II line
emission are indicated. These results
suggest that the CCS calculation gives closer
positions to the measured peak points of heat
flow than FBEQU. In the FBEQU, internal
inductance /; is provided by the FCA
calculation, which might be a reason for the
large error of FBEQU.

4. Summary

The new real-time reproduction system has
been started to work in the experiment. The
plasma shape and parameters are calculated at
a 1-ms cycle. The other parameters such as
magnetic axis position, lambda value and
plasma current, are under consideration.
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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 B, 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 [6], 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 110 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 O to 20
kHz, 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:

N 12
FZ(T,,—m)2

n=l1

M:

3

lN
Im m_N'Z,ITn .

Here, Th is electron temperature in the n-th 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 ms, 1 ms and 0.5 ms, 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 ms.

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 I,=1.5 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
¢os=3.9, elongation k=1.6, triangularity 8=0.20. EC injection angle is set at 43° which is
optimum to stabilize a 3/2 NTM in this configuration. Neutral beams of 19 MW are injected
at 1=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 positibn. 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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Fig. 1: Schematic diagram of the feedback 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. Khayrutdinov?, V. Lukash’, M. N. Rosenbluth*

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 all 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=1. The first magnetic
fluctuation with a fast growth rate of about 3x10%" is followed by repeated magnetic
fluctuations whose growth rates are slowed down to about 5x10’s”. 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 (g.< 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. Tamai, S. Konoshima, K. Itami,
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 ITB 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 (20.7a) 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 0.7n°.

On the contrary, low edge temperature in a strong D, fueling case degraded thermal
component of stored energy. Therefore, fueling of D, 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 D, 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 [1]

H. Kubo, S. Sakurai, N. Asakura, S. Konoshima, H. Tamai, S. Higashijima, A. Sakasai,
H. Takenaga, K. Itami, K. Shimizu, T. Fujita, Y. Kamada, Y. Koide, H. Shirai, T. Sugie,
T. Nakano, N. Oyama, H. Urano”, T. Ishijima®, K. W. Hill”, D. R. Emst”, A. W. Leonard”

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 451, Princeton, NJ 08543, USA
4) General Atomics, P. O. 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 ITER 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 P. " < 0.8 Py,
where P, and 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 HHggy,) remained near
unity in the range of n, < 0.65 ngy. The HHgyg,, was about 50% higher than that in the
plasmas without Ar injection at n, = 0.65 ngy. 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, D, gas puffing rate to increase the
electron density was low, D, line intensity remained low, and type-1 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.

References
[1] Kubo H., et al., Nucl. Fusion 41, 227 (2001).
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6.3 Ne injection into reversed shear plasmas [1]

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, PO Box 451, 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 (ITB) 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 (Hyyp, > 2) with an ITB and high radiation loss power fraction (P,,,/
P, > 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 Hgyp, 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?/ 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 m* /s, 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 [ =1.2MA, B=2.4T, q,s=3.6,
0=0.36, k=1.38, Pyz= 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“Y ~0.6-0.65) during
near-limiter configuration (with Pyz= 4.3MW for 2.5 s), plasma density FB control was used
in 2000. Figure 1 shows that total gas puff amount decreased from 20 to 7 Pam’ 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 Py was 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*' radiation were
obtained with using a radiation feed-back of Ar puff rate. After 7s, n, was increased up to
0.8n°Y during a constant D2 gas puff rate of 8.5-9 Pam’/s, and the profile peaking started. The

*14 radiation was increased. The ELMy

ELM activity was reduced rapidly in 7.2-7.9s when Ar
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
n°¥) 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 P,,, 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 FB 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 FB 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 T, 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, n (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 T,
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 n® 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 0.7 n®¥ ) decreases rapidly above n, ~ 0.7 n°”. One the other hand, for the strike point
on the dome-top, small reduction in the H-factor is extended to n, ~ 0.8 n® (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 (~0.8nCW) and radiation fraction (P,,4/P,p,s~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.
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7. Neutral and Impurity Particle Control

7.1 Pellet injection characteristics [1]

H. Takenaga, H. Kubo, K. Itami, K. Kizu, T. Iwahashi, 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
[LFS(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 HFS(top) pellets in
NB heated plasmas and the ExB 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 HFS(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 #L\mzuid:;;::
value is 20 Hz) and the injection speed (v) in the

designed range of 100-1000 m/s have been achieved. High field Low field side
e . C e side top midplane
The injection lines are arranged for injection from the : HFS(top) : LFS(mid)

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

.. . . Fig. 1 Hlustration of pellet injector
injected into D and H plasmas, respectively. Syft em in JT-60U. P /

3. Peak density in the pellet injected discharges

peak

Figure 2 shows the peak value of the line averaged density (n,”*) normalized to the

Greenwald density (ngy) as a function of plasma current (1) for pellet injected discharges. For
the LFS(mid) D pellet injection, n,”* reaches up to 1.8xngy, in the OH discharges without
gas-puffing at I.=1.2 MA. With NB heating power (Pyz) of >5 MW, n . reaches up to ngy
with gas-puffing for the LFS(mid) D pellet injection. For the LFS(mid) H pellet injection,
n,”* is limited below ngy,. For the HFS(top) pellet injection, n,”* reaches up to 90% of ngy, in
the D discharges and 65% of ng,, in the H discharges without gas-puffing at Pyz>5 MW. The
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value of n”* is limited to about
30% of ngy in the region of 1,>1.5
MA without gas-puffing for both D

and H discharges.
4. Characteristics of pellet
injection in OH plasmas

Figure 3 (a) shows time

evolution of line averaged electron
density (fi,) in an OH plasma (I,=1.5
MA / B;=3.2-3.5 T) with LFS(mid)
D pellet injection (v=690 m/s, =5
Hz), HFS(top) D pellet injection
(v=120 m/s, f=10 Hz) and gas-
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Fig. 2 Peak density in discharges with (a) deuterium LFS(mid)
pellet, (b) deuterium HFS(top) pellet, (c) hydrogen LFS(mid)
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D, emission and n, is shown in Fig. 3 (b). With

LFS(mid) pellet injection, fn, increases with small
increase of D, emission. The edge density with
LFS(mid) pellet is almost the same as that with
HFS(top) pellet and gas-puffing, indicating a peaked
density profile. The effective particle confinement time
defined as T, =Ne/(S pe or gas — AN€/dt), where Ne is the
total number of electrons and S, o 4 1S the time
averaged particle source due to pellet injection or gas-
puffing, was estimated to be 1.2 s for both LFS(mid)
and HFS(top) pellets and to be 0.6 s for gas-puffing.
The increment of the number of electrons (ANe)
for each pellet injection estimated using 2 or 3
interferometers with a sampling time of 1 ms is shown
in Fig. 4 as a function of v. For the LFS(mid) D pellet

Fig. 3 (a) Wave-forms of n, and (b) relationship between
integrated D, emission and n, for LFS(mid) pellet (solid line),
HFS(top) pellet (dotted line) and gas-puffing (dashed line).
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(1,=0.8-1.5 MA / B;=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 HFS(top) D

pellet (I=1.2-1.5 MA / B;=3-3.5 T) decreases with increasing v, which indicates that the
pellet was broken in the guide tube. At v=120 m/s, 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): [=1.5 MA /
B,=3.5 T, HFS(top): [ =1.5-1.7MA/ B;=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 1, fuelling rate, Py and D, emission intensity from

the inner divertor for (a) HFS(top) D pellet with v=100 m/s and f=10 Hz (I,=1.5 MA / B:=3.5
T) and (b) LFS(mid) D pellet with v=690 m/s and f=10 Hz (I,=0.8 MA / B;=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 n, 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 D, emission increases during t=6-8 s due to pellet injection. The D, emission in
the HFS(top) pellet discharge is almost at the same level as that in the gas-puffed discharge.
On the other hand, the LFS(mid) peliet is less effective in the high power heating phase,
although LFS(mid) pellet injection makes higher n, with 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 peliet
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Fig. 5 Wave-forms of n,, fuelling rate, Pyg and D, emission for (a)

. T .
with a sampling time of 1 ms is oot v o oier and (b) LFS(mid) D pellet injections.

plotted as a function of Py. For
the LFS(mid) D pellet (I,=0.8-1.5 MA / B;=3-35 T / v=690-840 m/s), ANe decreases with
increasing Py;. A large 7, 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 EXB drift is
consistent with the reduction of ANe. For the HFS(top) D pellet (I,=1.5 MA / B;=3.5 T /
v=120 m/s), ANe decreases with increasing Pyy in the range of Pyz;<5 MW. However, ANe
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stays constant in the range of Pyz>5 MW. The jump of n - (3) D pellet '2_1 mm‘ cube.

. measured with a fast sampling is smaller than that for

LFS(mid) D pellets, however, a quick decrease of n, is
not observed, which is consistent with the ExB drift

ANg[1020]
© =+ N W & 0O

model. One of the explanations for the reduction of ANe

for the HFS(top) D pellet is ablation in the SOL. The

ablation model suggests a 20% loss in the SOL of NB :_ Y Hpellet 21 mm cube ]
heated plasma for HFS(top) pellets. The value of ANe s af ___—LFS(mid)
for H pellets (LFS(mid): 1,=1.5 MA / B;=3.5T / v=690- =, R HFSIoPL &
1000 m/s, HFS(top): 1,=1.5-1.7 MA / B,=3.539 T/ 3 | gg - | E%
v=120 m/s) is smaller than that for D pellets, but its ot 8. O
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Fig. 6 ANe as a function of Py for (a)

deuterium and (b) hydrogen pellets.
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6. Configuration dependence
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In order to investigate the effect of ablation ey

position for HFS(top) pellet injection, HFS(top) D
pellets were injected into three NB heated plasmas
with different configurations as shown in Fig. 7.

The calculated ablation position is shown in the

insets. The highest n, is obtained in the most

outward-shifted plasma. However, the increase of

Ip=1.5MA, By=3.5T
v=120m/s, f=10Hz
PNBI'1 4MW

I . . . 0 V'l' i s
pellet injection and particle confinement. The sum s e e e e e

of ANe is estimated to be 2.3x10* for the case (a) time s ]

the density is related to the fuelling rate for the

Fig. 7 Configuration dependence of n,.
and 4.3x10* 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 HFS pellet injection, HFS pellet injection is more effective for

density increase due to slow density decay.
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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 (ITBs)
has been achieved in many tokamaks [1-4]. Basic idea 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 ITBs 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 flattop
with positive magnetic shear did not lead to the PEP-mode in DIII-D. In TFTR, 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-60U.
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 JT-60U, 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 _'?".”.”‘.-‘?".’l’.”?m‘é
(LFS(mid)) pellet injection is more -effective for " ,DDGU
formation of a peaked density profile than the high field = /6 /
side top pellet injection. Therefore, the LFS(mid) pellet s M

with an injection speed of 690 m/s and frequency of 10 So DDJU \ ‘

Hz was used in this experiment. Figure 1 shows the Dﬁ UK \‘
plasma configuration and pellet injection line together » DID]
with the FIR measuring chords (Ul and U2). The Ul L

and U2 chords pass around 1r/a=0.8 and r/a=0.2,

respectively. The toroidal magnetic field is 3.5 T, the Fig. I Plasma configuration and

. 3 . .. pellet injection line.
plasma volume is 65 m’, the 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 I, 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 2.4x10%', which is larger by a factor of 4 than
the particle fuelling due to the NB injection during t=3.4-4.2 s in the reversed shear discharge.
The ablation position is estimated to be 1/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 t=4.3-4.7 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),
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Fig. 2 Wave-forms 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.
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the stored energy is smaller than that in Fig. 2 (a) even with higher NB heating power. In
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), I'TB is observed at
r/a=0.5-0.6 (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 t=4.68 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
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temperature profile around r/a=0.5-0.7 (see Fig. 3 (e)). 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 Fig. 3 (d)
and (f)), alihough 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=3.5-5.0 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 (=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, ITBs 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. [S], 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. Higashijima, 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 = 3.5-4.0x 1019 m3. However, the pumping rate reduced to 1% in the lower density
region at ne = 2.5— 3.0 x 1019 m*3.

Helium exhaust is accomplished by condensing an argon (Ar) frost layer on the liquid
helium cooled surface of three NBI 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 of Pye.ng = 1.4 MW, which corresponds to He fueling rate of 1.5 x 1020 /s
(equivalent to 85 MW « heating) for 3 s into ELMy H-mode discharges (Ip = 1.4 MA, By =
3.5 T, PNp = 16 MW, Vp =58 m3). 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 10! m3 (/a = 0.93).
The He density has the same profile as the electron density. In this discharge, T*ge = 0.36 s
and T*ge/Tg = 2.8 with Tg = 0.13 s and an H-factor (=tg/Tg!TER-89P) = 1.2 were achieved,
well within the range generally considered necessary for successful operation of future fusion
reactors, such as ITER-FEAT (i.e., T*He/TE = 5). The line-averaged electron density in the
main plasma is ne = 3.8 x 101% m3, 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 deuterium
deteriorated because of the back-flow through the outer slot. The global particle confinement
time T*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, 2]

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 (Ip = 1.0 MA, By = 35T,
$=0.33 and Png = 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 BN = 1.44. The He residence time inside the ITB is longer than that outside the
ITB. The residence time ©™% is defined by T"%y, = N™*,/S"™ %y, in steady state, where
Ninsie . js the total number of He ions and Sy, is the He source rate inside the ITB. The
ratio of T, /T; 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 Bp 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 turbulence model. The
Multi-Mode Model (MMM) [3] is used as a turbulence model, in whicil the lon Temperature
Gradient (ITG) 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 (I,=1.0 MA, B;=2.1 T, Py=11.1 MW and Hggp =1.3-1.5), which has no internal
transport barrier (ITB) and positive magnetic shear, helium particle diffusivity (Dy,) is in the
range of 1-2 m%s. In a high B, plasma (I,=1.5 MA, B;=3.6 T, Pys=17.5 MW and Hy, =1.9),
which has ITBs with a small gradient and weak positive magnetic shear, Dy, is in the range of
1-3 m¥s, and seems to be reduced in the I'TB region. However, the reduction is less than a
factor of 2. In a reversed shear (RS) plasma (I,=1.0 MA, B;=2.1 T, Py=7.3 MW and
Hgop=1.9), which has ITBs with a large gradient and reversed magnetic shear, Dy, is in the
range of 0.3-2 m%s, and is reduced by a factor of 5-6 in the ITB region compared with that in
the inside and outside regions. In 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 (-1~-3 m/s). In the ELMy H-mode and high [, plasmas, Dy, 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
m/s) and the turbulence model predicts the inward convection velocity in the rage of -0.3~-1.7
m/s, 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. Itami

1. Introduction

Methane generated by chemical sputtering is one of the dominant carbon sources inJT-
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 divertor 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
Methane (CH,) 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
field of B,=2.1 T. Figure 1 shows the plasma |

(d) E038

A

configurations together with the gas-puffing positions.

The height of X-point from the dome top was 6-7 cm
for the standard configuration as shown in Fig. 1 (a)-

(c), and 18 c¢m for the high Xp configuration as shown |+
in Fig. 1 (d). Hydrogen (H,) was puffed from the top as |

shown in Fig. 1 (a), for a reference to CH, gas-puffing.

CH, was puffed from the outer baffle plate as shown in CHyq CHy
Fig. 1 (b) and from the divertor plasma through the  Fig. I Configurations and gas-puffing
positions.

pumping slots as shown in Fig. 1 (c). CH, gas-puffing
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 ms. 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 CH, (t,*"), the particle
balance is analyzed with and without CH, gas-puffing. The difference of the total number of
carbon ions with and without CH, gas-puffing in the steady state phase can be expressed as
N - NoY© =1,%x Scyq, where NV and N are the total numbers of carbon ions with and

without CH, gas-puffing and Sy, is the CH, gas-puffing rate. The value of N.¥ and N,V are
estimated from Z, as Ne=(Z 1)/(Z*-Z)XN,, where Z is derived from Bremsstrahlung, the
total number of electrons inside the separatrix (N,) is evaluated from the density profile

measured by Thomson scattering system and Z is assumed to be 6 (only carbon impurity is
considered). Thus, T,”* can be estimated as T, =(N."¥ - Nc¥°)/Scy,.

4. Results and discussions
Figure 2 shows time evolution of the line averaged electron density (fie), gas-puffing
rate, integrated emission intensities of H,, CII, CIV and CH band in the divertor plasma and

CVI emission from CXRS measurement (I%*®) for (a) CH, puffed discharge from the main

plasma edge (outer baffle plates) and (b) H, puffed discharge from the top. In the CH, puffed
discharge, gas-puffing rate of 7 Pam’/s is applied, which corresponds to 1.77x10* carbon

atoms/s and fie increases from 1.9x10" m® to 2.3x10" 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 IS indicates the increase of
carbon density, although beam attenuation is not considered. The value of Z, in this
discharge increases from 1.7 to 1.8. On the other hand, in the H, puffed discharge, IZ**
decreases during H, j
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1.57 to 1.47 Fig. 2 Time evolution of density, gas-puffing rate, integrated emissions (H,
’ 0 L&/ CII, CIV and CH band) from the divertor and CXRS signals for (a) CH, and
Figure 3 shows (b) H; puffed discharges from the main plasma edge. ‘

time evolution of the

CH, 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

— 107 — .



JAERI—Review 2002—022.

CH,, as mentioned in DY T S 0 —
Sec. 2. In the standard ,,o:EE*—””tlw*. }:?
configuration, ~ I&®S ';:gg °3: l c""'":"} o &
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6.0 s. However, it %2 |
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Fig. 3 Time evolution of density, gas-puffing rate, integrated emissions from
the divertor and CXRS signals for CH, puffed discharges from the divertor
region in the (a) standard and (b) high Xp configurations.

puffing is higher than that in the standard configuration, and gradually increases durlng gas-

puffing. Difference of time behavior of 1™ could reflect different dependence of the
shielding on fe. The value of Z 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 decreases with increasing fie for both with and without CH, gas-

puffing cases in the standard configuration as shown in Fig. 4. The value of Z; in the main

CH, gas-puffing case is comparable with Z in the divertor CH, gas-pufﬁng case without

~divertor pumping and is larger than that with divertor

pumping. With divertor pumping, puffed CH, might be
directly pumped before CH, reaches to the divertor
plasma. In the high Xp configuration, Z is higher
compared with Z g in the standard configuration for both

- with and without CH, gas-puffing cases. The value of

Z. seems to increase with Te in the high Xp
configuration.
The value of N, calculated using Z is shown in

Fig. 5. Solid line shows N.*° and dotted lines indicate
the error for NV, The value of N.*© largely decreases
in the region of Me=1.7-1.9x10"” m? and gradually
decreases in the high density region. The higher Z for
the divertor D, gas-puffing was reported compared with
Z g for the main D, gas-puffing [3]. In this report, the
same N."'° is used for both main and divertor CH, gas-

puffing. In the high Xp configuration, No"* is estimated
only at fie=2.4x10" m?, therefore, this value is used at

both fie=2.4 and 2.7x10" m™
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The estimated 7, is shown in Fig. 6. Here, 6
dN/dt is ignored, because it is much smaller than Scy,. 5¢ 2
The value of 7, is in the range from 4 to 8 ms inthe LI ]
standard configuration for both main and divertor gas- g‘é 3
puffing cases. The value of T, for the main CH, gas- -

. Z af
puffing is not so large (at least within a factor of 2) |
compared with T, for the divertor CH, gas-puffing. L S -
Lo

0 i i :
16 18 2 22 24 26 28
source generated by chemical sputtering at the divertor ' fg [1019m-3]

This result suggests a large contribution of the carbon

plates to the carbon density in the main plasma. In the  Fig. 5 N, as a function of i, The legend
is the same as Fig. 4.

high Xp configuration, 7,* is in the range from 3 to 9 2T T
ms, which is smaller at Te=2.4x10" m® and larger at 1o}~ —+ 1+ R
Ne=2.7x10"" m* than that in the standard configuration. ’é‘ 8l _ S S
This result reflects the gradual increase of the carbon ::; P S - ,#H ]
density in the high Xp configuraion. Ca + L‘{JH N
Finally, Nc*° is estimated using 7, and the A ﬁl ]E
intrinsic carbon generation rate. At fe=2.3x10" m? 2p
without CH, gas-puffing, the particle flux to the “1:6 s 2 25 24 26 28
divertor plates is estimated to be 9.9x10% /s from the fg[1019 m'3]

target probe measurements. The total chemical Fig. 6 1™ as a function of #, The

sputtering yield was estimated to be 10-20% considering levend is the same as Fie. 4.
not only CH, but also C,H, and C,H, [2]. The total yield of carbon is estimated to be 1x10* /s

with 10% of the total chemical sputtering yield. Therefore, N.* is estimated to be 4x10"
using ©,°"*=4 ms. This is larger by a factor of 2 than the measured N.""°, suggesting a large

contribution of carbon generated at the divertor plates to the carbon contamination.

5. Summary

The effective confinement time for CH, 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
tokamak 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 [2]. In JT-60,
boronization using hydride-decaborane (B, ;H,,) was performed to reduce oxygen
impurity and particle recycling [3]. 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 (B,;D,,) was introduced to minimize
the number of conditioning tokamak discharges [4]. 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 10" m™* ) were repeated before and after boronization. '

Boronization | Decaborane Glow discharge current | Boron film thickness
1st ~70¢g ~2A ~ 135 nm
2nd ~20g ~13A ~ 145 nm
3rd ~20g ~10 A -

Table 1 Conditions of the 1 — 3rd boronization.

— 110 —



JAERI—Review 2002—022

3.0 4.0
Major radius [m] Major radius [m)

Fig. 1. Plasma configuration of the plasma
and expansion around the X point (a) after
the 1st and 2nd boronization, and (b) after
the 3rd boronization

3. Results and discussion

Figure 1 (a) shows a poloidal cross-
section of the plasma after the 1st and
2nd boronization. The plasma volume
was set at ~ 67 m’ and the plasma
shape was configured at a triangularity
of ~ 0.3 to suppress local strong
plasma-wall interactions except for the
strike points on the divertor plates.
The plasma configuration after the 3rd
boronization was different from that
after the 1st and 2nd boronization.
Figure 1 (b) shows a poloidal cross-
section of the plasma after the 3rd
boronization. The plasma volume was
set at ~ 55 m’ and the plasma shape
was configured at a triangularity of ~
0.1.

The plasma effective charge
(Z,) was evaluated from visible
bremsstrahlung emission. A VUV
spectrometer measured spectral lines
with a transition of n = 1 - 2 of
hydrogen-like boron, carbon and
oxygen. The oxygen content was
derived from Z and the intensity ratio
of the spectral lines with a help of C
VI(n=7-8)andOVIH(n=9 -
10 ) emission intensities from the main
plasma by charge  exchange
recombination spectroscopy. |

Figure 2 shows the oxygen content (ny/n,) as a function of shot number. The

vacuum vessel was exposed to the air before the 1st and 2nd boronization and not

before the 3rd. The 1st boronization using 70g of decaborane reduced ny/n, from ~
1.5 % to ~ 0.7 %, and then ny/n, gradually increased. The plasma with ny/n, less than
1% were kept for ~ 400 shots. After it reached ~ 1.4 %, it decreased again. The decrease
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as a function of shot number. Vertical lines

correspond to 1 — 3rd boronization.
3.5

__I 1 T 1 T L T 1 T [T T A
C ® .
3.0F .
25 .
e L '0':' ° o | -
] - .. Y i
N » ® ]
S .
205 - - e
S H I
52 gl 8]
1.0 Ll i1 1 1 ) — 1 1L 1
0 500 1000 1500

Shot number

Fig. 3. Z; as a function of shot number. The

trace is similar to ny/n, in Fig. 2.

was not due to oxygen gettering by
boron burst because the strong
spectral line of boron was not
observed around the shot number of
800. By the 2nd boronization using
20g of decaborane, ny/n, decreased
from ~ 2.8 % to ~ 0.5 %. The
plasma with nyn, ~ 1% was
sustained until the 3rd boronization.
The 3rd  boronization  was
performed under the condition with
nyn, ~ 1%. After the 3rd
boronization, ny/n, increased to ~
1.5 % in contrast. Since the plasma
configuration  after  the 3rd
boronization was different from that
after the 1st and 2nd boronization as
shown in Fig. 1, local plasma-wall
interactions took place at different
parts of the first walls and the
divertor plates. Oxygen might have
been released from an unclean
region.

The boron spectral line could be
observed only within ~ 50 shots
after boronization. Then the boron
content (ng/n,) was estimated to be
less than 0.2 %. The carbon content
(n/n,) was not dependent on
boronization. A constant n¢/n, ~

2.5 % was observed. As a result, Z ., was strongly dependent on the oxygen content.

Figure 3 shows Z, as a function of shot number. The trace of Z, is similar to that of

ny/n,. This indicates that boronization is effective in reduction of oxygen impurity,

resulting in plasmas with low Z ;.
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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 (ny/n,) 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 ny/n, less than 1% 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, Z;; 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 (Z,,) 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 10" m>. 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 CH ( ~ 431.4 nm ) and
C,( ~ 516.5 nm ) 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, Langmuir 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 10”m” by gas puffing. The
electron density and temperature were ~ 1 X 10®m™ and ~ 10 eV around the strike point

on the outer divertor plate. The details of measurement and analysis methods are

— 114 —



JAERI—Review 2002—022

described in [2].

3. Results 25

Figure 1 shows Z, of the main L-mode with 13 MW
plasma as a function of bakin

temperature in hydrogen discharges. Ii 2.0 Reversed shear ‘3\

the L-mode discharges with 13 MW N’E, s ¢

NB heating and reversed shear 152 2 -
discharges, Z., at the baking T\

temperature of 270 °C is higher than L-ni'aode wlith 4 MwW

that at 150 and 80 °C whereas in L- 1'%0 100 150 200 250 300
mode discharges with 4 MW NB Baking temperature (°C)

heating, Z, at the baking temperature  Fig.I Plasma effective charge ( Zy ) as a function of
of 270 °C is not different significantly baking temperature in hydrogen discharges. Closed
from Z, at 150 and 80 °C. The circles show Z for L-mode discharges with 4 MW NB
decrease of Z.; might result from the  heating, open circles for L-mode 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 CH,/CD, sputtering yields as a function of ion flux density at
the outer strike point. Each sputtering yield shows a decreasing trend with increasing
jon flux up to 1.3 x 10® m?" for each surface temperature and hydrogen isotopes.
Regression analysis of the CH,/CD, sputtering yield (¥) with a function of ¥ & r,:
results in a ~ -0.05 to -0.40 with errors of ~ 0.2, where I',,, is the ion flux to the divertor
plates. Figure 2 (b) and (c) show the C,H,/C,D, and the total sputtering yield defined as
Yo = Youyens + 2 X Yeuyeon, as @ function of ion flux density. Similar analysis for the
C,H,/C,D, 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
°C, a ~ - 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 ¥ 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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acceleration. The regression analysis for the yields with a function of Y o T,” results

in a ~ 0.24 — 1.1 with errors of ~ 0.2. Similar results are obtained from the regression
analyses for the CH,/CD, and C,H,/C,D, yields. Assuming that the incident ion energy
is proportional to the electron temperature and chemical sputtering yields do not depend
on the ion flux, the results from the regression analysis with a function of ¥ o T,% (a ~
0.24 — 1.1) agree with the result from PISCES-B [5]. In particular, the most reliable
regression analysis due to the largest number of data points for the CH, and C,H, and
the total sputtering yield at the surface temperature of 80 °C results in ~ 0.5, and the
result is in good agreement with the result from PISCES-B [5]. Therefore, the reducing
dependence of the chemical sputtering yields on the ion flux is considered to be due to
the decrease of the incident ion energy. The dependence of the chemical sputtering on a

surface temperature is estimated with a help of the results from the regression analysis
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for the sputtering yields with a

Total (H 270°C) o function of ¥ o¢ T, . To avoid

R
10 o a° Noj 50.-00-."-- serious errors due to extrapolation,

g } If‘ '---:::;é:::- comparison is limited in the electron

% thél E&?‘Z{)HCj 5.0_%“_. temperature range from 10 eV to 15

> T \ eV. The resultant ratio of the

*-g T Total (D,150°C) chemical sputtering yield at the

= t 3 surface temperature of 270, 150 and

Total (H,80°C) 80 °C is about 1 : 0.5 — 0.6 : 0.3.

1 i Similar analyses result in the ratio of

5 10 15 20 1:.0.4:03 for the CH/CD, yields

| Electron temperature (V) and the ratio of 1 : 0.5 - 0.7 : 0.3 for
Fig. 3 The total sputtering yield as a function of the C,H./C,D, 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 (Z,;) was successfully decreased in L-mode discharges
with 13 MW NB heating and reversed shear discharges by lowering a baking
temperature from 270°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, ie., ¥

oc I,,%% 240 However, the regression analysis with a function of ¥ 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. 1. Using a filter optics
with a 60ch optical fiber array, the spatial profiles of H, and C II 658 nm line emission were
measured. Using a visible spectrometer, spectra around a wavelength of the Balmer series
limit of H I were observed. With the spectrometer, we could simultaneously observe the
spectra for 16 viewing chords selected from a 60ch optical fiber array. In 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 - 11 were identified. Profiles of electron density and temperature were
measured with Langmuire 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 Langmuir 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 H, 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 H, line 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 II lines are shown in Fig. 4. At 6.4 s: before the MARFE onset, the emission
profiles had peaks around the inner and outer strike points. At 8.5 s: when the MARFE
appeared, not only the C II profile but also H, 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 s: before the MARFE onset. The width of the detached region was ~ 1 cm. 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 s: 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 10 m*and ~ 30 eV near the X point, respectively. The electron
density and temperature were ~ 1.5 x 10" 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 - 11, it
was found that the populations of n > 7 levels could be explained by the Saha-Boltzmann
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 n, = (1 - 10) X 10”’m” and T,= 0.3 - 100 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 n, = (1 - 10) x 10" m™ 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 H, 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 s: 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

Langmuir 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 Langmuir 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 Langmuir probes was
too high and the electron density measured with the Langmuir probe was too low. Further
investigation is necessary to understand the volume recombination.
References
[1] Lumma D. et al., Phys. Plasma 4, 2555 (1997).
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8.2 Pumping effect on plasma flow and divertor detachment[1]

N. Asakura, S. Sakurai, H. Tamai, Y. Koide, Y. Sakamoto, O. 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 plasma flow pattern is not understood. In 2000, the
SOL plasma flow for the 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 T, and j, in the SOL were measured in the L-mode plasmas where I, = 1.6—1.7 MA,
B, =35 T, ges = 3.5, and plasma density, i, 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 . of (2.3 —2.6) x 10" m~>. The onset @2, of the x-point
MARFE (2.75x 10*® m~3) is higher than that for the inner divertor pumping, where the partial-
detached plasma is observed at i, = 2.45 x 10'® m™ and the x-point MARFE appears at n.
= 2.6 x 10" m™2,

Under the partial-detached plasma at both divertor targets without the x-point MARFE,
TX? decreases to 10—30 eV and pX? is maintained at 230—340 Pa while 2p(%3,, decreases. The

e,out

ratio of 2p2,, pX? 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 T4 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 p2?,,. The neutral source at the separatrix is reduced by the divertor pumping
from the private flux region. The larger reduction in pS%,, is also observed during the x-point
MARFE, where the detachment region extends to the up-stream (x-point) and the outer flux
surfaces.

In-out asymmetry in divertor recycling o

For attached divertor condition at high 7., in particular, @gz'" (recycling flux in the inner
divertor) is enhanced 2—3 larger than d%vout 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, dBUo% increases with
fie, 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 ®5"™ and 5" 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.

References
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8.3 Fast measurement of SOL flow and plasma profile in ELMy H-mode

N. Asakura, S. Sakurai, K. Itami, 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 (250us per profile). Plasma
parameters were [=IMA, B=2T, 6=0.32, x=1.4, Py= 4.3MW. Line-averaged electron

density was 1.8x10" m™

, and additional gas puff was not supplied during measurements,
where ELM frequency was 30-40Hz. Since reciprocating period of the probe is about ls,
about 10 ELM events are measured near the separatrix (<10cm).
1. SOL plasma flow

Time evolutions of ion saturation currents, j,, at up-stream side of the midplane and the x-
point probes, and j, ratio, j(down-stream side)/j,(up-stream side), are shown in Fig.1. 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 j, for the two sides become comparable in 1 ms. 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 ~200us after the j,
peak at the midplane. The time delay between j, 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 130us (connection length = 26m/ acoustic speed = 2x 10°m/s assuming pedestal

ions and electrons are exhausted into SOL, where T; = 800eV and T, = 600eV are measured at
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pedestal).

Figure 2(c) shows that flow velocity near the x-point becomes large during ~200us of J
peak. Then j(down)/j,(up) increased in Ims 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 lcm outside of the separatrix. As a result, increment of j at
outer flux surfaces may be caused by the radial diffusion. N'ear the x-point, flow velocity is
increased from ~0.5 to 0.8-1.0 just after ELM (at j, peak) only within 1-1.5cm 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 - 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 (250us) = 250-500 ps.

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 (j, is increased, joratio is decreased), 250ps. 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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Summary

Particle flux and SOL flow caused by ELM
events were measured using Mach probes at outer
midplane and near the divertor x-point.
Enhancement of the SOL flow velocity towards the
divertor was observed near the x-point, which
occurred ~200us after the increase in the particle
flux at midplane. Duration of heat deposition at the
outer divertor target (~250us) was comparable to
that for the enhancement of the SOL flow (~200
us). These results show that the convective
transport plays an important role on heat transport

at ELMs. Density and power scans are planned in
2001 to investigate the transport of ELM heat and

particle fluxes.
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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 [ =IMA, B=2T, 8=0.32, x=1.4, Pyz= 3.5MW for hydrogen L-mode plasma.
Line-averaged electron density was 1.3x10" 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, O-PI) and vertically from the inner upper
port (upper-inboard pellet injection, UL-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, Jeup b 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 1s, and about 3-6 pellet events are actually measured. Value of jwpXp is
increased rapidly after pellet injection, in particular, near the separatrix. It should be noted
that an increase in jsyupxp is observed in the private flux region (large increase in js'upXp 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 j,,, and T, at up-stream side of the x-point Mach probe for O-P1
and UI-PL. For the two cases, increments of j,,,, are roughly 30-50% near the separatrix. T,
does not change in the time resolution of voltage scan (2ms), except for near separatrix
(<1mm at midplane distance) of UI-PI case, where T, is decreased from 70 to 45 V.

Figure 3 shows time evolutions of the ion saturation current measured at upstream-side of
the midplane Mach probe, j,,,™, and distance from the separatrix. Increment of Jeup? s
observed near the separatrix (0.8 cm). Profiles of j,,, and T,,, at the up-stream side of the
midplane Mach probe are shown in Fig. 4 for O-PI and UI-PL. Increment of j,, is relatively
small and slow at the outer midplane, as shown in Fig. 4(a), even for O-Pl. 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 jsvupxp and js,,,p““", for O-PI with applying a constant
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voltage of ~160V, and fast sampling time of Sps. The value of j,,,*® is increased rapidly by a
factor of 3-5 just after PI (<0.1ms). However, it is reduced within 1ms, and increment of Joup
is actually by 20-50%, and it is decreased to the background level in 40-80ms. On the other
hand, change in j,,™ is not observed at the midplane.

Figure 6 shows time evolutions of j,,,** and j,,,™, for UI-PI during the probe insertion. The
value of js,upx" is increased by 30% at 6.85s after PI (0.2-0.4 ms). js'upr’ 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,,," are observed at the midplane for
UI-PI. After the rapid increase, j,,," is decreased in 0.4-1ms to the background one.

The pellet injector, the x-point and midplane Mach probes are located at P-10, 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 O-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 jX* ratio, j,u, Vissown > for UI-PL Value of
Jsupisqom” increases just after PI shows that SOL flow velocity towards the divertor. Values
Of joupisaoun” after 1ms (cross-squares) and between Pl(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, 0.35In[j,,,""jcgoun ). A large increase in SOL
flow velocity is observed near separatrix and private flux region (<2mm mapping to
midplane). Plasma flow in the outboard SOL, except for near the separatrix and private region,
is not affected by UI-PL.

Figure 8(a) shows time evolutions of js_upxl’/js,downx" for O-PI. SOL flow velocity is increased
just after PI, corresponding to the j,,,** peaks in Fig.5(a). Values of j,,,"*jgoun " just after
PI(darken squares), 1ms after PI(cross-squares) and between PIs (circles) are picked up, and
profiles of Mach number are shown in Fig.8(b) from 3 O-PI 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 1ms after PI an increase in
SOL flow is seen only near the separatrix and private flux region (similar to UI-PI case).

3. Summary

Increases in j,,, " and the SOL flow velocity were observed, in particular, near the x-point.
Those are similar between UI-PI and O-PI, except for large peaks just after O-PI (< 1ms). 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,,,** near the x-point and no

change in j,,,™ for O-PI 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, laser polarimetry for electron density measurement based on the
tangential Faraday rotation has been progressed in JT-60U tokamak. The reliability of
polarimetry in a pellet-injected plasma was confirmed. The Faraday rotation was measured
with good angle resolution of ~0.01° under the sufficiently fast temporal resolution of 4 ms.
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 CO, laser polarimetry for electron

density measurement in long-time and steady-state operation in large fusion devices was

demonstrated.
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[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 [1]

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 perturbations. 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-51 (12.954 mmx6.477 mm) rectangular waveguide and a
rectangular-to-circular waveguide transition from WR-51 to ¢12.7 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, S1, 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 S1 signal, an internal timer is turned
on. After T1 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, T1 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/Hz03). 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 r=4.4 s, electron temperature of
channel 10 increases while electron temperature of channel 11 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
(CH10-CH12) is much larger (8Te/Te=-100%) than that near the center (CHS; 8Te/Te=-10%).
At the second collapse at #=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 preamplifier 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 CO, laser in JT-60U[1]
T. Kondoh, and S. Lee

A collective Thomson scattering (CTS) diagnostic system using a carbon dioxide (CO,)
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 CO, laser (15J, 1us
at 10.6 um) 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 10"
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 CO, 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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Fig.1 Schematic view of the Collective Thomson scattering system in JT-60U.
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9.4 A filter bank system for scattered spectrum 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 (1us), we developed a wide band filter bank system ( 0.4 - 4.5 GHz, Fig. 1) for scattered spectrum
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 (S/N) based on the noise-equivalent-power (NEP) of quantum-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 /B=2GHz
was also prepared in order to measure fast ions (6¢h). A wide band filter will improve the S/N ratio.
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Fig. 1: Schematic diagram of CTS heterodyne receiver Fig. 2: (a)Expected scattered power for NNB heated plasma.
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Reference
[1]S. Lee, T. Kondoh, Y. Yonemotol and Y. Miura, 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. Ishikawa’
! 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-60U.

2. Measurement system of neutron emission profile monitor
The neutron emission profile monitor has a neutron collimator (3m X 3m X Im), 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 liquid scintillator (¢ 17 X 17).
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Fig. 1 Position of the measurement system

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.

Fig. 3 NE213 position in FNS experiment

3.2 First measurement in JT-60U
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Fig. 4 Energy Spectrum of NE213 in FNS experiment

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 **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 1.0x10'
neutrons/s of the FC. We confirmed that the
neutron emission profile measurements are
reliable up to the neutron flux of 1.0x10'
neutrons/s of the FC in the present setup.
The neutron emission profile during
the NBI (Neutral Beam Injection) was
measured. Figure 6 shows measured count
rates of individual channels. Since these
values are line-integrated neutron emission
rate, we have to employ the Abel inversion
method to obtain a neutron emission profile.
The method converts the line-integrated
values to local neutron emission on the
surfaces. The neutron

magnetic  flux

emission is calculated from

C =219,
J
where C; is the measurement values (line-
integrated value), /; is the length of line
chord (weight coefficient), and ¢, is the
neutron emission. The result is shown in
Fig.7. The shape of profiles seems to be
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reasonable. The obtained neutron emission
profile will be compared with those from
analysis codes (TOPICS and OFMC).

Summary

We have developed a neutron
emission profile monitor with a 6 fan-
shaped channel neutron collimator. We
have adopted NE213 organic liquid
scintillator and calibrated the detectors at
FNS JAERI Tokai.

We have found that the profile
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-
| -l'.--
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00 02 04 0.6 08 1.0
r/a

Fig.7. Neutron emission profile after Abel inversion in
E37838, 1=6.4, 8.6s

monitor is reliable up to the neutron flux of 1.0x10' neutrons/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.
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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 appafent 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 :
[1] 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 ¥ and R, where ¥ is the poloidal flux
function and R is the major radius;

JR,¥) = Rp'(P)+(1/pRY*FCY)F ().

The profiles of current density and pressure, j(p) and p(p), are mainly determined by two
functions, p(¥) and F(¥). Here p is the normalized radius; p = O 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'(‘¥)
and F(W)F'(¥) are assumed to be similar functions of normalized poloidal flux y, Y(y);

PCP) =B YY),  (*FCHF(P) = c+(1-B,0% R*Y(y)
then
JRW) = c*R*By +(1-B)*RTR*Y (),
where y=0 at the magnetic axis, y=1 at the last closed flux surface, R, is the plasma major

radius, and B, is a constant close to the poloidal beta; ¢ and B, are determined to adjust the
total plasma current and the poloidal beta (or plasma stored energy) to given values.

In the previous code, Y(y) was assumed to be a polynomial function of y;

Y(y) = Icstepte’~(l+e+co)y’. (1
The coefficient c,, which represents the amount of surface current, is fixed and is given in an
input file. Coefficients of ¢, and ¢, can be determined in a code to adjust q(0) and |; 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 (R) is 3.4
m, toroidal field at R, 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 (#7B) 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 7y, of magnetic field line along the #7B beam line is shown.
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MSE
)

Rectangular symbols denote the MSE data (Y,
while a solid line is a calculated one from the
equilibrium obtained with the code. The dotted line
denotes a projected pitch angle for a vacuum toroidal
field, v,. The solid line crosses the dotted line where
the #7B beam line is closest to the magnetic axis. In
the outer region where R>R,;, ¥, becomes smaller
than v, due to the poloidal field. The magnitude of
poloidal field is proportional to an absolute value of

Y,~Y,o- Roughly speaking, the slope of vy, reflects the

current density there; the slope becomes steeper when
the current density there is larger. Our purpose is to

Fig. 1. Plasma configuration for the
find an equilibrium that has a profile of v, as close as  test of equilibrium code. MSE points

to that of MSE data, The fitted curve was obtained (C/7ces) and the beam line of #7B are
also shown. Closed symbols denote

with ¢, = 12.92, ¢, = -24.92 and c; = 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 10 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"(\) is a linear function of y which increases or decreases monotonically with .
At the bottom is shown the q profile. The solid line denotes the q profile of equilibrium while
symbols are calculated as g*(Y, ~Yo)/(Y," "

to the ¥,~Y,o-

-Y,») assuming that the q is inversely proportional

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 y and the other is a spline function of p.

3.1 Polynomial + Gaussian

Here, a Gaussian function exp(-ot(\y- cs)?) is added to the polynomial function (1) to
represent an off-axis peak;

Y () = l+cstc, y+e,uP-(14¢,+C) W+ c*exp(-o(y- Cs5)%). (2)

The location, width and height of peak are given by cs, a 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. 1 (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 MA/m?) becomes 1.4
times as large as that in Fig. 1 (a) (0.5 MA/m?). The bootstrap current peaked at the I'TB layer
is well represented. Accordingly, the deep hollow in the q profile around q,,;, 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(y) is represented by a third-order spline function of p, g(p);
Y(y) = g(p(¥)- (3)

The number of knots, N,, positions of knots, p; (i =1,..., N,), and values of Y at each knot,
Y, (i =1,..., N,) are given in an input file. The function p(y) is calculated by tracing the
poloidal flux surfaces at y =y, = i/N,, (i=1,..., N,) at each step of iteration to solve the Grad-
Shafranov equation, where N, 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 ().

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 gradientin 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.
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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 LHCD 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 1 to 3 Pasm’/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 1 Pasm’/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 H,, He
and CH,. 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
Pasm®/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.
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Fig. 1 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:~40°) to the edge (poloidal
angle:~0°) using a steerable antenna mirror. It was found that the pressure at an NBI port
adjacent to the ECRF antenna increased in the case of the poloidal injection angle of 19°-23°
at the plasma density of ~2.5x10" 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 ~3.5x10" m™, no reduction of the liquid helium was observed
even though the poloidal injection angle was set at 19°.

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 with the poloidal
injection angle of 19° is guided into the NBI port after the reflection at the cut-off layer when
the plasma density is less than 2.5x10" m™, while the reflected X-mode is not guided into the
NBI port for the plasma density more than 2.5x10" m”.

Though it has not been clearly understood how much energy of the invaded X-mode was
acceptable for the NBI cryo-pumping system, the NBI operation was sometimes terminated
by the pressure interlock at the NBI port. The fundamental O-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 O-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 O-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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