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The hot-ion H-mode regime was extended to I,_4.5MA by using rotation
velocity control to avoid mode locking in low q(g<3) regime, which is equivalent
ITER operation regime. To improve the H-mode confinement, the effect of plasma
shape has been investigated with the change of triangularity (&) by the
rearrangement of PF power supplies. Edge density and edge temperature at the
onset of ELHS were improved by 30-40% and 80% respectively with increasingéd
from 0.1 to 0.4. As a result, limit of the normalized edge pressure gradient at
the onset of ELMs increased. The reversed shear regime has been established
with the formation of internal transport barrier (ITB) and enhanced confinement
both for ions and electrons. The radius of ITB was extended to r/a~0.65. The
electron temperature was increased at the comparable of ion temperature. The
S x value is as large as one of high B H-mode. The reversed magnetic shear
has been sustained by LHCD for 7.5 s. On the other hand, Helium density inside
the ITB kept high, which suggests that it is difficult to purge from the ITB
for Helium ash exhaust. The TAE mode can be controlled by changing the profile
of toroidal rotation velocity responsible to the tangential beam injecticn such
as co- and counter directions. Combined Neon and Hydrogen gas puffing was used
for the formation of radiative divertor. We found that the H-factor on high
density regime became higher than that in casé of Hydrogen gas-puff only. ELMy

H-mode has been sustained to keep the density of just before MARFE using
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radiation feedback function. Characteristies of radiative divertor has been
investigated with reversed shear configuration. The radiative divertor was
formed to keep the ITB during 3 s with the low radiation level of main plasma.
SOL characteristics has been systematically studied by reciprocating probe. We
feund the two region of SO0L which characterized spatial gradients of electron
temperature and density. Optimization of 100% neon-iced pellet injection has
been attempted to demonstrate the fast plasma shut down (killer pellet). Heat
load on the divertor during disruptions has been reduced drastically. Break down
eccnditions were optimized with LHRF assistance to reduce the toroidal one-turn
voltage. The world record of breakdown electric field of 0.1 V/m was achieved by
using Helium as a pre-filling gas and by the reduction of stray fields.
Keywords: Tokamak, H-mode, Triangularity, Reversed Shear, ELM, MARFE,

Transport Barrier, TAE, Radiative Divertor, Disruption, SCL, Breakdown
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1. Overviews of the 1995 experiments

Renewed theme group organization started from October 1994 for the up-
coming experiments in JT-60U. This regime has three theme groups each of which is
composed of two sub-theme groups as; (1) Plasma Operation Theme (Leader Y.
Neyatani) with Operation Sub-Theme and Disruption Sub-Theme, (2) High
Performance (Leader S. Ishida) with Confinement and MHD Sub-Theme and High
Energy Particle Sub-Theme and (3) Steady State Theme (Leader A. Sakasai) with
Current Drive Sub-Theme and Divertor Sub-Theme. The main results from the JT-60U
experiments in 1995 are summarized in the following overviews of the three theme

group activities.

1.1 Plasma Operation Theme Group _
Operation theme includes two tasks. One is the plasma control to obtain stable

discharges for all kinds of experiment and to establish control methods toward the
steady-state operation. The other is the disruption study for the reduction of the damage
of the vacuum vessel and the plasma facing components.

(1) Plasma Control

In 1995, new operation regime has been achieved in the high Ip with low q
regime. In order to obtain the stable low q (g<2) plasmas, the locked mode was
successfully avoided to control the plasma rotation by tangential NB and the density by
reduction of recycling at q equal integer. This technique was contributed to high Ip
experiment (sec. 5.1).

The high triangularity operation was started in this year. To increase plasma
triangularity (8), vertical coils were divided two gropes (VR and VT coils) . By using
power supply for DCW coil (H-PS) to VT coils which can change 8, the 8 up to 0.3
with Ip=1MA can be available (sec. 3.1). In this new regime, improved edge pressure
gradient at the onset of ELM has been achieved with high & (sec. 3.2-3.3). The plasma
current with high 8 is limited by the H-PS current (VT coil current) of 22.5 kA in 1995.

To extend the plasma current in high & discharge (< 2 MA, triangularity < 0.3) , the
present PF power supplies were rearranged in December.

New feedback (FB) functions were operated from 1995. The FB of neutron
emission rate has been demonstrated and used for steady-state experiment (sec. 11.4).
The radiation feedback system was begun to work for extending the steady-state
radiative divertor (sec. 11.5, 6.4).

Break down conditions is optimized with LHRF assistance to reduce the toroidal
oneturn voltage. The world record of breakdown electric field of 0.1 V/m was achieved

by using He prefill and by the reduction of stray fields (sec. 1 1.6).
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(2) Disruption Study
Optimization of 100% neon-iced pellet injection has been attempted to demonstrate
fast plasma shut down (killer pellet). Heat load on the divertor during disruptions has
been reduced drastically. At the same time, we demonstrate the fast shut down without
VDE and the halo current (sec. 11.1).
The region of generation of runaway electrons has been obtained systematically as
a relation to the electron density using high li disruptions. The electron density during

the current quench was measured by CO2 interferometer (sec. 11.2).

1.2 High Performance Theme Group
The main objective of this group is to demonstrate the high performance of high

current divertor discharges in JT-60U. The experiments conducted by this group
proceeded essentially as approved. The main goals in the 1995 campaign are the
confinement improvement of shear reversal disch}:lrges, the assessment of a new
configuration operation with a high triangularity, the extension of high current hot-ion
H-mode discharges above 3.5 MA and the contributions to the ITER physics R&D in
EDA.

The shear reversal regime has been established in the range of 1.2-1.5 MA by
using a fast current ramp up and early pre-beam injection to create a negative shear
target plasma. The confinement was significantly improved with clear particle and
thermal transport barriers up to H~2.6 against the ITER89-P L-mode scaling. Intense
ICRF heating up to ~5 MW was applied for the shear reversal plasmas showing clear
electron heating within the internal transport barrier at 2 MA.

High triangularity operation has been made possible up to d~0.4 by modifying
electrical connections in the vertical coil system within the operation current limit up to
around 1 MA. Density limit and stability limit related to the giant ELMs were
substantially improved as the ELM activity became minute with triangularity. A full
non-inductive current drive at | MA was demonstrated for about 2 s in combination
with a high bootstrap current and beam current drive fraction with bN~3, bp~3 and
H~2-2.5. The operational plasma current will be extended up to 2 MA with
rearrangements of the electrical connections to the power supplies in 1996.

The hot-in H-mode regime was extended up to 4.5 MA in 1995 exceeding the
previous results up to 3.5 MA in 1993, so that the confinement improvement in the high
current low-q regime relevant to ITER was fully investigated. The stored energy
reached ~8 MJ over Ip=3.5-4.5 MA where the degradation of attainable bN value with
plasma current appeared to be an important issue for improvement in performance. The
modification of the NBI system was tested and completed for 40 MW injection at 90-95
keV with higher beam fueling rate with narrowing the nominal electrode gap. This
would ensure the eventual goal of an equivalent beak even condition towards which the

_2__
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production of high-bp H-mode confinement at higher plasma current will be
highlighted in 1996.

The power threshold scaling for the H-mode transition has been investigated in
detail to contribute to the ITER physics R&D. Particular attention was paid to the low
density limit of the power threshold, in which the role of the peripheral neutral particles
in the threshold power is emphasized. Systematic non-dimensional scaling experiments
for H-mode and high-bp mode discharges were also carried out. As for the high-bp
mode physics, the threshold power was clarified and a new event named as BLE
(barrier localized event) was found. -

The field reversal experiment with an ITER-like up-down asymmetric ripple
well configuration was conducted to ensure operational flexibility regarding the toroidal
field direction in ITER, in which no significant effect of the toroidal field reversal on
ripple losses was confirmed in supp;m of ITER operation. Ripple enhanced diffusion of
energetic tritons with 1 MeV was estimated with different ripple rates in which the
triton loss is shown to be increased with the ripple rate as consistent with the present
ripple transport theory.

In terms of TAE mode study with ICRF heating, it was shown that the TAE
mode can be controlled by changing the toroidal plasma rotation velocity profile
responsible to the tangential beam injection such as co- and counter directions. Current
profile effect on TAE modes was investigated by drastic aiternation of the current
profile in shear reversal operation, so that no TAE mode signature was observed though
the threshold ICRF power for TAE onset was sufficiently exceeded.

Long distance coupling between ICRF antenna and the plasma has been
developed systematically for distances of 10-25 ¢m between the plasma surface and the
antenna. Intense ICRF power up to 5 MW was successfully coupled with neutral beam
heated plasmas in hot-ion H-mode up to 4 MA so that sawteeth were efficiently
stabilized during the ELM-free phase. The frequency of ICRF is planned to be reduced
down to 102 MHz for lower toroidal field experiments with 3.5 T in which H-mode
transition would be possible by the ICRF heating alone.

Developments of motional Stark effect spectroscopy measurement with 5
channels and YAG laser Thomson scattering with 5 channels and a repetition rate of 10
Hz proceeded as planned. Upgraded measurements by these diagnostics with 14
channels and 12 channels with a repetition rate with 50 Hz, respectively, will appear in
1996. The second neutral particle analyzer covering a MeV range and tangentially
looking at the plasma has been installed for fast ion study to be emphasized in the

negative-ion based NBI experiments.
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1.3 Steady State Theme Group
(1) Divertor Study

Main objectives are to sustain Radiative Divertor and Detached Plasma (including
density limit), to measure SOL profiles for SOL database of ITER and to study Transport and
Exhaust of Helium Ash. _

Radiative divertor plasma was obtained in reversed shear mode by compound gas
puffing of Neon and D2 gas. Heat removal and detachment was 'successfully established in the
reversed shear discharge with the ITB for the first time. Heat load to the divertor plates was
reduced to 20% of NB heating power (PNB=15 MW) and the fraction of radiation power in
the divertor was increased up to 60% of PNB. Radiative divertor was also obtained in ELMy
H-mode plasma with PNB=23 MW.

High density limit, radiation power fraction in the divertor and the degradation of the
H-factor were summarized. Dcnsi.ty limit and density at the divertor MARFE onset were
increased with PNB up to 8 MW, However, it will not sorvive so far above Greenwald density
limit nGr[10 20 m-3]=Ip / ma2lMA m2] at the high PNB (8-22 MW) for the open divertor
configuration, since the energy confinement was degraded less than L-mode level and the edge
plasma was shrinking inside the LCFS (the last closed magnetic flux surface).

The fast reciprocating probe measurement were performed in L-mode discharges with
PNB=4 MW for SOL database of ITER. Inner and outer SOL regions with different e-folding
lengths were observed both in the Te and ne profiles. The outer SOL was extending to the
LCFS with ne increasing, and e-folding lengths of the profiles were increased. pe profiles at
the midplane and at the divertor target were comparable. T ,mid and Te ,div at the MARFE
onset were similar for the different geff discharge.

Helium transport of reversed shear plasmas has been studied using He beam and He gas
puff. The He density profiles in reversed shear mode were clearly different from those in
ELMy H-mode and L-mode. The enhancement of the He particle confinement and low
diffusivity were found in reversed shear mode. When mini-collapse occurred, He particles
inside the ITB was expelled at the same time of the disappearance of the ITB.

In-out asymmetry with He influx in the divertor has been controlled by changing of
neutral beam (NB) power and plasma current (Ip). The effect of the ion grad-B drift direction
and Ip and BT (9eff) dependence on He exhaust was investigated in ELMy H-mode and L-
mode. The asymmetry with the He flux profiles do not depend on the ion grad-B drift
direction. The asymmetry seems to be determined by Bp (including edge parameters: ne, Te, Tj
et al.) and not be explicitly determined by NB power and Ip. Helium ash exhaust could be
actively controlled in combination with the control of the asymmetry with He flux and He
removal due to the Solid Target Boronization.

The effect of particle and heat fluxes and the surface temperature on the divertor plates
on carbon generation during ELMy phase has been studied by fast sampling of Do array and

IRTV. Carbon burst from the divertor tiles was observed when the maximum surface
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temperature of tiles exceeds 900°C at least. Emission of carbon impurity stro'ngly depends on
particle and/or heat fluxes at ELM event even if the tile temperature is kept lower than 900°C.
The effect of ELM pulses on carbon generation are not negligible.

The in-out asymmetry of divertor heat flux was investigated for high Bp plasmas up to
Bp =1.7. The asymmetry strongly depends on the Bp value and the heat flux width is broader
in the outer target in low density discharges with ne/nGr < 0.4.

The effect of edge and central fueling on the particle confinement was investigated. The
particle confinement time was increased with the ratio of NB fueling rate to wall recycling and
gas-puffing fueling rate. The confinement times of edge fueled particle and central fueled
particle were separated first. It was found that the confinement time of central fueled particle
was five times longer than that of edge fueled particle.

It is estimated that the intensity ratios of He I spectral lines are available to measure the
electron temperature and density profiles in divertor plasma, although more precise atomic data
are necessary. Around the strike point, the terﬂperature and density derived from the
spectroscopic measurement agreed with those measured with Langmuir probes within a factor
two. When a MARFE occurs and the temperature is low, the spectroscopic measurement is
useful to derive the temperature and density profiles.

A new visible spectroscopic diagnostics viewing horizontally the X-point and the strike
point in the divertor were installed to measure emission profiles of deuterium and low charge-
states of carbon ion such as C* (657.8 nm), C2+ (569.1 nm) and C3* (580.1 / 581.2 nm) in
the divertor zone. It is composed of 32-channel optical fiber array and absolutely-calibrated
photomultiplier tube (PMT) array and photo-diede arrays using optical interference filters. The
spatial resolution is about 12 mm at the X-point, and profile data is sampled at typically 0.5 ms.
This diagnostics is expected to understand mechanisms of X-point MARFE and detached
plasmas in combination with the existing 60-ch optical fiber array viewing vertically the

divertor.

(2) Current Drive Study

Main objectives are to study LH physics and to apply LHCD to control current profiles.

LHCD was applied to a target plasma that has a reversed shear. It was demonstrated
that LHCD could successfully maintain reversed shear of about 7.5 s and q profile could be
changed by varying the wave spectrum. The Tj profile could be also changed depending on
the injected spectrum.

LH power was injected into the high-triangle shaped plasma in order to obtain coupling
property of LH and to examine current drive performance. Because it is difficult to move
plasma close to LH antenna for good coupling in the W-shaped divertor configuration. It seems
that the triangularity does not affect the coupling property and current drive performance of LH.
The peripheral plasma around LH antenna may govern LH waves even with high-triangle

shaped plasma.
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Good coupling property was obtained by applying ICRF power and gas puff at a large
distance between plasma-antenna up to 8~15 cm. The low reflection of LH wave was
maintained after stopping ICRF and/or gas puff. Current drive efﬁcicnc.y did not degrade up to
8~15 cm. This long distance coupling leads high flexibility in the operation of LHCD,
moreover the reduction of heat load on the first wall and LH antenna.

Safety factor profile during LHCD was measured using MSE. The current profile
gradually peaked for the case of faster wave injection (Ny=1.4) and broadened for the case of a
lower wave injection ( Ny=2.7).

LH wave deposition has been investigated by changing Te and the direction of BT in
order to study the absorption mechanism of LHW. The change of hard X-ray profile depending
on Te has been confirmed. At higher Te cases, the change of hard X-ray profile is consistent
with a picture of one pass absorption. An evident difference in both the hard X-ray profile and
the tail temperature from hard X-ray spe&mm was found with BT reversal.

An effect of LHCD on particle confinement was been observed. Flattening of ne profile
and a decrease of ne in the central region have been observed especially, with lower Ny waves
injection, the operation at lower Ip and the operation at lower target ne. The flattening should

be attributed to a degradation of particle confinement.
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2. Reversed Shear
2.1 Operation for Reversed Shear Discharge

T. Fujita, S. Ide and M. Kuriyama

1. Introduction

Advanced tokamak operation with a reversed shear configuration, which has the negative
magnetic shear in the core and the positive magnetic shear in the periphery, has been
proposed!). The magnetic shear is defined as (p/q)dq/dp, where q is the safety factor and p is
the volume-averaged minor radius. The reversed shear configuration has a possibility of
economical steady-state tokamak reactor with high B, good confinement and large bootstrap
fraction. In TFTR2) and DII-D3), the reversed shear was formed during the initial current ramp
with NB heating. The high electron temperature with NB heating delays the current penetration
and helps the formation of hollow current profile. Similar method was adopted in JT-60U.

2. Plasma Configuration

The q profile measurement is crucial for the reversed shear experiments. The g profile was
measured with the motional Stark effect (MSE) diagnostics. During the experimental period in
1995, the MSE system of JT-60U% had 5 viewing points, which covered R = 3.04 - 3.42 m.
(A new optics with 9 viewing points forR=3.4-42m
has been installed in December 1995.) The position of
plasma was decided so as to measure the g profile in as a

E24715, 6.0s

wide region as possible with this limited observation area
(see Fig. 1). The magnetic axis was located at R=3.5m
and MSE data was obtained for 0.1<r/a<0.55 for this
configuration. Since MSE points were inside the plasma

axis, the MSE signal became weak for the high density
(line-averaged density >3x1019m-3). The configuration of
Fig. 1 was used for confinement study (2.3), helium
exhaust study (2.5) and radiative divertor study (2.6) in
this chapter. For LHCD (2.2) and ICRF heating (2.4)

experiments, modified configurations were used to inject

LH or IC waves into the plasma.

Fig. | Plasma configuration for
reversed shear experiments. Crosses are
MSE points, plus (+) is magnetic axis.

3. Discharge Scenario

To form the reversed shear configuration, it is
desirable to inject NB as early as possible. In JT-60U, NB is usually injected later than t=3s
(t=0's is the timing for usual plasma breakdown). To inject NB earlier, some problems had to
be resolved. In the NBI system, residual beam ions after passing through the neutralizing cell
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are deflected onto the beam dump by deflecting magnet coils. The stray magnetic field generated
by the plasma current and poloidal field coil current is canceled with canceling coils so as to
guide the ions exactly to the beam dump. The power supply of canceling coil is unipolar for
most units of NBI except for two units. The direction of stray field depends on the polarity of
OH coil current which is positive before the plasma breakdown, decreases and becomes
negative during the course of discharge. The unipolar power supply can cancel the stray field
only when the OH coil current is negative and hence we cannot inject NB as long as the OH coil
current is positive. To inject NB just after the plasma breakdown, the OH coil current (Ion)
before the breakdown was set low so that Iog became nearly zero just after the breakdown.
However, it was not successful to inject NB just after the breakdown, for exampie at t=0.3 s,
by simply reducing Ipp(0). The problem was associated with a control logic to check the hall
probes for the measurement of the stray field for the control of the canceling coils power
supply. In the NBI system of JT-60U, the check of hall probes is done by the stray field with
OH coil just before the plasma breakdown. On the other hand, the deflecting magnet coil is
excited about 3 s before the beam injection. If we intend to inject beams just after t = 0 s, the
deflecting magnet coil has to be excited before the plasma breakdown and disturbs the stray
field, which resuits in the judgment of "hall probes are out of order” and inhibits the beam
injection.

This problem has been resolved by delaying the plasma breakdown by 3 s. The typical
waveforms of OH coil current, plasma current and NBI power are shown in Fig. 2. The OH
coil current started to rise at t = - 2 s and reached some value (typically 20 kA) att =0 s. The
Ioy of 20 kA was necessary to produce sufficient stray field to check the hall probes. The OH
coil current was ramped down slowly to 10 kA before the breakdown and initial gas puff was
injected for t = 2-3 s. Att = 3.1 s, the Ipg was decreased rapidly to produce strong toroidal
electric field for the plasma breakdown. The initial plasma current was 0.3 MA and Ion became
almost zero after the breakdown. The initial
plasma current was set lower than the value of E24660
usual discharge (typically 0.6-0.8 MA) to inject
NB at low current. A higher initial current rriay

lon [KA]
o o

be worth trying. The divertor plasma

configuration was established within 0.2 s. Att

- - 1.5 T T T T — 45

= 3.3 s, the injection of NB and the ramp of _ =
. < 1} 30 =

plasma current were started. Pulsed gas puff, = 2
typically 10 Pam3/s x 0.1 s was applied at the — 05k 113 C?
same time as the start of NBI to raise the plasma O T 5 3 4 = 0
density and increase the deposition power. The time [s]
ramp-up rate of plasma current was typically 0.5 Fig. 2 Time evolution of OH coil current,

MA/s, but stable plasma was obtained with a plasma current and NBI power.
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ramp-up rate of up to 0.67 MA/s. The NB power was increased stepwise on the way of ramp-
up. Since the Ioyg became negative just after the breakdown, it became larger into the negative
direction during the discharge. Due to this large Ipy, the tilting force of torodial coils became

severe and the current flat-top length was restricted.

4. Formation of Reversed Shear

1.5
. . . . |~ Plasma Current (MA) P
Discharges with NB and. without NB during I S
ramp-up were compared in Fig. 3. The NB power 0 : i l’"’. ; | |
00 I

was increased from 4 MW to 13 MW at 4.1 s. By
NB heating, the electron temperature was almost
doubled. Figure 4 shows the j and q profiles at the
end of ramp-up of discharges shown in Fig. 3.
The q profile without NB was almost flat within r/a

I NBI Power (MW}

= 0.5 while the reversed shear was formed in the 1.5 j,;e (1019773}

discharge with NB. It is noted that the flat q profile I . T
: : — : : 0 L”T“j T S UE T  T A H  W JE NO0 SO O O Y N N S O | ]

with high g(0) (q(0)=3) was obtained without NB. 5 py p e s oy

This may result from the large volume divertor Time [s]

configuration in JT-60U.

In hydrogen discharges, scan of pre NB power
and electron density was attempted. The
dependence of electron temperature and q at the end
of I, ramp-up on pre NB power is shown in Fig. 5.
The electron density was fixed to 1.1-1.2x101%m?3
at the end of ramp-up except for the discharge
without NB where the density was 1.5x101%m3.
As the NB power was raised, higher T, and q were
obtained though the change of q is comparable to
the error bar of the measurement. The difference of
q with and without NB heating was not so large.
The beam driven current may effect the q profile
because the current within r/a= 0.3 is only 0.1 MA
with the reversed shear configuration of q(0) = 5.
Although the co- and counter- tangential NB power
were nearly balanced (the former was larger than
the latter by about 0.5 MW), the orbit loss of
counter tangential NB may enhance the beam driven

current.

Fig. 3 Time evolution during Ip ramp-up
of reversed shear discharge (solid) compared
with no pre NB discharge (dashed).

——with pre NB (E24695)
—--no pre NB{E24693}

— T

05— S

j IMA/m?]

—

T e s im

-

Safety Factor
N W N
< \

002 04 06 08 1
r/a

Fig. 4 Radial profiles of j and q
at the end of Ip ramp-up of discharges
shown in Fig. 3.
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The results of density scan are shown in Fig. 6. In the 3 sy
early series of reversed shear experiments, no gas puff s, : . e °® _
was injected except for the pulse gas puff at the beginning = |
of NB heating to increase the electron temperature and g 1p .
q(0) as high as possible. Since high density plasmas with = 0 L
high H factor had been obtained by increasing the target e 2 4 6 8 10

density as described in section 2.3, a higher target density
regime was tried. As shown in Fig. 6, the decrease of
electron temperature was small when the density was
raised from 0.8x1019m3 to 1.9x1019m-3. The change of
q was also small and we could obtain reversed shear

T

q(0.3a)
N W = ®
I ]
i
e
-

profile even with 1.9x1019m-3 and could obtain the 6 2 4 6 8 10
. . . . o P [MW]
transport barrier at the high density regime as described in ' NB
23 - Fig. 5 Electron temperature and g
o at r=0.3a versus NB power. Line-
Whether the current diffusion during Ip ramp-up is a"fggt’i electron density is 1.1-1.5
. . e e e x107m>, .
determined by neoclassical resistivity is not checked yet.
Low mv/n MHD modes were often observed during 3 L
. . = .
ramp-up and these modes were stabilized by higher beam = 5 * o
power and/or by higher density. The check of % 5
neoclassical resistivity including the effect of NBCD is g T i
< -
for future Study. = 0 L 1 L L L L
0608 112141618 2
T [10"*m
[}

5. Summary '

7 I I I I I
The reversed shear was formed with NB injection 6 % i—

5 i i

J d

3 -

2

0.

during the initial current ramp. The beamn was injected

q{0.3a)

0.2 s after the plasma breakdown by delaying the
breakdown by 3 s with low value of initial OH coil
current. The change of q profile by electron density was
small and the reversed shear was obtained for wide range

1 L L L 1 1

608 1 12141618 2
™ (1093
-]

Fig.6 Electron temperature and q

of density. at r=0.3a versus line-averaged
electron density. NB power is 8
MW.

References

1) T. Ozeki, in Plasma Physics and Controlled
Nuclear Fusion Research (Proc. 14th Conf, Wiirzburg, 1992) Vol. 2, p.187, 1993.
2) F. M. Levinton et al., Phys. Rev. Lett. 75, 4417 (1993).
3) E. J. Strait et.al., Phys. Rev. Lett. 75, 4421 (1995).
4) T. Fujita et al., 1995 Toki Conference (submitted to Fusion Engineering and Design)



JAERI—Research 96—018

2.2 LHCD Experiments on Negative Shear Plasmas

S. Ide, T. Fyjita, O. Naito

1. Introduction

Recently a plasma that has a negative magnetic shear in the central region has proved
to have improved confinement characteristics in many tokamaks. From a viewpoint of
enhancement and sustainment of the improved confinement characteristics, an application
of non-inductive current drive on such a plasma is very interesting. In this section,
experimental results of lower hybrid wave current drive (LHCD) on a negative shear

plasma are presented.

2. Experimental Results

2.1.1. Long Pulse Sustainment of Negative Shear
In the experiments, the plasma current 1. = 1.0 MA. the toroidal field at the nlasma

center B(0) = 2.8 T and the main working E25454
gas was hydrogen. The major radius R, = T fefp————— N\ 57
- 2 [L/WNBl 1 hw 3
3.5 m and the minor radius a, = 1.0 m. S 1 oYL 1=
In Fig.1 temporal evolution of the e I Og
8 L) 1 T T T
plasma parameters are show, 1, the of 5~ 0.16 —o— 1
.. L 0.36 -8 -
mjepted NB and LHW powers and q at p = | 0.51 - 2 J
~ 0.16, 0.36 and 0.51, here p is the 41 o .
) - VOG-0 -0.-5--G-0-- .
normalized flux radius. The value of q is 2 = S
_ ) 4 6 8 10 12 14
measured at five spatial points by the Time (s)

motional Stark effect (MSE) diagnostics. Fig.1: Tempord evolution of I, P and g at three
At the I, ramp-up phase NB power was o, .00 points,

applied to raise the electron temperature T,
E25454

in order to retard the current penetration. As a result a 8 e
strong negative magnetic shear is formed as shown o 12.4s
in the figure at about 5 s. After the NB units except i % % |
probe beam for MSE measurement was turned off = al ¢

LHW were applied in order to sustain the negative ! {, r}: b m:’

magnetic shear. From measured T,, the current 20 0-'5 ”
diffusion time is estimated as about 2 5. As clearly o

shown in the figure, the change of q is slower than

. . Fig.2 : Measured g profiles @ 5 and
this. Moreover the values of q in the central region (p 8 9profi

12.4 5, g is about 7.5.
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< 0.36) are always higher than that at the half
radius. The measured q profiles at 5.0 and
12.4 s are plotted in Fig.2. The magnetic shear
is kept negative until 12.4 s in the plasma
inner region (p < 0.5), except the central
region (p < 0.2). The evolution of q at the
inner-most measured point can be explained
taking account of a fact that the fraction of the
LHW driven current in this case is 65 to 75 %.
In Fig.3 (a) plotted are line averaged hard X-
ray (HX) profiles iritcgratcd from6 to 7 s and
from 11 to 12 s. This suggests that LHW
driven current profile is kept almost constant,
On the contrary, the OH current of about 25 to
30 % of the total current continues to penetrate

E25454

Fig.3 : (a) Line averaged HX_ profile of E25454,
the shot shown in Fig.1. (b) Fitted current profile
at 5 5 of E25454 (solid line) and that of well

current penetrated case (dashed line).

into the plasma center. In Fig.3 (b) the fitted current profile at 5 s of the shot shown in

Fig.1 is plotted (solid line). In the same figure,

parameter discharge is also shown (broken line).

a monotonic current profile of a similar
Taking the current profile shown with a

solid line in Fig.3 (b) as an LH driven current profile and that shown with a broken line in
the figure as a final OH current profile and mixing them at the rate of 70 % and 30 %, it
can be shown that the q profile at 12.4 s is not inconsistent with this assumption. This

suggests that a large negative shear such as one at 5 s of E25454 can be sustained non

inductively if full LHCD is applied.

2.1.2. Active Control of Negative Shear

In order to investigate controllability of
LHCD on a negative shear plasma, LHWs
of different N, spectrum are injected. In the
experiment two spectra are used, one is the
same one used in the previous experiment
(referred to as the broadening spectrum) and
the other is one which is expected to drive

3

2 .
ks - '

"o () 1
8 a

o 6: [ Y .
4 ° 1
, Unag (b) -

0 0.5 1

p

more peaked driven current profile (referred
to as the peaking spectrum). The line
averaged I, intensity profiles are shown
for these spectra respectively in Fig.4 (a),

Fig4 : The line averaged Iy profiles (a) and g
profiles (b) for the peaking spectrum injection
(circles) and the broadening spectrum injection

{squares).
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circles indicate the broadening spectrum injection

5 j::t t;ainre collap?
while squares indicate the peaking spectrum s 4 i
injection. In Fig.4 (b) plotted are measured q 2 : ‘r Pt
profile for these cases, the syfnbols are the same - 4 E 'q."l-.,hj
as in Fig.4 (a). As is seen in the figure, the g 0% o5 1

profile is different. Since the total current profile P

is expected to be peake d with the injection of Fig.5 : T, profiles of the broadening spectrum

peaking spectrum, a large value of q at the inner injection (circles) and the pedking spectrum

most point seems strange. The reason is not clear injection (squares).
yet, this should be investigated in future. In these plasmas NB power of about 16 MW are
injected. In both cases an MHD collapse occurs about 3 s after the onset of Py,. In the
broadening spectrum injection case, the collapse leads to a disruption. The ion
temperature T, profiles just the collapse measured by the charge exchange recombination
spectroscopy diagnostics (CXRS) are shown in Fig.5. Tt is found in the figure that a

position where T, sharply increases is clearly different between these shots.

3. Summary
LHCD was applied to a target plasma that has a negative magnetic shear. It is

demonstrated that LHCD can successfully maintain negative shear for about 7.3s.

It was also demonstrated that by varying the wave spectrum, q profile can be
changed. The T; profile can also be changed depending on the injected specttum. The
relation between the q profile and the profiles such as T, T, and n_ or so on should be

investigated in future.
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2.3 Enhanced Core Confinement in Reversed Shear Discharges

T. Fujita, Y. Koide, S. Takeji,
H. Shirai, T. Ozeki, Y. Kamada and S. Ishida

1. Introduction

Improved ion thermal confinement in the central region was observed in TFTR and DII-D

reversed shear discharges!-2). In JT-60U, before these experiments, formation of internal

transport barrier (ITB) and improved ion thermal confinement had been observed in the high 3,

mode3). Here, we report the formation of internal transport barrier and enhanced confinement

both for ions and for electrons in JT-60U reversed shear discharges. Especially, the clear

barrier formation for electrons was observed for the first time. This enhanced confinement was

obtained in the high density and equi-thermal (T; ~ T¢) regime, which meets the reactor plasma

condition.

2. Typical Waveforms and Profiles

In the experiments, the reversed shear
configuration was formed during the initial
current ramp with the neutral beam (NB)
heating as described in section 2.1. The time
evolution of typical discharge is shown in
Fig. 1.

The current ramp-up rate was 0.5
MA/s. The q profile was measured with the
five channel MSE polarimeter. The plasma
major radius was relatively large (R = 3.4
m) for the MSE measurement. With this
configuration, the beam deposition is rather
broad and the ripple loss of fast ion is large.
At the end of the ramp-up high power NB
(about 27 MW) was injected. Though the
ELMy H mode appeared about 0.2 s after
the main heating, the central electron density
continued to rise and the peaked density
profile was formed. This suggests the more
improved particle confinement than in the
high B, mode, where the density peaking

stops or decelerates after the ELM
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Fig. I Waveforms of a reversed shear discharge.
Bt = 3.4 T. Deuterium. '
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appearance. E24715, 6s ITB
The central density and the pressure gradient SETTITTITTIIE T
continued to grow inside the transport barrier, — 4 s 3 - Neg —;
reached the beta limit and terminated in collapse. gE 3 : ‘2
The maximum normalized beta, BN was 2.4 with 2 2 ‘.- E
By=34T,I,= 1.2 MA, Plasma volume = 70 m3 ! E
and gefr = 7, which was similar to that of high B, 0(‘) = '0! ’ 6!4' ' '0_I6' ' 6?8' 1 '—1
mode. However, the higher .density has been 0 P T
achieved in the reversed shear discharges even _. 8 o
with the same beta. Precursors were hardly E 6 ili 3 oo A‘:___Ti
detected at the disruptive collapses. At minor 4 iiil L IDE
collapses, fast time scale (<100us) low n modes 2 Te ':3
were observed. 1] ST I RS R
Figure 2 shows radial profiles of ne, Te, T; 80 02 04 06 0B _
and q at t = 6 s of the discharge of Fig. 1. 'r:e'g;t'w; L,:e'ar' ! : R
Steep gradients (internal transport barrier) of ’
ne and T are clearly seen in the negative shear ®
region. The T; profile had also steep gradient. The >
minimum value of q was 3.6 at r/a = 0.68, which : S

corresponded to the outer edge of steep gradients
of ne, T and T;. The steep gradient in T is not
seen in the high By mode or in reversed shear
discharges of TFTR or DIII-D and is a distinctive
feature that indicates that the electron thermai

0 02 04 06
rfa

Fig. 2 Radial profiles of ne, Te, Ti and q
att = 6 5 in the discharge shown in Fig. 1.

confinement is improved as well as the ion thermal confinement. The preliminary results of
transport analysis on profiles of Fig. 2 show that the thermal diffusivities of ions and of
electrons were remarkably reduced and approximately equal inside the transport barrier. The

fact that the position of the barrier was at r/a =0.65
O plasma, 3.56-4T,1.2-1.4MA

and the improved region was large is also notable. = 2.5¢ ' : '

This may be attributed to the fact that the large g

negative shear region can be obtained with current o 2 g .‘:: :

ramp on the large volume divertor plasma in JT- E 1 5 b .. h

60U. S A
F o o5 1 15 2

3. T;/T. and H Factor

, . no(0) (target) [10 1¥m3]
In the discharge of Fig. 1, the linc-averaged

Fig. 3 Dependence of Ti/Te on the

density just before the main heating (target density) target density.

was 1.2x1019m-3 and the ratio of Tj/Te was about
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I.3 just before collapse. In Fig. 3, the dependence of 3 Dplasma, 35-4T,1:2- 14 MA
Ti/Te at the stored energy maximum on the target s . ]
density is shown. Ti/Te gets higher as the target S 2'5;_ ¢ ,*° ]
density became lower and we obtained the higher ion E 2 " * o, O. -
temperature of 15 keV and the higher Ti/T, of about 2 T 15 _ : ‘
when the target density was 0.7x1019m™. The H- F , . ]
factor defined as an enhancement over ITER89P 1 1.5 2 2.5

scaling, however, barely depended on Ti/T. as
shown in Fig. 4, which seems to result from the
fact that the both of ion and electron confinement
are improved. Thus, we have obtained enhanced
confinement both in a hot ion regime and in an
equi-thermal regime. _

This is in contrast to that the Ty/Te is usually
larger than 2 and the confinement improvement
for ions is more remarkable than for electrons in
the high B mode.

The relation between the H factor and the
density normalized with the Greenwaid limit is
shown in Fig. 5. We obtained the maximum H
factor of 2.6 with the ELM-free H mode edge. In
the ELMy H mode edge, we obtained H factor of
2.3 in the high density regime of 68 % of the
Greenwald limit. The H factor will be
significantly improved by changing the
configuration to an inner-shifted one with
less ripple loss of fast ions.

4. Threshold Power

In the hydrogen plasma with the
hydrogen NB, reversed shear experiments
with the low heating power were carried out
and the barrier was formed with only 6.7
MW of absorbed power (without account of
ripple loss of beam ions) at the density of
2x1017m-3. On the other hand, we could not
obtain the barrier at the density of less than
1x1019m-3 with the maximum NB power

[MW]

abs

P

T;(0.3a) /T 5 (0.33)
Fig. 4 Dependenc of H factor on Ti/Te.
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Fig. 5 Relation of H factor and the density
normalized by the Greenwald limit. Open
circles are ELM-free H mode and closed
circles are ELMy H mode.
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Fig. 6 Absroption power versus line-averaged
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(hydrogen operation) of 17.5 MW. Figure 6 shows
the dependence of the threshold power on the line-
averaged density. The threshold power decreases
with the density for the density regime of 0.8-
2.1x10"9m-3. This tendency is opposite to the high
Bp mode®). As the density was raised, the collapse
became milder, the barrier was formed again
quickly after the collapse and the quasi-steady state

was obtained.

5. q Profile Scan
To investigate the effect of g profile on the
barrier formation, q profile was scanned by

delaying the timing of main NB heating. In this~

experiment, the pre NB power (hydrogen) was 7.7
MW and the main NB power was 15.5 MW. In the
usual operation, the main NB was injected at the
start of I, flat-top when the q profile was strongly
hollow (g{0.2a) / q(0.4a) = 1.6). When we delayed
the main NB and kept the NB power constant (7.7
MW) during Ip flat-top, the g near the axis
gradually dropped and it became flat within 3 s.
Four discharges are compared in Fig. 7, where the
timing of main NB was delayed by 1 s step. The
density was about 1.9x1019m3 for all discharges.
The profiles of q, T; and T are shown at the stored
energy maximum of each shot. As the q near the
axis drops, the barrier moves inward. This seems
to indicate that the barrier position and the gmin

position has close relationship.
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2.4 ICRF Central Heating of Reversed Shear Plasmas
H. Kimura, T. Fuji.ta,'.T. Fujii, Y. Kusama, Y. Kamada, S. Moriyama, and M. Saigusa

1. Introduction
ICRF central heating has been attempted in series of reversed shear experiments on JT-

60U. In JET, ICRF heating was applied to the pellet fuelled discharges and an enhanced
performance associated with the shear reversal (PEP mode) was observed.! In PEP modes,
the core electron density was significantly high (= 10*° m™). Then energetic tail of minority
ions did not grow so much. However, in the present reversed shear experiments without pellet
nor central beam fuelling, the core electron density is at most several times 10" m™. In this
situation, energetic tail ions may be produced in the core. Our concern is whether ICRF heating
is still efficient in the reversed shear conﬁ_guration, where the poloidal magnetic field in the core
is much weaker than in the normal shear case. In order to compensate weak poloidal field, high

plasma current regime up to 2.45 MA of Ip was investigated in application of ICRF heating to

the reversed shear configuration.

2, Operating Regime

ICRF heating was applied in combination with NBI heating after reaching the current flat-
top in the operation scenario of the reversed shear experiment, where reversed shear was
maintained by delaying current penetration with early beam injection during a current ramp-up
phase. Here hydrogen and helium mixture plasmas and hydrogen beam were employed. A
heating scheme of the ICRF heating was hydrogen second harmonic heating on axis, where the
toroidal field was set at 3.8 T in the plasma center. Figure 1 shows an operating domain in a
plane defined by the line-average electron density just at starting the current flat-top (1) and
the plasma current in the present experiments. Open circles indicate that the electron density
peaking factor, n,/<n,>, is larger than 1.8, while crosses indicate that the electron density
peaking factor is less than 1.8. The density peaking factor is a kind of an index indicating
whether the transport barrier appeared or not. We found a clear correlation between the density
peaking factor and the H-factor (ETEITERSQP/TE). Open circles imply that the transport barrier
appeared clearly. One can find from Fig. 1 that the target density to produce the transport
barrier tends to increase with increasing plasma current. Figure 2 shows an operating domain
defined by the combined heating power and n"*'. Open symbols indicate that the electron
density peaking factor is larger than 1.8, while closed symbols indicate that the electron density
peaking factor is less than 1.8. The operating regimes were completely different between the
higher I case (=2 MA) and the lower Ip (£1.7 MA) case. In the higher Ip case, experiments
were done over a wide range of the target density with comparable amounts of ICRF and NBI
heating power. It was found that the heating power needed to obtain the transport barrier was
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relatively low. Typically, the transport barrier was formed at Ip of 2.45 MA (g, of 4) and the
target 1, of 3.4x10'° m™ with the additional power as low as about 8 MW (i.e., Pjc=3 MW

and Pyg=5 MW). It seems that the heating power needed to obtain transport barrier tends to
increase with increasing target density. A typical radial profile of the safety factor observed in
the 2.4 MA shear reversal experiment is shown in Fig. 3.

On the other hand, in the lower Iy (£1.7 MA) case, experiments were done with higher
heating power, which was mainly from NBI (~15 MW), at a narrow range of the target density.
Reproducibility of the transport barrier formation was not so good, as is seen from mixing of
data points with and without transport barrier in a narrow area in Fig. 2. We found that a value
of the density peaking factor tends to increase with increasing target diamagnetic stored energy,
as is shown in Fig. 4 for the case of Ip=1.4 MA. The result suggests that the target stored

energy is one of key factors to obtain strong transport barrier.
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Fig. 3 Radial profile of the safety factor measured by
the MSE method in 2.4 MA shear reversal experiment
with combined ICRF and NBI heating.

Fig. 4 The electron density peaking factor against the
target diamagnetic stored energy.
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3. Typical Example

A typical time evolution of the combined ICRF and NBI heating for the reversed shear
configuration at [p=2 MA with fi"™*'=2.9x10'? m™ is shown in Fig. 5. The plasma current
reached a flat-top at 5.8 s with a ramp-up rate of 0.6 MA/s. The NBI heating power was
decreased from 9 MW in the current ramp-up phase to 5 MW in the main heating phase, where
a fraction of the perpendicular NBI power to the total (tangential and perpendicular) NBI power
was restricted to about 20% to minimize ripple-induced fast ion losses. After starting ICRF
injection (5 MW), the plasma stored energy and the central electron temperature notably
increased. The toroidal rotation velocity at r=0.4a, V (0.4a), changed significantly to negative
direction, indicating formation of the transport barrier. The line-average electron density
increased only slightly after formation of the transport barrier, because ICRF heating does not
supply particles in the plasma core. A partial collapse occurred at t=7.1 sec. But the transport
barrier was still kept up to 0.2 sec after the ICRF turn-off.
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Figure 6 displays radial profiles of the electron density, the toroidal rotation velocity and
the electron and ion temperatures at 6.5 s and 7 s of the same shot as in Fig. 5. Existence of the
internal transport barrier is seen from the steep gradient layers in those profiles. Both electron
and ion temperatures increased significantly inside the transport barrier during the ICRF
injection. A profile shape of T, is very flat within p~0.4 m, in contrast to a peaked T,-profile in
normal shear discharges with the same Ip and similar electron density. The result suggests that
an orbit size of fast ions becomes comparable to the minor radius of the transport barrier in the
reversed shear discharge. Nonetheless, the H-factor increased from 1.2 just before ICRF
injection to 1.6 during ICRF injection. Thus, the ICRF central heating was quite successful for
the reversed shear configuration, probably due to peaking of the electron density in the core,

which suppresses excessive tail formation of resonating fast ions. The incremental energy
confinement time (AW y,,/P;c) is ~0.24 s, which is comparable to the best one with sawtooth
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stabilization.?? it should be noted that TAE modes were not excited in reversed shear plasmas

with ICRF heating power up to 5 MW, which is well above the threshold heating power (3-4

MW) in normal shear plasmas.3)

(x1019 m-3)
6 —_— ]
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Fig. 6 Radial profiles of the electron density (ng), the toroidal rotation velocity (Vy), the electron temperature
(T,) and the ion temperature (T;) at 6.5 sec and 7 sec of the shot E25356 in Fig. 5. The T, profile in
the core region at 7 sec was determined from data of the ECE polychromator system, which were
calibrated with the Thomson scattering data at 6.5 sec.

4. Conclusions

ICRF central heating was successful in reversed shear plasmas, although flattening of the
electron temperature profile was seen inside the transport barrier probably due to a large orbit
effect. The H-factor reached 1.6 at Ip=2 MA, which is the highest level among hydrogen

dischages of JT-60U.
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2.5 Helium Transpdrt of Reversed Shear plasmas

A. Sakasai, H. Kubo, K. Itami, N. Asakura

1. Introduction

Helium transport of reversed shear plasmas have been studied using He beam and He
gas puff in the hydrogen operation. Reversed shear discharges have been established with a
fast rump up of plasma current and pre-NB heating during the rump up phase. Reversed
shear plasmas were obtained in the hydrogen operation (working gas was hydrogen and
heating beam was hydrogen NB) as well as the deuterium operation.

In reversed shear modes, the electron density in the central region is peaked and the
confinement is remarkably enhanced. In particular, a internal transport barrier(ITB) was
formed at the position of pitch minimuril q(safety factor) and ne(r), Te(r) and Ti(r) profiles
inside the ITB are peaked in JT-60U. It is expected that particle confinement is enhanced in
the position of qmip in reversed shear modes. Helium ash exhaust from the revered shear
plasma is a matter of concern. It is very important to make clear He transport characteristics
of the reversed shear plasma because of the enhancement of He particle confinement.

2. Experimental Arrangement and Method
Reversed shear plasmas were obtained in the hydrogen operation of Ip=1.2 MA, BT=3.5

T, qeff=6.4, PNB=13, 11 and 8 MW, 4He beam injection and He gas puff did not affect the
ITB formation. Time evolution of He density profiles with charge exchange recombination
spectroscopy (CXRS) is important to study the helium transport. The time dependence of the
He2+ density profiles in the plasma core was measured by CXRS at 8 radial locations in JT-
60U.

3. Helium Transport of Reversed Shear Plasma

Helium transport characteristics of the reversed shear plasma (Ip=1.2 MA and BT=3.5T)
was investigated using He beam and a short pulsed He gas puff. Figure 1 shows the ion
temperature profile with CXRS and the He density profiles in reversed shear mode with @:
He beam injection and []:He gas puff.

In the case of He beam injection, the He density inside the TTB was steeply higher than
the He density outside the ITB when the ITB was formed. The He density profile was peaked
as well as ne profile. The He density inside the ITB increased fast as compared with the He

density outside the ITB.



JAERI—Research 96—018

On the contrary, in the case of He gas puff, the He density inside the ITB was lower than
the He density outside the ITB. The He density profile became hollow steeply inside the

ITB.

The He density inside the ITB increased stowly as compared with the He density outside
the ITB. These He density profiles in reversed shear mode were clearly different from those

in ELMy H-mode and L-mode[1].

This result indicates that it is difficult to
penetrate He particles into the ITB and to purge
He particles from the inside of the ITB. The
result also indicates that the particle diffusivity
in the ITB region is much less than that in the
other region. When mini-collapse occurred
after the formation of the ITB, the ITB
disappeared and He particles inside the ITB
was expelled like ELM events.

4. Conclusions

Helium transport of reversed shear
plasmas has been studied using He beam
injection and He gas puff. The He density
profiles in reversed shear mode were clearly
different from those in ELMy H-mode and L-
mode. The enhancement of the He particle
confinement and low diffusivity were found in
reversed shear mode. When mini-collapse
occurred, He particles inside the ITB was
expelled at the same time of the disappearance
of the ITB. Therefore the mini-collapse and
safety factor q(r) control in reversed shear
mode are expected to reduce He ash content in

the core plasma.
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Fig. 1. (a): The ion temperature profile with
CXRS and (b); comparison of the helium density
profiles between @: He beam injection and
{J: He gas puff in reversed shear mode.
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2.6 Radiative divertor in negative shear plasmas
K. Itami, N. Hosogane and N. Asakura

1. Introduction

In JT-60U, improved particle and energy confinement inside the internal transport barrier are
obtained in the discharges with negative magnetic shear in the center region of the plasmas
with the intense beam heating [1]. In this paper, the initial results of the radiative divertor
experiment during the hydrogen discharges of the negative shear plasmas are presented.

2. Experimental results

Neon has large radiative cooling rate of ions., Neon gas puff works as seeding gas which
effectively enhance the radiative coolinéand the particle recycling at.the divertor with the aid
of the fuel gas puff [2]. The compound gas puff effectively promotes radiative divertor
plasmas. Compound gas puff of Neon and Hydrogen was applied to the negative shear
plasmas with Ip= 1.2MA, BT=3.5T and PNB=15MW where the plasma temperature and
density profiles were peaked inside the transport located at r/a = 0.5. Negative magnetic
shear in the center were formed by PNB=7MW of the pre-heat beam during the ramp-up
phase of the plasma current in these discharges. The plasma density was also ramped during
the pre-heat beam by the feedback control. As a result of Neon and Hydrogen gas puff,
radiative divertor plasmas were obtained while the internal transport barriers are sustained for
the first time. ( See Fig. 1(a)) The most part of the heat flux to the divertor are dissipated for
the most part by radiation loss and charge exchange loss. Thus only 20% of the beam power
was deposited to the divertor plates from the measurement with infrared TV camera. (See
Fig. 1(b)) At the strike point of the separatrix, heat and particle fluxes vanished and the
detached state was produced. The increment of the radiation loss from the main plasma after
the compound gas puff was very small, compared with the increment of that from the divertor
plasma. This indicates Neon ions are effectively shield against the main plasma and confined
in the divertor plasma. The electron density increase from 1x10"m? to 2 x10"m™ at the
plasma edge. (See Fig. 1(c)) This trend is preferable from the points to increase particle
recycling at the divertor and to shield impurity ions, resulting to assist radiative divertor
plasmas. The transport barrier was sustained after the radiative divertor formation until t =
7.6 s and the central plasma density increases from 3 x10m” to 4 x10' m” , while the radius
of the transport barrier was reduced.

It was found from the soft X-ray measurement that the transport barrier shrinks in time with
repetitive mini collapses in the discharges without the compound gas puff. In the discharges
with the compound gas puff, the pressure gradient near the transport barrier was reduced and
the transport barrier shrunk without repetitive mini collapses in time scale of the resistive
diffusion time given by the central electron temperature. ( See Fig. 2)

It was found that the particle recycling condition during the ramp-up phase affected the
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formation of the transport barrier. Fig. 3 shows wave forms of ®main / Nmain and Te0. Te0
is the electron temperature at the center form ECE measurement. Here ®main is the total
particle recycling around the main plasma that was obtained from Ha detectors viewing the
main plasma and. Nmain is total number of electrons, the product of the line averaged
density at the U2 port and the plasma volume. Thus ®main / Nmain is a reciprocal of
particle confinement time around the main plasma. In all of the discharges shown in the
figure, the plasma densities were ramped up fromne=1  x10°m”(att=4.2s)tone=2 x
10”m’ (at t= 4.9 s) by the density feedback and the neutral beams were programed to the
same power during the whole heating phase. The transport barriers were formed in #25364
and #25368 and no barriers were formed in #25366, #25367 and #25370 where the particle
recycling level, ®main / Nmain , were slightly high. Especially, there was no significant
differences of Te profile and the polarization angles on the MSE measurement in #25366
from #25364 and #25368 except thc_recycling level. The establishment of the remote
radiative divertor by the neon and hydrogen gas puff should be also noted from the point of
the particle recycling control. In contrast to the constraint during the ramp-up phase, the
particle recycling around the main plasma is allowed to be a factor of three larger and the
divertor particle recycling a factor of five larger once after the transport barrier has established.

3. Summary
In JT-60U, radiative divertor plasma was obtained while the transport barrier of the negative

magnetic shear plasma was maintained for the first time. Heat flux to the divertor plates was
almost removed and divertor detachment at the separatrix, This was obtained by compound
gas puffing of Neon and D2 gas which was initiated at the low particle recycling conditions.

References
[1] T. Fujita et. al see 2.1 of this issue
[2] K. Itami et al. Plasma Phys. Control. Fusion 37 (1995) A235-A265.



JAERI—Research 96018

(a) eozs3ss
1.5 ) 25.0
MA) E . ® s -.Jr =T e e e L)
0.0[ Pt TP Y P BRI ERRR | XY
3.5E19} J1E24
o o ]
(m3 [ na : f"ﬂ’?‘h‘.’m‘w =
L L} / Divertor
oL ~H"L."‘."T"1”1 o, g Peordingd o o
300 Gas putt
i Neon
- Hydrogen [\’v Hydrogen
0.0'.ﬂ..4’1.,..1;..||.,..W
801 RagiationLoss Dvertor
W) [
r Main
0.0 il e e e T
ao 4.0 50 60 7.0 80
TIME( §)

{b) eo25368
(4]

t=7.0s

2.85 2,95 3.0% 3.15 3.25 3.35
R{m)}

Fig. 1

(a) Wave forms of the negalive shear discharge with Neon
& Hysrogen gas puff.

(b) Heat flux density profilas before (T=5,0s) and during
(T=7.0s} the radiative divertar phase.

(¢) Electron density and temperature profiles before
(T=5.05) and during (T=7.0s) the radiative divertor

phase.
(a)
T B B B S B e )
4F
af
& E
£ F
B 5
e 2F
1
E\./"‘
0-'-"'/,|....l.,,.l,..,l....l.,
3.5 4.0 4.5 5.0 5.5
TIME (S )
Fig. 3

(a)

| without gas injection |

6.6 TIME (s 7.4

| with Neon + D2 injection |
Radiative Divertor

5.8 6.6 TIME (s) 7.4

Fig. 2
(a) Soft X-ray contour of the negative shear without gas puff
(b) Seoft X-ray contour of the negative shear with neon and hydrogen gas

putf

25

LIS L B B B S NN R S B SN B B S B SRS R B R

20

=

‘@ ans
<15 25370 u‘\..*“"-’?"ﬂ’w HM”“\
= 28370, PR L A ,
E 5

z

= 10§

d

E

=]

oloedo o o0 e v 1l

35 4.0 45 5.0 55
TIME (S)

Time evolution of (a)TeC and (b) ®mairvNmain during ramp-up phase of negalive shear plasmas.



JAERI—Research 96—018

3. High Triangularity Plasma

3.1 Configuration Control for High Triangularity Plasma
M, Matsukawa, R. Yoshino, K. Ushigusa, S. Takeji

1. Introduction

Triangularity is one of important configuration parameter, and its beneficial effect on
the energy confinement has been demonstrated in DIII-D[1]. However there are many
unresolved triangularity effects on the plasma performance (especially the density limit on ELM
appearance [2]), which are a part of ITER Physics R&D issues. Thus in JT-60U high
triangularity plasma with 8 of 0.4~0.5 has been studied. Owing to the limit of the coil power
supply, the plasma current (Ip) has been raised with two steps; 1 MA in 1995 as the 1st step,
and 2MA in 1996 as the 2nd step. Furthermore Ip of 2.5 MA is now under consideration as the

3rd step, according to the experimental results with 2.0 MA.

2. Rearrangement of Poloidal Field Coil

To raise a triangularity, a vertical magnetic field coil system has been rearranged in two
groups (VR-coil with 46 turns, VT-coil with 32 turns) as shown in Fig.1. VT-coil (series
connection of V3 ~ V6) is mainly used for triangularity-control, and VR-coil (series connection
of Y1 and V2) is mainly used for the control of the plasma horizontal position. This
reconnection has been realized by changing the connection at the connection-box settled in a
torus hall. Power supply for VT-coil could generate + 24 kA /= 0.55 kV in the 1ststep, and +
40 kA / = 1.0 kV in the 2nd step. The negative excitation of VT-coil with a current of -8.6 kA

can reverse the triangularity up to -0.1.

3. Range of Triangularity

Triangularity increases with a ratio of VT-coil current and the plasma current as shown
in Fig.3(a) obtained from expenmental data. Here the maximum triangularity of ~0.5, which is
investigated from a fast boundary identification code, has been achieved at the outermost flux
surface. Increasing the poloidal beta and internal inductance may affect on d. Then feedback
control of & is also required during NB heating and Ip-ramp-down phases. There is a
dependence between the plasma elongation and triangurality as shown in Fig.3(b), which

should be considered for improving the plasma performance.

4. Plasma Configuration Control Variables
For the plasma configuration control, five control variables are selected as shown in
Fig.2; the plasma current (Ip), horizontal plasma position of the geometrical plasma center (Rp),

vertical position of the plasma current center (Z]), height of null point from the divertor plate

(Xp), triangularity at the outermost flux surface (9).
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Latter four control variables are calculated in real time (computation cycle of 250 usec)
from magnetic probe signals, plasma and coil currents using the statistical method[3]. Figure 4
compares each configuration control variable between the output of statistical method and the

one of an equilibrium fitting code performed as a post processing. It shows that reasonable
agreement has been achieved for all control variables. Here use of Xp and 8§ is limited for

divertor plasmas, and cannot be applied for limiter plasmas. The statistical equation for Xp has
been improved from the standard eq.(1), which was used in 1st step, to eq.(2) to include the
effect of VT-coil current  on triangularity as shown in Fig.3 (a).

Xgont=X o+z al.I L+ ay (?“) (TIQ +z Bk I“k + sz( I“k) (Ild)} (1)
i=1 P P P k=1 P p P
Xcont —XP0+Z oot By + Qo; (Bt]) Id) {Bu) ( H
1 I Ip Ip

2

+l§1 Bk Ir;k+52k(“ﬁk')( )+B (

5. Noninteracting Multivariable Control

I

Five control variables are controlled by five independent power supplies according 1o

the multivariable noninteraéting control method[4]. A matrix gain is used for this method, but
a complete matrix gain of 5x5 is impossible to calculate within one control cycle due to the
limitation of computation capability. Each element of gain matrix was estimated from the state
equation of each control variable[4]. To testa validity of gain matrix, each control variable has
been swung with 10 Hz as shown in Fig.5. A deviation of 3 is relatively large, but a

reasonable decoupling has been demonstrated.

6. Plasma Breakdown ,

To apply a enough loop voltage at the plasma initiation position (inboard-up in the
vacuum vessel), VT-coil power supply must produce the higher voltage. In the Ist step, the
maximum loop voltage was 20 V, then a stable plasma breakdown could not be obtained
- without LHRF assistance [5] especially for the low toroidal magnetic field. Then the voltage
rating of VT-coil power supply was increased up to 1.0 kV from a 0.55 kV with a
rearrangement of power supply system. As a result, the loop voltage could be raised up to 30
V, and then the plasma breakdown has been largely stabilized. PSEX-power supply (1kV-
10kA) has been connected with the VT-coil power supply, then it has been switched on just
before the breakdown (att = 0.0 sec), but any destabilizing effect on the breakdown has never

been observed.

7. 2.5 MA Discharge
According to the experimental results of 2 MA, plasma current of 2.5 MA is planned as
the third step. Here the power supply for VT-coil can generate + 55 kA /+ 1.0 kV at present,
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thus the following items should be checked systematically; 1) temperature of VT-coil feeder in
a torus hall, 2) stress on the toroidal magnetic field coils, 3) stress on the poloidal magnetic

field coils.
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3.2 Improved Edge Density and Pressure Limits for Onset of Giant
ELMs in High Triangularity Discharges

Y. KAMADA, R.YOSHINO, Y. NEYATANI, M. SATO, §. TOKUDA, M. AZUMI,
S.TAKEJIL, K.USHIGUSA, T. FUKUDA, M. MORI, T.TAKIZUKA and JT-60U Team

1. Introduction
Control of ELM behaviors is one of the most important issues for sustainment of

plasmas with the high integrated performance required in the steady-state fusion reactors. To
contribute to establish control scenarios of ELMs, this paper identifies the onset conditions of
giant ELMs and emphasizes effects of plasma shape such as triangularity & and elongation k.
Appearance of giant ELMs limits the achievable edge density and edge pressure and also
restricts core plasma performances through profile-effects on stability and transport. In
particular, in H-mode plasmas with broad pressure profiles, the edge pressure limit directly
determines the global By limit 1. This edge pressure limit also affects the ELM frequency
fzp M- At a given heating power, fgp v increases with decreasing pressure limit, which results
in poor confinement in a ELMing steady-state.

For the typical shapes of JT-60U plasmas with 8~0.1, two types of ELMs have been
observed. The first is dithering ELMs observed when heating power Py is around the
threshold power for the L-H transition. The second is giant ELMs observed when the edge
pressure reaches a critical value. When both 8 and B, are high (8>~0.3, B,>~2), the third type
is observed; the wave form is minute-grassy and the edge ng, T; and T, can continuously
increase during the grassy ELMs. (The behaviors of these three types are similar to those
observed in DOI-D 2). ) The dependence of fg s 0n Ppg, is different among these three types.
With increasing P, dithering ELMs appear at first, fgpp gjther decreases quickly, then
giant ELM appears after a ELM-free period and fgpp_gian, inCreases almost linearly with
P>, The frequency fgy n.giant 2150 increases with decreasing B, 2/(Rg?), decreasing I; and
increasing n, 3). On the other hand, the minute-grassy ELMs have higher fg; than giant
ELMs and no clear dependence on P, has been observed.

2. Effects of Plasma Shape on the Onset Conditions of Giant ELMs

In JT-60U, an ELM-free phase appears only when is lower than a threshold value
7.t which increases with I, or B2/(Rq?) (a measure for the ballooning stability) 3). The
values of n th are ~1x10!%m3 at [,=IMA and ~3-4x10'%m3 at 4MA. Since values of edge
n, and edge T; (or T, ) are roughly proportional in JT-60U ELM-free H-modes, the onset
condition of giant ELMs is given by a function of edge n, or edge pressure. To obtain higher
plasma performance at higher n,, we started to study effects of plasma shape on the onset
condition. Recently a new connection of the poloidal field coils enabled us to scan
triangularity § from the original value of ~0.1 up to 8~0.4 (limited at I,<1.2MA so far ) and
also down to a negative value &~ -0.06. Figures 1. a)-c) compare the typical cross sections at
[,=IMA. Figure 1 d) shows the operation region of d and k for our study on ELMs: the &-
scan at fixed K, the k-scan at fixed § and negative 0.

Figure 2 shows effects of & at [=IMA. From Figs.2 a) and b), higher 8 has higher n,
at the first giant ELM. In addition, the ELM free period (from H-transition to the first giant
ELM) was increased from ~0.05 sec to 0.9 sec. (Note: The length of the ELM-free period is a
rough measure of improvement, because the length is also a function of density
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rise affected by NB power, recycling etc.) Figures 2 ¢) and d) show that edge density and
edge temperatures at the onset of giant ELMs increase with 8. The improvement from &~
0.08 to 6~0.33 are 30-40% for?,3 and ~80% for T.(r/a=95%) and T;(1/a=95%). The edge
pressure limit (nxT) increases roughly linearly with 8. :

The onset condition of giant ELMs is given by a clear proportionality -grad-p‘h(,'dgc ~
B2/(211oRqgs?) over wide ranges of I, (0.4-4MA) and B, (1-4T) (Fig.3 (b)), where p‘hedge is
a measure of thermal pressure given by (~0.7a)x(fT;(95%)+T,(95%)) and f is a function of
Zes- (In this paper, we assumed Z;{95%)=3.5 and carbon impurity.) The pressure gradient
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grad-pM, o is given by plegse/ A, where A is width of the edge pressure pedestal. We
assume that A = 4¢0-3p; based on JT-60U experiment 4), where € is the inverse aspect ratio
and p; is the poloidal gyro radius of thermal ions: p;~T;(95%)0.5/B,(a). The normalized
pressure gradient a=(-grad-pPeqq)/(B#(2igRqos?) ) (= tangent in Fig.3 b)) is almost
constant over a wide range of ggs (=2-7) at low-8 (open circles in (Fig.3 ¢) ). This result
suggests that the giant ELM is triggered by high-n ballooning mode. A time dependent
analysis including bootstrap current supports this result 5. Whereas, high-8 plasmas (closed
circles) have higher values of «. In Fig.4 a), the o-parameter at the onset of giant ELMs
increases with & ( closed circles: the 8-scan at fixed x ). This tendency may be saturated
around 8~0 because the data with 8~0.08 and -0.05 at k~1.5 have similar values of o (see
open circles in Figs. 4 a) and 5 a)). Another important result is that the By value at the onset
of giant ELM increases with § (Fig.4 b)). In JT-60U H-mode at 8~0.1, By was lower than
1.8 limited by giant ELMs 1. The results obtained here shows that the H-mode performance
in JT-60U is increasing with 8. Figure 5 a) shows the o.-parameter also increases with « for
k=1.5-1.8 at a fixed & (=0.06-0.13) (open circles). Finally, at the fixed k (=1.5-1.6) and & (=
0.06-0.13) the a-parameter increases with I; (Fig.5 b)), which suggests that the giant ELMs
in this low-8 region is triggered in the first stability region for the high-n ballooning mode.

Because the local edge measurement is not sufficient for all plasma configurations, we
simply assumed the width A is given by A = 4€051i and Z,(95%)=3.5, which should be
studied in detail. Contribution of the fast fon pressure gradient is another issue. Concerning
effects of the current profile, the region of li in the high-6 (>0.3) cases in Fig.4 is 0.8-1.6
and almost in the same range of L, in the low-0 cases. The study on edge shear at high-d is
our future work including the access to the second stability regime. The minute grassy
ELMs appear at high values of o (~3-5) as shown in Figs.3-5, which may be related to
access to the second stability regime.
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3. Conclusion _

For the standard shape of JT-60U at low triangularity & (~0.1), the onset condition of
giant ELMs is clearly correlated with the high-n ballooning limit in the first stability regime
over wide ranges of plasma parameters (I, By, qgs..). The limit of the normalized edge
pressure gradient {o-parameter) increases with elongation K (1.3-1.8) and internal
inductance I. Recently a new connection of the poloidal field coils enabled us to scan
triangularity & from the original value of ~0.1 up to ~0.4 (limited at I,<1.2MA so far ).
The 8-scan (-0.05 ~0.4) showed that the limit of edge density, edge pressure and the -
parameter increase with §. When both d and Bp are high (6>~0.3, Bp>—-2), minute-grassy
ELMs appear. The edge o~-parameter during the minute grassy ELMs can be higher than

that for the onset of giant ELMs.
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3.3 Confinement, 8-limit and Current Drive Characteristics
in High Triangularity Discharges

Y. KAMADA, K.USHIGUSA , R YOSHINO, Y. NEYATANI, S. TOKUDA,
M.AZUM]I, S.TAKEJI, and JT-60U Team

1. Introduction
The most important mission in tokamak development is the simultaneous achievement of

i) high confinement (high H-factor = tg/tz[TER8PFL), ii) high power density (high By, iif)
high bootstrap fraction (high Bp), iv) fult non-inductive current drive and v) high efficiency
of heat and particle exhaust in the steady-state. The tokamak operation should satisfy the
integrated performance at a high level D). For the core plasma performance i)-iv), the JT-60U
device has produced i) high values of fusion product 1.2x102!m-3skeV in ELM-free high-(
H mode 2) and 4-5x1020m-3skeV in quasi-steady ELMy high-B, H mode 3, ii) By up to 4.8
3), iii) bootstrap fraction up to ~80% 4 and iv) 3.6MA full non inductive current drove with
LHCD 5. For the integration of i)-iv), we demonstrated feasibility of the SSTR concept in a
quasi steady ELMy H-mode with I =1MA and B=3T where high values of H-factor~2.5 and
Bn~2.9 were sustained for ~0.7sec under the fully noninductive current drive condition
(bootstrap=74%, NBCD=37%)%). However this result demonstrates only an integration of
core plasma performances in a time scale shorter than the current diffusion time. The
remaining issues in approaching the final goal are A) combination of a high core plasma
performance and a high divertor plasma performance and B) sustainment in a steady-state
longer than the current diffusion time. Concerning A), we have to increase the density range.
However, energy confinement is decreasing with increasing density. This is because high
confinement usually requires low recycling. For B), the B-limit in a quasi-steady state is
lower than that obtained transiently. To overcome these difficulties, we are trying three
modifications: new equilibria with high triangularity & (from 1995), the negative ion source
NB injection (from 1996) and the closed divertor (from 1997). Out of these modifications,
Sec. 3. introduces the initial results of high & experiments in JT-60U where the main
purposes are to obtain high confinement at high density and high B-limit with high
confinement. Concerning the high density operation, the most critical issue in JT-60U is the
onset condition of giant ELMs. We demonstrated that the density and pressure limit for the
onset of giant ELMs is increasing with increasing 8 in sec.3.2. This section 3.3 treats
characteristics of confinement, B-limit and current drive.

2. Energy confinement

In JT-60U, attainable values of H-factor-and By are affected by plasma position (major
radius) R_ because NB-heating profiles and loss of fast ions by toroidal field ripple are
functions of R_. Firstly, the discharge regions of the high-6 (closed circles) and low-0 (open
circles) experiments are introduced by Fig.1(a) and (b). In this section, the ripple loss is not
subtracted in estimating H-factor. Figure 1(a) shows attainable value of H-factor is strongly
decreasing with increasing R : Degradation of attainable H-factor AH/AR,, ~ 0.6/ 10cm. This
is mainly because, at smaller Rp,, the heating profile is more peaked and ripple loss is smaller.
On the other hand, the maximum By-limit is obtained at medium R_ (3.2-3.4m) because
medium-peaked pressure profiles have the highest B-limit concerning both internal low-n
kink-ballooning modes and ELMs 2). In Fig.1(b), By at smaller R is limited mainly by the
low-n modes and that at larger R is limited by ELMs. From Fig.1, the high-6 discharges
have higher values of H-factor and By than the low-6 discharges at the same position R,
Figure 2 (a) shows dependence of H-factor of ELM-{ree H-mode on 0 at almost fixed values
of Iy, V, and R_. With increasing 8, H-factor tends to be improved. This tendency may
become stronger when the difference of R, between high-d and low-8 discharges (Fig.2 (b))
is taken into account: The high-8 data have larger R, than the low-3 data by 5-10cm.



JAERI—Research 96018

a)4 T T = T T
O triangularity <0.2 ]
triangularity »0.2 .
w 3 ]
e 7]
o ]
(T ]
|O;I —
x 2 ]
]

1 | 1 I L 1

3 31 32 33 34 35 36 3 31 32 33 34 35 36
, Rp (m) __Rp(m)
Figure 1: Values of H-factor and By for JT-60U ‘improved mode' discharges versus major radii.

Open and closed circles indicate low 8 (<0.2) and high § (>0.2) discharges, respectively.
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Conceming energy confinement in ELMy H-mode, improvement in high-8 discharge is
clearer. Figure 3 shows dependence of H-factor on ne for low-8 (0.3-0.34: open circles) and
high-8 (0.07-0.18: closed circles). The degradation in H-factor with increasing n, is weaker
for high-& discharges. This result seems to be partly related to that the n.-limit for onset
condition of giant ELMs is higher for higher 6.
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Highest By(2.7%) in JT-60U

B ey S T T T T e
7 E DIIl-D Phys Fiuids B 5 {1993) 2532 - ' (J @ |
6 F  E.J.Strait _ 4 C
3 gﬂiy%.Rev.Leh i L
- - low-(m,n) 3
5 *  Rev, Shear ! ‘9C8°w ) ]
=z r - 1
4 : . iy c)‘JT 60U 3 cLZ
: - ‘ Gos ev. Shear: -
1 I ramp{P g G503/ :
- Rev. Shear: hard col?apse resistive 7 C
st e b e s (1 J THTTT RYUUS P P FOTIN EIVER I A
0 06 1 15 2 25 3 o5 3 4 5 6 7 8 9 10

! Qeff

Figure 4: By vs. | in JT-60U compared with Figure 5: Py vs. qgpr in JT-60U. Open and closed
DIII-D. The upper boundary of Py is-almost circles correspond to low-& and high-8 discharges,
limited by low-(m,n) pressure driven modes. respectively, The discharge © has the highest B, 27

o %) in ST-60U at 8=0.34, B;=1.5T, I;=0.9MA. q95=3.9.
3. B-limit

It is known that the By-limit increases with the internal inductance I; 6-8). Figure 4
shows this tendency for DIII-D and JT-60U. For each li value the maximum By tends to
be limited by low-n modes. In case of the reversed magnetic shear experiment with fast I-
ramp in JT-60U 9, the By limit obtained so far is almost on the expected line of the I?—
scaling. Therefore the global shear across entire volume seems to be the key factor for these
low-n mode with a global displacement. The higher By limit in DIII-D than that in JT-60U
may be caused by difference in the plasma shape ( triangularity, elongation, aspect ratio},
plasma rotation, rotation shear, location of the resistive wall or difference in collisionality.

The B-limit related to low-n pressure driven mode seem to be improved with increasing
8. Figure 5 shows the relation between By and q g in JT-60U where closed and open circles
correspond to §>0.2 and 8<0.2, respectively. The upper boundaries of By for both 6>0.2
and 8<0.2 are limited by low-n modes. The By-limit for high-8 discharges is systematically
higher than that for low-3. The arrowed point in Fig.5 has the highest B, (2.7%) in JT-60U
at 8=0.34, B=1.5T, 1,=0.9MA, q =52, qos=3.9 and H-factor=2.8. Based on Fig.5, the
improvement in By seems to be larger at lower geg. The high-8 discharges tends to have
higher 1, than low-0 discharges, which seems to be one of the reasons of high B-limit.

4. Non Inductive Current Drive with Bootstrap Current and NB Driven Current

Concerning full non-inductive current drive, a favorable integrated performance with
Ingen/1p-0.4, Igs/1,~0.6, H-factor =2-2.6, fy~3.1 was sustained for ~2sec (>10xTg) at &=
0.32, I =IMA, Bt=3pT and n,~2.3x1019m"3 (Fig.6). The life time of the full CD at J;=1MA
with the original shape in JT-60U was 0.7s at 3~0.2 3). In addition, the ELM behavior in
Fig.6 is much weaker than usual giant ELMs observed at low-8. Although the heating
profile of this discharge is relatively broad, a clear internal transport barrier in T; and n,
profiles is produced like the high-B, mode. In this discharge, degradation in stored energy
seems to be correlated with slowly growing n=1 mode.

The optimization of both confinement and stability should be demonstrated with the
final equilibrium in the steady-state where the current profile has been fully diffused. The
stability limit in the steady-state is different from that obtained transiently. Another
important point is that the By-values tend to be limited by resistive instabilities in the quasi-
steady state rather than ideal modes. In JT-60U, the maximum By sustainable in the quasi-
steady state with high bootstrap fraction is ~3 which is much smaller than that obtained
transiently (up to 4.8)3). For example, ref.8) showed a quasi steady high—Bp ELMy
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Figure 6: Evolution (a) and profiles of n ,{r), T;(r) and T(r) (b} for
a high-8 ( §=0.32) discharge, where full non-inductive current drive 00 EE— 0 g — 1' 0‘
(NBCD~40%, boootstrap~60%) was sustained for ~2sec. : o ' (m) .

discharge with reversed shear in which confinement was degraded by a resistive pressure
driven low-n mode destabilized when the g-profile has a pitch minimum at g~2.5
(calculation) in the later phase of the NB heating.

5. Summary
The high-9 (~0.3-0.35) discharges seem to have better performances for confinement,

B-limit and non-inductive current drive than low-& (~0.07-0.2) discharges, which suggests
high-8 shape is favorable for high integrated performance in the steady-state. The high-8
discharges have higher values of H-factor than the low-§ discharges at the same position
R,. In ELMy H-mode, the degradation in H-factor with increasing n, is weaker for high-4
(~0.3-0.34) discharges than low-d (0.07-0.18). The By-limit related to low-n pressure
driven mode for high- discharges is systematically higher than that for low-6. At 6=0.34,
the highest 3, (2.7%) in JT-60U was obtained (q.;=5.2, g95=3.9). Concerning full non-
inductive current drive, a favorable integrated performance with Inpep/1,~0.4, IBS/I ~0.6,
H-factor =2-2.6, By~3.1 was sustained for ~2sec (>10xtg) at $=0.32, 1 '-I%JA and B, LY
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3. 4 LH coupling property with triangle-shaped plasma
M. Seki
1 introduction

Highly triangle-shaped plasma are used not only to improve its confinement, but
also to simulate high triangularity configuration expected after modification of divertor in
1997. LH power is injected into the highly-triangle shaped plasma, in order to obtain
coupling property of LH and to examine current drive performance. Because it is difficult
to bring plasma close to LH antenna for good coupling in closed divertor configuration of
JT-60U.

2 experimental results

Effect of triangularity on coupling is investigated during one shot as shown in
Fig. 1. Upper side of the figure represents poloidal cross-section at t =9, 10, and 11 sec.
Injected power P and reflection coefficient R of antenna A and B are illustrated in lower
side. Plasma current is 1 MA in this shot, toroidal magnetic field and line averaged
density 4 T and 0.6 x 101°m-3, respectively. LH antenna is flushed with the first wall,
distance between plasma and the wall 8g keeps quasi-constant of 14 cm. Reflection
coefficient R does not change so much, while triangurality A changes from 0.26 to 0.16
in LH injection of 4 seconds.

Dependence of reflection coefficient on plasma-wall distance 8¢ is studied with
triangle-plasma of A = 0.26~0.29. Experimental results show that low reflection
coefficient is obtained up to 8y = 18 c¢m as drawn in Fig. 2. This good coupling is
consistent with SOL measurement using a fast reciprocating probe as indicated by LH
coupling code. Reflection coefficient decreases with increasing radiated LH power. These
characteristics suggest that peripheral plasma in front of LH antenna may be produced by
LH power and allows long distance coupling ). On the other hand, this long distance
coupling up to 15-18 cm disappears when gefr is less than 4 for Ip = 1 MA due to short
connection length of field lines near LH antenna. Therefore high toroidal field up to 3.5-4
T might be required for good coupling of 8y > 15 cm with Ip = 2MA in closed divertor.

Current drive efficiency is examined with triangle-plasma of A = 0.26~0.29.
Plasma current Ipis 0.9-1 MA, line averaged plasma density is relatively low as 0.6-0.8
x 1019 m-3, and input LH power is 1-1.7 MW with parallel refractive index Ny of 1.6,
Serious degradation in current drive efficiency is not observed even though plasma-wall
distance 8 is extended up to 18 cm with triangle-plasma as shown Fig. 3. This drive
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efficiency ncp of ~1.7 x 101? m2AW-! is somewhat Jow, but ncp will increase with

increasing Ip.
3 conclusion

It seems that triangularity does not affect coupling property and current drive
performance of LH, peripheral plasma around LH antenna may govern LH waves even
with highly triangle-shaped plasma. Simulations using triangle-plasma suggest that good
coupling is expected when plasma is approached to LH antenna as 8o~ 15 cm after
modification of divertor configuration. Unfortunately, effect of baffle panel of closed
divertor is well not unknown in this simulation. The baffle panel may affect on coupling
property due to short connection length of field line. In this case LH antenna should be
protruded into vacuum vessel for good—coupling with monitoring heat load on LH antenna

mouth.
Reference

1) M. Seki et al. ; in this JAERI research, sec. 7. 1
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Time trajectories of input power and reflection coefficient are shown for antenna A and B in

lower side. Loop voltage and line average density are also drawn. Poloidal cross-sections are Hlustrated at t
=9, 10, 11 sec in upper side. Plasma current Ip is 1 MA toroidal magnetic field Bt 4 T, line averag.ed

density n ~0.6 x 1079 m~3. Plasma-wall distance is quasi constant of 14-15 cm during LH injection of 4

sec.,
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Fig. 2
Averaged reflection coefficient in input waveguides as a function of plasma-wall distance &p.

Reflection of antenna A is presented by open square and reflection of antenna B open circle. Triangularity '
is relatively high of 0.26-0.29, plasma current 0.9-1 MA Bt = 4 T. Good coupling is obtained with long
distance of 8)~15-18 cm.
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Fig. 3

Current drive efficiency vs plasma-wall distance 8p. The efficiency is estimated using drop in
loop voltage as DV/V. A = 0.27-0.29 Ip = 0.9-1 MA, Bt = 2.5-4 T, n = 0.6-0.8 x 1019 m™3. Injected
LH power is 1-1.7 MW with parallel refractive index of ~1.6.
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3.5 VICRF Coupling to High Triangularity Plasma

Moriyama, Saigusa, Fujii, and Kimura

1. Introduction

It is important to confirm applicability of ICRF heating to high triangularity plasma after

divertor modification. Antenna coupling resistance was measured to estimate the capable

ICRF power with the high triangularity plasma assuming baffle plates of closed divertor.

Heating of high triangularity plasma was checked.

2. Optimization of the plasma configuration for ICRH

A high triangularity plasma
configuration is optimized for ICRF
coupling at Ip = 0.9 ~ 1.0 MA,
triangularity = 0.27 ~ 0.3. Clearance to
the planned baffle plate of closed
divertor was kept. As shown in Fig. 1,
curvature in front of the antenna was
not so different from the "standard RF

configuration”

Fig. 1 High triangularity configuration optimized
for ICRF heating keeping a clearance to the

planned baffle plate for the closed divertor.

EQ2

343

10.500 TMPW

262.4

e

S-F gap

e

3. Measurement of antenna coupling resistance

Antenna coupling resistance is measured to estimate how much power can be coupled to

the high triangularity plasma, changing the gap between separatrix and Faraday shield of the
ICRF antenna (S-F Gap) from 16 cm ~ 31 cm for (n, 0), (0, 0) and (135°, 0) phasing.
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As shown in Fig. 2, R¢ =3 2 was obtained for S-F gap =28 cm in (r, 0) phasing. 5~7
MW will be coupled for 35 ~ 40 kV of antenna voltage limit. Rc for the high triangurality
plasma in this experiment 1s not so different from standard RF configuration in Ip = 1.0 MA

case, probably because the shape of the outer separatrix in front of the antenna is similar to
the "standard RF configuration.”
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Fig. 2 Coupling resistance to high triangularity plasma

4. Confirmation of heating for (7,0) phasing _

Heating was confirmed in both IC only and NB + IC cases for 18 ~ 21 cm of S-F gap at Ip
= 1.0 MA. Increment of electron temperature, ATe, is 0.7 keV for 1.6 MW of ICRF power
for 1 sec without NBI. Increment of stored energy, AWg,, is 450 kJ (including effect of
increment of ne) for Pic = 3.2 MW with Pyg ~ 10 MW, '

Heating will be more effective with high concentration of hydrogen which is necessary for
2(cy heating.

5. Conclusion

Enough coupling resistance is obtained to be able to couple 5 ~ 7 MW of ICRF power to
the high triangularity plasma with 25 cm of S-F gap simulating the configuration after
divertor modification. Heating for high triangularity plasma is also confirmed.
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4. High {3, mode
4.1 Threshold Heating Power for ITB Formation
Y. Koide, T. Takizuka, S. Takeji, S. Ishida, M. Kikuchi, Y. Kamada,
T. Ozeki, Y. Neyatani, H. Shirai, M. Mori and S. Tsuji-lio*

1. Introduction

High confinement in the JT-60U High-B, H-mode"? is attributed to the formation of
internal transport barrier (ITB) at r1a<0.7 which is followed by the edge transport barrier
formation (r/a~1): An intense central heating produced high plasma pressure inside the ITB;
the subsequent H-mode transition was triggered by a transient relaxation phenomena
accompanied with an energy flow across the ITB; the resultant plasma pressure was high
from the central to the edge regions and normalized beta Oy (=Bi(%)/(Ip(MA)/a(m)B {T)))
reached 2.4. Study of the internal transport barrier is, therefore, as important as that of the
edge transport barrier from the viewpoints of the understanding of the improved confinement
and of pressure-profile control.

The following phenomena were shown in previous papers”»: (I) The ion temperature T;
and the toroidal rotation velocity V; increased inside ITB where the causality between them
has not been made clear. (II) The electron temperature T, also increased during ITB formation,
however, it was not so significant as compared with T;. (I1D) Ion thermal diffusivity was
dramatically reduced at ITB position. (IV) We often observed that the location of ITB
stagnated at a certain radial position which moved inward with increase in safety factor on the
plasma surface. (V) In some cases, the improved confinement region was initiated near the
plasma center and expanded outwards.

In this review, recent results of further study on ITB are presented. It was proved that
ITB is produced when heating power exceeds a certain value. The threshold heating power is

studied in this section.

2. Threshold heating power for ITB formation
We investigated the threshold heating power (Py) for ITB formation. Plasma parameters
for this study are as follows: plasma current and toroidal magnetic field were in the ranges of
I,=0.7-14 MA and B,=2.2-44 T, respectively. The effective safety factor was kept almost
constant (g.7=6.5-7.1) in order to fix the ITB location after its stagnation”; the plasma
volume was V,=50m? and the beam energy was Eyp=85 keV. Plasma configuration, projected
NB trajectories and some diagnostic fields of view (visible bremsstrahlung, line integrated n,
and D, measurement) are shown in Fig. 1. In this experiment, perpendicular NB was primarily
used and tangential NB was used as a reference because the power of former beams can be
easily controlled from 2 MW to 20 MW with the step of ~2 MW by changing the number of
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NB units. Electron density was controlled by short gas puffing (e.g. 50 Pam3/s for 100 ms)
just before or during NB injection; this gas-puffing technique is effective to change n, with
little effect on the internal inductance of plasma column.

115(0.62)

§ 7 91113 15

FIG. 1. Plasma configuration for threshold-power
study. Projected neutral beam trajectories of
perpendicular beams ( ANB: solid arrows) and
of tangential beams ( IINB: dotted arrows) are
Shown. Line of sight of FIR interferometer along
60% of tangent minor radius is shown with a
vertical solid line ( n,(0.6a)). Two crosses are
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FIG. 2. Criterion for the presence of ITB. Two
discharges with ITB (thick lines) and without ITB
(thin lines). (a) Injected newtral beam power (
Pyg), (b) neutron emission rate (S,), (c)
diamagnetic stored energy (Wy,), (d) ion
temperature at ria=0.5 (T,(05a}). Pyg is alittle
bit lower in the case without ITB (thin lines}.

Vertical dotted line shows the onset time of ITB
formation.

projected tangential radii of visible
bremsstrahlung measurement used in this
discussion. Fifteen viewing chords of D,
measurement are shown with thin lines.

Our criterion for the presence of ITB is explained in Fig. 2, where two discharges with
and without ITB are compared. In a discharge shown with thick lines, ITB was produced at
t=5.7 s {shown by a vertical dotted line in this figure), when ion temperature at a half radius (
T;(0.5a)) started increasing (Fig. 2(d)). A clear increase in the neutron emission rate (S,) and
the stored energy (Wgi,) accompanied with it (Figs. 2(b) and 2(c)). In this discharge, a minor
collapse occurred at #=5.9 s and ITB was recovered soon, resulting in a harder collapse at
t=6.2 s. Thin traces show a discharge with lower heating power, resulting in no appearance
of ITB. Data points shown in the following were taken at the onset of ITB formation. As for
the discharges without ITB, data were taken at nearly the same times as those in discharges
with ITB.

Figure 3 (a) shows the absorbed heating power (Pyp®®) against 7,(0.6a), where Pygts
was defined as injected NB power subtracted by the shinethrough power measured with
thermocouples. Closed symbols designate discharges with ITB and open symbols discharges
without ITB. In the case of [,=1.4 MA and B=4.4 T (@,0), n, was scanned from 0.6 to 1.0
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x10'? m-3. Py, was linearly increased from 5 to 10 MW within experimental accuracy
(shown by a shaded region). '

Figure 3(b) shows Bdependence of Py in the density range of n_¢=0.4-0.65x10‘9 m-3,
Since data at different B, were taken at different #, as seen in Fig. 3(a), the observed slight
increase in P, with B, can be affected by the n,-dependence. Taking the linear dependence
on 7, into consideration, Pxg®*/n, is plotted against B, in Fig. 3(c). The resultant independence
of B, suggests the importance of the power density per a particle for ITB formation. The
independence of Py, from B, is different from the threshold power of H-mode transition®,
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4.2 Measurement of g-profile during ITB Formation
Y. Koide, S. Ishida, M. Kikuchi

1. Introduction

Radial location of internal transport barrier (ITB) was
investigated in connection with the local safety factor g (
= r/R)(B,/Bp )). Before showing recent results, we will
describe, in this section, the background of this study.

The relation between them has been discussed since
JT-60 experiments. Hot-ion mode in JT-60 (T.{0)~10
keV, H Obeam into H* plasma of 30 m’®) exhibited peaked
profiles of ion temperature, T(r), and toroidal rotation
velocity, V.(r). In Fig. 1, radial location of ITB is plotted
against the location of g=1, 2, 3 surfaces deduced from of
m=1 (@), 2, (A) 3 (O) mode oscillations, respectively
(m: poloidal mode number). Phenomenologically, ITB
location was explained by the integer rational surfaces
such as g=1, 2 and 3 surfaces”. However the effect of
magnetic island was left unsolved and there was no direct

measurement of g-value,

o o o
» o o
I I

rfa {ITB)
ol

«

I

02

01 02 03 04 05 C6
r’a (g=1,2,3)

FIG. 1. Correlation of ITB location
and the locations of q=1, 2 and 3
surfaces inferred from m=1, 2 and 3
oscillations, respectively {from Ref.
[1]}. Quantities are normalized by the
minor radius. Vertical and horizontal
error bars are defined by the spatial
resolution of the CXRS and SXR
measurements, respectively,

In JT-60U High-f8, H-mode?, the formation of ITB at /2<0.7 was followed by the edge
transport barrier formation (r/a~1). The H-mode transition was triggered by a sudden release
of energy across the ITB¥ (see ECE signals in Fig. 2(a)); the instability was a pressure-driven
type because the fluctuation level was larger on the bad-curvature side; magnetic fluctuations
were detected simultaneously with the MHD phenomena in this discharge (Fig. 2(b); three
reversal of sign was recognized, €.g. m=3, however, time and spatial resolutions of this

measurement were poor and m can SHOT 17110

& (b)

be 4 or 5). In later measurements,

most likely toroidal-mode

number was proved to be n=1".
We considered that the plasma

ECE (a.u.)

pressure, which built up just

inside the ITB, reached a stability 0.94a
of Dballooning-type E

limit

instability; the location of ITB
may be characterized by the local

TIME (s)

5813

t=581296s

safety factor g=m/n. In order to

FIG. 2. {a) MHD event detected in ECE signals (from Ref. {3]) and
{b) poloidal pattern of the time derivative of poloidal magnetic field.
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check this hypothesis on the role of rational surfaces, direct measurement of g-value is

ind'iSPensable.

2. g-profile and ITB location

Plasma configuration and typical evolution of this experiment are shown in Figs. 3 and 4:
plasma current and toroidal field were varied in the ranges of 1 =0.43-1.45MA and B=3.47-4T,
respectively, leading to the coverage of effective safety factor of g,,=5.6-21.2; neutral beam
heating power was PJg7=11.2-22.5MW, where tangential beams of PRY=7.7 MW were
always injected; triangularity was increased at need from §=0.2 to 0.3 in order to suppress

vertical instability (Figs. 3 and 4(d)).

E24531

[ @ PLgT(MW) FIG. 4. (a) Total injection
[ 2 power PiTand beam
3 ot lWLiaiN;JI s laax e B power of tangential beams
i - PT“‘N. (b) diamagnetic

stored energy Wy, (c) line-

[ Y=

average electron density n,
, (d} triangularity &8, (d)
D emission in divertor

region D2,

L BT
- (e) DI a.u.

0 PP BPEEE G AR T |
4 4.5 5 55
TIME {s)

FIG. 3. Piasma configuration and

neutral beam trajectories. MSE SYTE—— ' E——
field of view is shown by crosses. A tfa(3T:eln 50m3) r/a(3.5T:sto 51ma}
’ QO 1fa(4T:std 50m3) A ra(3.5T:dlt 68m3)

1/a(4T:std 58ma)

Fig. 5 shows the relation of ITB location and ¢, 0.8 pepmr=r—TT T
Open circles are data taken for 50 m’ plasma on the i Q} ]
X . . . 07 |- .
inner side of vacuum vessel in order for the intense central ! v & i

. . . . 5 [ ]
heating, where MSE diagnostics has not been put into £ [ o %8 B
operation yet; we can see¢ that ITB location was a = [ N & ]

. . . . i 6} ]
monotonic function of ¢, Based on this result, we built 05 |- ‘@g@ I ]
B ~»gt‘ ]

up the working hypothesis that a certain g-value was
0.4 Lai= -
related to the I'TB locatton. 0 01 .~ 02 0.3
q
New data with MSE measurement are shown by *
) FIG. 5. ITB-location vs. inverse of
closed symbols in the same figure. In contrast to the old ,

4, Open symbols: intense central
data, no systematic dependence on g, was observed. In heating into small volume plasmas.

. . ] Closed symbols: outward-shifted
Fig. 6, profiles of T, ¢ and magnetic shear s (= configuration for MSE measurement.

(r/q)(dp/dr)) at q,,=12.6, 9.2 and 5.6 are compared at a Shaded region shows its field of view.
time when ITB has been fully established (Data at ITB-onset is not readily available at
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present). Monotonic g-profile was observed at g,,~=12.6 and g-value at ITB was between 2
and 3 (Fig. 6(a)); when ¢, was decreased down to 9.2, g was around 3 inside the ITB, i.e. s
~0; magnetic shear was reversed when g, was further decreased down to 5.6 and ITB was
located at pitch minimum of g~2 (Fig. 6(c) (T, showed no barrier-structure unlike reversed-shear

mode (see paper 2.3 in this review)).
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FIG. 6. Comparison of profiles of safety factor q (data points by crosses; fitted result by a solid line),
magnetic shear (r/q)(dg/dr) (a dotted line) and T, (closed circles). (a) qdf:IZ.tS, (b) qeﬂ=9.2. (c) q'ﬁ=5.6.

I

It should be noted that the g-value at ITB was around g=2-3 while g, was changed by a
factor of 2 (Fig. 7). This result may be interpreted several ways: 1) ITB was formed on g=2
and 3 surfaces, which was consistent with the above-mentioned hypothesis on the role of

rational surfaces; 2) low or negative s is a key mechanism of

reduced transport as predicted by Fukuyama et al.”; 3) the T I ‘ '

E x B velocity shear induced by unknown mechanisms can be _ 07 [ ' AN
a candidate because velocity shear usually accompanied with E os - -
ITB. Two of these candidates 1) and 3) are difficult to be g o _ b. g 1o ﬁ 1
checked due to the insufficient space and time resolutions of L T a, ;A
MSE and CXRS measurements. Preliminary assessment of 04 -~ ; : L s ’1'0' —

the Fukuyama’'s theory is described in the next section. g Qen
FIG. 7. ITB location vs. geff {

O), the local q at ITB of which
3. Comparison with theory of self-sustained turbulence is shown by @.

The theory of Itoh et al.% ? of self-sustained turbulence driven by current diffusivity was
successful to explain the power-degradation of energy confinement time. This is the first
theory which explains the experimentally observed profile of thermal diffusivity ( ¥ increasing
toward the edge). Fukuyama et al. reported®, based on this theory, that thermal diffusivity is
improved as a result of the cooperative effect between the current profile and the pressure
profile and that the improved confinement in high- 8, mode, i.e. ITB formation, can be
explained by this model. In fact, ITB was formed in weak-s regions (s £2) as seen in Fig. 6.
Here we compare the threshold power of ITB formation and ITB location with predicted
ones.

The theory predicts that threshold power scales as P, e I,*¥. Experimental results are
shown in Fig. 8(a), the data set of which is identical to that shown in Fig. 4(c) in the paper 4.1
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in this review. In this data set, B, was changed with [, in order to keep q,,~6.7. This
parameter coupling seems not be a problem for the assessment of this theory because the

predicted thermal diffusivity ,

2

2on = F(s 0,k wi7v_;e (0 =—g'Rafdr, k=—(rR)(1-q7)), (1)
pe q

is not sensitive to B: B-dependence in x might be weakened by the constraint of g, The

observed no strong I -dependence of absorbed power fovd

was in contrast to the prediction. < " j(:':l)i e
The theory also predicts that the radial location of ITB ¥ { winme @ )
at its onset scales as r,, o< P**/1 *®. Experimental results %, ' L . ° :_
are shown in Fig. 8(b). The data with fixed [, (=1.4MA) :. i é o S
and n,=0.75-0.9 x 10" m” are chosen from Fig. 4(a) in the 3 ) s wﬁout - o ohy
paper 4.1 in this review. Irrespective of the change in P ot I ]
by a factor of 1.8 (change in P** by 29%), r,;, was-almost 00‘-5 Sm— !1 S ;5
constant. [, dependence of r, is shown in Fig. 8(c), where L (MA)
absorbed power was almost constant as Pir=4-4.8 MW. orr (5) T T ]
Results showed a slight decrease in r,,, with [, however, o5 - ]
the predicted strong dependence as ry «<I,*® was not o [ §
recognized. Detailed comparison must be carried out using % 05 — ®°® oo _
the complete set of profile data such as p(r) and g(r), which = | =14MA
allows the evaluation of the factor Fin eq. (1). 041~ B =447 ]
[ 0.75<Ra(10'9) <0.9 ]
0.3 Lo o Lo
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4.3 MHD Analysis of Instabilities Associated with ITB
S. Takeji, Y. Kamada, T. Ozeki, S. Ishida, T. Takizuka, Y. Neyatani, S. Tokuda

1. Introduction _

High poloidal beta ({4,) operation is required for a steady state tokamak reactor, in which
avoidance of pressure-driven instabilities is crucially important to achieve a high performance
plasma. In this review, we report pressure-driven magnetohydrodynamic (MHD) activities in
the high-3, mode; (1) the 3,-collapse which terminates the improved confinement abruptly [1-3]
and (2) the minor collapse which does not result in the degradation of the improved confinement.
We refer to the minor collapse as the “barrier localized mode (BLM)”, since it is associated
with a significant pressure gradient generated around the internal transport barrier (ITB) [4].
Experimental observations and stability analysis of the BLM are described here in comparison

with the Bp-collapse. -

2. MHD Characteristics of Barrier localized Mode -

Time evolution of typical high-3, mode discharges with the 3,-collapse and the BLM are
shown inFig. 1. The two discharges have almost the same experimental conditions as the plasma
current (1) of 2 MA, the toroidal field (Br) of 4.4 T and the neutral beam injection power { Py gr)
of about 28 MW. The 3,-collapse becomes more disruptive with increase in plasma current and
the BLM often occurs in such large current discharges. One of the obvious differences between
the 3,-collapse and the BLM is the effect on the stored energy (W;,). Reduction of Wy, by the
BLM is quite smaller than that by the 3,-collapse. The line-averaged electron density (7.) and
the edge ion temperature (7;) increase after the BLM and the high-3, mode is changed to the
high-3, H-mode.

1o 117088 By-collapse " o #1710 BLM
= = o [
£ 3 =
< i 2 =S
5 ... P - = -
g I/- o R R T uzj 'gu ﬂz3
o [+
"0 ( i W 0o = =
2 "l %0 I L= 3
= 2 < 8 <
; 3 g
lf 0 ol i TP 018 W PP I. [#] @] l,}g’ o
> 20 e :
@ L e ! Q L_/‘./J N
2 [va=o056/ , < lra=056 /"
& l' [ - s =231
z -~ Ha=0878 % Lo Ha=DE7 N\
g VI ETYY FYYT i (W s S ) = FreeT T Laanls revys- TN | 1 1
F 20 52 54 56 58 60 F 52 54 56 58 6.0 6.2
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Fig.1 Typical MHD behavior of the 3,-collapse and the BLM.

Figure 2 shows the radial profile of relative change of the electron temperature (7,) by
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the collapses. In case of the 3,-collapse (dotted line), the change of T, is observed in the whole
plasma region. On the other hand, the BLM (solid line) does not changes T, at the central region
and the inversion radius of the change of T, is near the ITB, which implies that the BLM is a
localized mode occurring near the ITB. The BLM releases energy from inside the ITB to the
outer region to trigger the L-H transition.

Typical magnetic fluctuations during the BLM is shown with the electron cyclotron emis-
sion (ECE) signal in Fig. 3. No clear precursor of the BLM was observed. The amplitude of
the ECE changed in the time duration of about 1005, which is the time scale of the ideal MHD.
The magnetic fluctuations with low toroidal mode number (n) were excited during the BLM.
The largest mode was the n = 1 kink mode. Just after the BLM, the postcursor of the BLM was

sometimes observed, of which poloidal mode number (m) was 3 < m < 5.

—e—BLM 1 -
(At=200ps) |--e-p -Collapse 3
0. : L LS
0.3 Ehie w, 13=0.48 B 71 ™3 )
t ' “‘}‘ !JH ilnversion J w
0.2 {Radius .. —_
o Er/ :!
F o1 /'\ " 8
(=3
L] K «10
':; 0 * 1\\“ ;
-0 .."‘ rfa=0.81 it g
0.2} Shull S il @
) i-.--o-"" -frv-J ] =
O s 08 1 6.013 6.015 6.017
t/a Time (s)

Fig.2. Radial profiles of change of the electron tem- Fig.3. Time evolution of ECE and magnetic fluctua-
perature by the BLM and the 3, -coilapse. Time period tions.
of the change is 200us.

We searched for the parameter region occurring the (,-collapse and the BLM. Figure 4
shows 3, — 7, VT, region where we observed the J,-collapse and the BLM in the same discharge
parameters ([,=2 MA, Br=44T, internal inductance £; ~ 1.0 and g.;f = 4.7) The parameter
7. VT, indicates the local pressure gradient near the ITB. The BLM occurs in the lower 3, region
(B, < 1.1) than the §,-collapse (3, > 1.2) with the same local pressure gradient near the ITB.
Time trajectorys to the G,-collapse and the BLM suggest that the BLM occurs when 7. VT,
grows relatively faster than the growth of the §,, and 7.V T; reaches to certain boundary of

instabilities associated with the local steep pressure gradient.

3. Stability Analysis of Barrier Localized Mode

Numerical analysis was done to study the effects of the local steep pressure gradient
at ITB on the ideal MHD stability. We used BETA code and ERATO-J code for the stability
analysis of infinite » ballooning modes and low n kink-ballooning modes, respectively. At first,
we considered only the effect of the pressure profile. Figure 5 shows a stability boundary on
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B, — Vpurs) plane for the n = 3 kink mode and the infinite n ballooning mode with the typical
experimental data, where Vp(rp, is the local pressure gradient at the I'TB and the n = 3 is the
most unstable low n mode in the situation (Detail of the stability analysis were described in Ref.
5). We found that the stability boundary against the low n kink-ballooning modes is 3, ~ 1.3
and is a weak function of Vg, while the stability of the infinite » ballooning modes depend
on Vprg)- The stability boundary against n = 3 mode corresponds to that for F,-collapse. The
width of the experimental data is due to uncertainty of the gradient of 7; and the n, profile near
the ITB. The local pressure gradient Vprpg) can reach to the stability boundary of infinite n
ballooning modes, while low n kink modes are stable.

We investigated the effect of the current profile with the pressure profile. Current profile
may be changed locally by V7 gy through the bootstrap current, which weaken the local mag-
netic shear near ITB. Then, we found that low n kink modes are destabilized with the relatively
localized displacement distribution near ITB (Fig. 6). On the other hand, infinite n ballooning
mode is stabilized due to the weakened magnetic shear near ITB. Figure 7 shows a dependence
of growth rate of the n = 1 kink mode on the ¢ value at the weak (negative) magnetic shear
near ITB. The low n mode has positive growth rate only when the q value at the weak (nega-
tive) magnetic is close to integer. The plausible integer q value near ITB is 2 in our employed

equilibrium.

4. Summary and Conclusions

This review paper reported pressure-driven instabilities in the high-53, mode in JT-60U. A
localized mode (BLM) is destabilized at the ITB. The BLM results in a non-disruptive collapse
to induce the high-3, H-mode. The BLM is accompanied by the low n magnetic fluctuations and
grows in the time scale of the ideal MHD, which suggests that the BLM is an ideal low n kink
mode. Ideal MHD stability analysis showed that low n kink modes with the relatively localized
displacement distribution can be destabilized when the magnetic shear is locally weakened by
the bootstrap current driven near ITB and the q value is close to integer at the weakened magnetic
shear. The result of the stability analysis is consistent with the present experimental one.

Results of the stability analysis depend on the employed equilibrium, i.e. current and
pressure profiles. Details of the BLM will be revealed by measurement of the current profile in

the situation in near future.
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5. H-mode, L-mode Confinement

5.1 Confinement of High Current Hot-Ion H-mode Discharges
S. Ishida, Y. Kamada, A. Isayama, H. Kimura and Y. Neyatani

1. Introduction
The development of a high current low-q regime is an important issue to determine

whether it will be workable for ignition devices such as ITER. As the confinement improvement
appears to be lowered with decreasing the safety factor or increasing the plasma current [1],
it has become necessary to assess an optimal q for future tokamaks. In 1995, the hot-ion
H-mode regime was extended up to 4.5 MA in JT-60U, which allowed us to investigate a
low-q regime down to qy~2.0 with high performance plasmas including a nominal q value in
ITER, qys~3. This paper is discussing the achievement and limitation of confinement and
stability performance for the high current hot-ion H-mode discharges in JT-60U.

2. Experimental conditions

The hot-ion H-mode discharges in JT-60U have been produced with intense neutral
beam injection (P, <30 MW) and/or second harmonic ICRF heating (P,.<5 MW): for the
standard configuration with 3.0<I <4.5 MA, B~3.85 T, R ~3.5 m, a~1.0 m, an elongation of
K~1.4, a triangularity of 8~0.2, and q,,=2.4-3.5; and for the high elongation configuration
with 3<[ <4.5 MA, B~4.2 T, R ~3.2 m, a~0.85 m, k~1.7, 8~0.06, q,=2.5-4.0. It 1s noted that
the combined heating of NBI and ICRF was done only for the standard configuration experirﬁent
because of the antenna coupling. The experiments were aimed at improving the fusion
performance such as the fusion triple product. While the target plasma was accompanied with
sawtooth oscillations, the sawtooth period was prolonged by the central beam injection and
more effectively by ICRF heating. The avoidance of locked modes at low density was

necessary for producing a stable and robust o EEAE

. . ) £ In=d MA
target plasma. A relatively high internal waa L//\—/
. . M)
inductance around ~1.1 was obtained by e e
. . . T |
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temperature evolution. Following the ELM

free phase of ~0.5 s, a large ELM (Edge 28 - T 'i‘ o
Localized Mode) occurs and'degrades the 2.0 ' Xy é
confinement improvement. Because of the 5 15 - % o ::
large bore plasma, the fast ion loss fraction § : 1
to the total beam injection power due to the £ 10 _ E
toroidal field ripple reaches ~40% for a 0.5 | . gi(?nﬂ) .
i . L TER [ o 95(EL) ]
standard configuration and ~20% for a high 0.0 Lo ¥ T
elongation configuration. While this 0.04 1” . ”21 _ ? - ]?, . 15. . 6
enhanced loss of thg injection power is not a s EBEn ]
taken into account in this paper unless & 0.03 - 8 c 95 (EL)
otherwise noted, the influence of the ripple- E -
induced fast ion loss on confinement is :‘" 0.02 1 1
discussed in a separate paper [2]. i£ - ]
c 001 [ :
3. Safety factor dependence 0.00 L L
Although the confinement improve- ! 6
ment (H-factor against the ITER89-P L- Fig.2 H-factor and <nT> Tg as a function of

mode scaling) is substantially decreased, g* for the hot-ion H-mode regime

the fusion product continues to increase with the plasma current. However, the further
degradation of confinement would result in a decline of the fusion product with decreasing
the safety factor. This tendency appears to be seen as the upper envelop for the data in Fig.2
where the H-factor and the volume-averaged fusion product are plotted as a function of the
cylindrical safety factor defined as q*=na’ B [1+*(1+28%-1.28") (1, R }~qys for the hot-ion
H-mode discharges obtained in 1992-1995.

1.2
Here, an optimal q for the fusion product Bt=3.8-4|.4 T | ] High- B
appears to be q*~2.5 in this regime. 1.0 o° - 7
A

As discussed in Ref.[3], the ratio :‘?_' 08 | )
of H-factor to the safety factor, H/q, is a

, e , S 0.6
useful figure of merit for ignition margin g % [ 7

w
as the value of (H/q)? is proportionalto = 0.4 L -
the fusion product, where H/q;20.6 is
required for sustained ingnition. Figure 3 0.2 1 Hot-len H-mode in "95 Wotion Hmode |
L @ loss extrac In "92-'83

shows the Hi e »/a* as a function of g* 0.0 h o Rpplefope et A|I s
for the hot-ion H-mode regime in 1992- 2 q:i .

1995 and the high-B, H-mode regime in  Fig.3 Hlg* as a function of g* for the hot-ion
1992-1993 where the cross symbols H-mode regime as compared with the high-ﬁp

indicate the fast ion ripple-loss corrected H-mode regime
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values for the hot-ion H-mode data in 1995. It is found that both high performance regimes

in JT-60U are closely approaching the domain of H/qy~1 at qys~3 required for ITER.

4- Stabilit de radation T T 177 UrAd T T T 1 AT 1 1
y g . 10 : B =2.IS Z.g 1[.5{ ]1-0/ : * Hgh BvexD’
The most obvious gl " R %?é‘:,iﬂ)
concern appears to be the r . 11 0 ey
significant  stability g 6 : ’ 1 Figd Wy, as
degradation with the plasma g A b 4 afunction of
current. Figure 4 shows the 3 L /i 1 1pBVplator
diamagnetic stored energy as 2 r A 1 the hot-ion H-
L x 1 mode regime as
a function of [ B,V /a for the o X o] compared with
hot-ion H-mode regime in 0 500 1000 1500 2000 the high-B,, H-
- 1,BV /a (MA-T-m 7} | mode regime

comparison with the high-B,
regime where the gradient represents the normalized beta defined as By=p[%]aB/I [MA]. In
contrast to the high-B regime, the attainable B, value tends to be decreased in the hot-ion
H-mode regime with a broad pressure profile consisting of a low pressure gradient in the core

region and a high pressure gradient at the edge. 4

I
High- 5" axp.

The stability improvement has so far i ,(: ,g;
"X x X
x
>
%

been addressed mainly for a high q region 3k
above q*~3 in JT-60U as shown in Fig.5
where the B, is plotted as a function of ¢* =™ 2
for the hot-ion H-mode regime in comparison

with the high By at low B, the high-B, H- 1r *
mode and the ITER regimes. The hot-ion
H-mode regime shows that the stability tends 0 1 5

to be degraded with decreasing q*. The
demonstration of stability improvement
around q*~3 becomes crucial to determine

Fig.5 By as a function of q* fior the hot-ion
H-mode regime compared with the high-Bp

H-mode regime and high-By regime
whether the low-q regime is workable.
In the high current regime, the confinement and stability limitation was most often

caused by a large ELM event following a ELM free phase, suggesting that the edge stability
limit is a primary cause of the observed stability degradation with increasing the plasma
current. Figure 6 shows the B as a function of B¥(2u,R q*’) where the B /(211,R g**) value
is a measure of edge pressure gradient limited by ballooning modes [4]. The result indicates
that the beta limit tends to be degraded with increasing the edge pressure gradient. It should
be remarked that the pressure gradient development during an ELM-free phase reaches a
critical value for the edge stability before the core pressure develops sufficiently in high

current hot-ion H-mode discharges.
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Therefore, the further profile optimizafion in the core plasma would be possible for

improving the stability performance by enhancing the central heating and hot-particle fueling
from NBI in JT-60U {5]. High triangularity configurations would be also effective for the
prolongation of the ELM free phase and the suppression of ELM activities [4].

Fig.6 By as a function othzl(2,u0
R pq*2 ) for the hot-ion H-mode

regime as compared with the high-
Bp H-mode regime, the high-B
regime, a typical JET discharge and
‘the ITER regim

High- 8 H-mode
(peaked density profile)

I T N S T Y O O A A O A O BN A |

0 0.2 0.4 0.6
B, /(2R ,a* %) (MPa/m)

5. Conclusions

The hot-ion H-mode discharges up to 4.5 MA were achieved so that a low-q regime

down to q*~2 was explored for the high performance plasmas in JT-60U. As the plasma

current is increased, the confinement improvement is substantially decreased so that the
fusion performance was maximized around q*~2.5. While the stability degradation with

increasing the plasma current is clarified in association with the edge stability, the further

improvement in performance would be possible with the enhancement of the central heat and

hot particle deposition and the application of the triangular plasma shaping.
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Kamada Y. et al., Section 3.2 and 3.3 in this report.
Park H. et al., in Plasma Physics and Controlled Nuclear Fusion Research 1994 (Proc.
15th Int. Conf. Seville, 1994), IAEA, paper IAEA-CN-60/A2/4-P-1.
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5.2 Effects of Ripple Loss of Fast Ions on High I, H-moede
Plasma Confinement

A. Isayama, S. Ishida, H. Shirai, Y. Kamada

1. Introduction

In a Tokamak, toroidal field is made by toroidal coils, whose finiteness causes ripple in the
toroidal field. It is known that charged particle trapped in the toroidal ripple is lost outside of
plasma within much shorter time than confinement time of the plasma. In JT-60U, the number
of toroidal coils is 18, and about 70% of input power is supplied by perpendicular NB
injection for full power NB injection. Thus the effects of ripple loss is not ignorable in large
volume operation and it is important to include the effects of ripple loss in confinement study.

The ripple loss power and the effects of it on high current(low safety factor) plasma
confinement in the standard configuration(plasma volume Vp=90m3) and the high elongation
configuration (Vp=70rn3) is investigated by using OFMC(Orbit Following Monte Carlo) code[1].

2. Assumption in calculation and plasma parameters in analysis

Particles orbits of neutral beam are traced by OFMC code until they are thermalized or lost
outside of the bulk plasma. In calculation, effective charge number is assumed spatially
uniform and set to 2.5. Particle confinement time is assumed 0.5sec. Observation time is just
before the degradation of stored energy W, caused by the occurrence of ELM or sawtooth
oscillation. Plasma shapes and beam lines in the high elongation configuration and the standard
configuration are shown in Fig.1. Ranges of plasma parameters in analysis are as follows:
plasma current [ =3.0-4.5MA, toroidal field B=3.8-4.3T, effective safety factor q,=2.4-3.8,
NB injection power=16-28MW, averaged electron density=1.8-4.2x10"°m".

3. Results of calculation _

The V, dependence of ion heating power and electron heating power and ripple loss power
are shown in Fig.2. Each value is normalized by input NB power. The larger V, becomes, the
smaller ion heating power becomes: the ion heating power is 50% of input NB power in the
high elongation configuration and 35% in the standard configuration. The reverse is the case
for the ripple loss power: in the high elongation configuration, it is 20% and comparable to
electron heating power,; in the standard configuration, it becomes as large as 35% and comparable
to ion heating power. The increment of ripple loss power is as large as the reduction of ion
heating power, which means that larger ripple loss impedes efficient ion heating. As for the
ratio of shine-through power and charge exchange loss power to total NB power, they are
small(<10%). It should be noted that shine-through loss power has a strong correlation with

electron density as shown in Fig.3.
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4. Discussion
Energy confinement time is defined by W, /P,.,, where P, is net input power. Upper limit

netr

and lower limit of energy confinement time are obtained as follows.

T =W g/ (Plot_dea_PST_PCX_PRP[) : for upper limit,
'tElowerzwdia/ (Pam_wdja_P ST) : fOl' lOWCI’ limit’
where P, Pgp, Poy Prey are total NB power, shine-through loss power, charge exchange loss

power and ripple loss power, respectively. The V, dependence of H-factor is shown in Fig.4.
In this figure, shots are selected so that the plasma parameters, such as electeron density, Q..
net NB input power and internal inductance, show almost same value. The shot numbers and
plasma parameters used in this analysis are listed in Tablel. The H-factor of thermal
component(discussed later) is also plotted. Even if the ripple loss power is extracted from NB
injection power, degradation of H-factor is observed. One of the reasons is thought to be the
difference of NB deposition profile. Typical deposition profiles for the high elongation
configuration and the standard configuration are shown in Fig.5. The peak position for the
standard configuration locates outer region than that for the high elongation configuration.
Thus fast ions are more easily lost out of the plasma before they are fully thermalized. Or
there may be some other effects of the ripple loss on confinement. It was shown that v,
dependence of H-factor becomes small by extracting the ripple loss power from NB injection
power in lower I (=2MA) plasmas[2]. The discrepancy may be attributed to q., averaged
electron density and V . Since g, is higher(>5) and averaged electron density is lower(<2x10%
m?) and V . is smaller(<80m’) in Ref.2, the degradation may not be obvious.

Next, we consider the thermal energy confinement. W, can be thought to be sum of the
stored energy of thermal energy W, and that of fast ion component Wy, Since the energy of
injected NB is 90keV, the slowing down time of fast ions is comparable to giobal energy
confinement time. By assuming Wfas,/W =W,,./W . the energy confinement time of thermal
component T,."* is expressed as follows:

TEm{H)zwthl (P (W i W W /Wy P Pex=Pep) -

The scaling of thermal energy confinement time of L-mode plasma t,"" is given by Takizuka
and Shirai,

’CEm(L)——-O.O ATexp(-1 .2u)Mo.15w.3uK1.10-0.¢5uRp1.0740.73;13?1.15—0.45“1;:2]3 l(SMp}IanIQIIZPnﬂ—ZB i
where M, x, R, a, and n,, are jon mass number, elongation, plasma major radius, plasma
minor radius and electron density in unit of 10"*m™ , respectively[3-5]. p takes from O to 1.
By using these parameters, H-factor of thermal component H,, can be defined by T M ),
The R, dependence of H,, is show in Fig.4. In this figure, p is set to 0.5. Unlike the H-factor
including fast ion component, H,, does not change significantly, which means thermal component

is less sensitive to ripple loss.
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5. Summary

The ripple loss power and the effects of it on high current(I =3.0-4.5MA) plasma
confinement in the standard configuration and the high elongation configuration is investigated
by using the OFMC code. The ripple loss power is as large as ion heating power in the
standard configuration. Even if the ripple loss power is extracted from NB input power,

degradation of H-factor is found.

References -
[1] TANI K., AZUMI M., KISHIMOTO H., and TAMURA S.: J. Phys. Soc. Japan,
50, 1726 (1981).
[2] VAN BLOKLAND, AZUMI M., KIKUCHI M., TANI K. and TOBITA K.:
Plasma Phys. control. Fusion, 36, 925 (1994).
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Fig.l: Typical plasma shape and NBI beam line for (a)the standard configuration
and (b)the high elongation configuration.
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Table 1. Shot numbers and plasma parameters used in analysis,

4 45
mJ)

Shot No. Configuration  Ip(MAY BT} Rp(m) geff Vp(m*3) i e (m*-3) _ PNBI(MW) Pnet(MW) _
23142 Standard 3.0 3.8 3.4 35 88 1.1 2.3E+19 19 10
23143 Standard 3.0 3.8 34 3.4 88 1.1 2.6E+19 22 12
23969 High Elogation 3.4 4.2 3.2 3.4 69 1.1 2.6E+19 26 10
23979 High Elogation 3.5 4.2 3.2 33 67 1.1 2.6E+19 26 1
23996 High Elogation 3.5 42 3.2 33 €5 1.1 2.8E+19 26 11
25 r aip®
_ 810" [ i
5 2 R ] % f %&G«
T,s o] 2 :
X
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Fig 4: Vp dependence of upper limit of
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Fig.5: Typical NB source profile for the
standard configuration (W) and the high

elongation configuration (O).
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5.3 Recent Results on H-mode Confinement Studies in JT-60U
(Contributions to the 5th H-mode Workshop)

T. Fukuda, T. Takizuka, Y. Kamada, H. Shirai, K. Tsuchiya, H. Takenaga, M. Sato, M.
Kikuchi, S. V. Neudatchin, N. Isei, Y. Koide, M. Azumi, S. Ishida, M. Mori, O. Naito, Y.
Kawano, T. Hirayama, R. Yoshino, K. Ushigusa, S. Tokuda, Y. Neyatani and S. Takeji

Improvement of the energy confinement is admittedly one of the most crucial issues to
realize thermonuclear fusion reactors. On the basis of L-mode confinement, a tokamak reactor
would require a large value of A X Ip of more than 100 MA, where A is the aspect ratio and I
is the plasma current. This value is too large in terms of the economic constraints and
engineering difficulties. Therefore, irri_proved confinement is indispensable in the fusion
plasmas. Various kinds of improved confinement modes have been found out and developed
on many tokamaks in the world. Among them, ubiquitously observed H-mode is one of the
excellent improved confinement modes. This mode is characterized by the formation of edge
transport barrier. Features of improved core confinement are often combined with that of H-
mode, which often leads to further enhancement of fusion performance. From the viewpoint of
steady-state operations, ELMs (Edge Localized Modes) are useful for the particle control,
although the energy confinement is slightly degraded. The ELMy H-mode is therefore
considered to be a principal operational scheme in ITER. For the engineering design of ITER,
there still remain issues to be clarified on the H-mode characteristics, such as energy
confinement time scaling, H-mode power threshold scaling, non-dimensional transport, ELM
model and so on. These issues are required to be studied on the present tokamaks as ITER
physics research needs [1].

In order to fulfill the requirement above, a series of experiments on the H-mode
confinement was undertaken on JT-60U. Recent results of the H-mode confinement study in
JT-60U during the period from April to September, 1995 are published in Ref. 2, and this
chapter therefore only summarizes the result of individual work in this report. The authorship
for each study lies on the authors of each chapters in Ref. 2, and there is no particular
authorship for this chapter. Subsection headings in Ref. 2 are as follows: (1) the scaling of
high T; H-mode confinement, (2) time behaviour of heat diffusivity during L-H-L transitions,
(3) time evolution of transport properties in H-mode plasmas with improved core confinement,
(4) non-dimensional transport experiment, (5) threshold power scaling, (6) parametric study of
edge local quantities at the transition, (7) effect of edge neutrals on the transition criteria, (8)
phenomenology of H-L back transition, and (9) the onset condition of ELMs.
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1. Scaling of High T; H-mode Confinement

Comparative studies among the JT-60U confinement data of ELM-free high Tj H-mode,
L-mode scaling law (ITER-89 power law) and ELM-free H-mode scaling laws were carried
out. The average of H-factor for the present data is about 1.8, which is much smaller than that
expected from the ELM-free H-mode scaling (H = 3). Scatter from the fitted function, Tg = 1.8
X TEITEngp, is rather large. In order to clarify the effect of high Tj, we have camried out a

preliminary analysis of the data, and found for the first time that values of H-factor are fitted
well by a formula, Hfit = 1+ (Tjo/ Teg - 1) ne!5/1p2.

2. Time Behaviour of Heat Diffusivity during L-H-L Transitions

L-H-L transitions for high field pulses in JT-60U were analyzed. The simultaneous T
response (with uncertainty of 10 ms) has been clearly observed during L-H-L transitions over
0.2 < p <0.9in JT-60U plasmas sirrfilarly in JET. This evolution of Te(p, t) is difficult to be

explained as the result of HPP from the periphery, but is reasonable to be described as the
result of the fast X, jump (reduction at L-H transitions and increment at H-L transitions) over
0.2 <p < 0.9. The simultaneous T; response (with uncertainty of 20 ms) was also observed
similarly to the Te response. The fast variation of X (at least 20-40 times less than Tg) inside
almost all the plasma volume is a heuristic feature of the L-H-L transition in JT-60U. The Te
response in the central region (p ~ 0.3) often delays, compared with that in the outer region (p
~ 0.5) seen, and the role of HPP could be important similarly to JET results. Values of Xe
jump, 8X¢, were obtained for 0.5 < p < 0.7, whose absolute values were 0.6 m2/s < 18Xl <
0.9 m2/s. They usually increase with radius. Values of 8Xj were also obtained for 0.4 < p <
0.7. Their absolute values, |5%¢! and |8X;[, usually increase with radius. In high I, pulses (Ip
>3 MA/B, = 4.2T), values of | 8X; [~0.5m2/s are almost the same as or a little smaller than
those of |18Xel, while in a low I, pulse (2 MA/4.2 T), values of 0.6 m2/s < 186Xl < 1 m2/s are
almost the same or a little larger than |18X|. In a low field pulse (1.5 MA/2.5 T), values of
18X;| are rather large as 2 m2/s at p = 0.60.

Values of 8X are consistent with the change of Tg during transitions. The dependence of
8X; is negative on By or Ip like 1/B, or 1/I,, while the By or Iy dependence of X is weak.
These I, dependencies agree qualitatively with the result of power balance analysis for JT-60U

L-mode plasmas.

3. Temporal Evolution of Transport Properties in JT-60U H-mode Plasmas

with Improved Core Confinement
Temporal evolution of the global confinement and local transport properties in ICC H-

mode plasmas with Tj(0) = 20 keV was studied. At the first L-H transition when both Te and
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Ti keep increasing and the confinement continues to improve, TH factor and ¥; change in two
different time scales: much smaller than tg!h at the L-H transition and the succeeding slow
change is on the time scale of 1g™. At the repetitive L-H-L transitions, when the confinement
improvement is well developed, TH factor and  change on a much smaller time scale than Tt

We continue the transport study of ICC H-mode plasmas to clarify the mechanism of fast
and slow changes in the global confinement and local transport properties. Difference of e
behaviour in shot E16168 (small change between L- and H-phases) and in shot E16107
(remarkable change) is not resolved. The evolution of ) in the edge barrier was not studied
here because of lack of edge profile data. These are future problems to be clarified.

4. Non-dimensional Transport Experiment in JT-60U
Non-dimensional transport experiment for the ELMy H-mode plasmas was carried out

under the ITER relevant conditions. The obtained results show that the confinement property
of the ELMy H-mode is a Bohm type. When Br increases with constant B and decreasing p..

an index of ELM activity, B/p.. increases and ELMs become more vigorous. We suppose that

this enhanced ELM activity suppresses the degree of H-mode confinement in plasmas with
smaller p,. This suppression can be well the cause of the Bohm type confinement for the

ELMy H-mode discharges in JT-60U.

In order to reduce the ELM activity, the increase of the triangularity d of a plasma cross
section can be efficient. We will perform the non-dimensional transport experiments in the high
d configuration of JT-60U.

5. Threshold Power for H-mode Transition in JT-60U Plasma

In order to reasonably reduce the influence of wall conditions as much as possible, power
threshold data was obtained from the consecutive tokamak discharges in a single series of
experiment with a fixed equilibrium configuration. Pnp!h is scaled as ne®3 Bt 12 in the region
Tie 21.2x109m -3, The density dependence of Py, was weaker than PpTER, and the threshold
power significantly increases with decreasing density in the range fie1g S 1.2 x1019m -3, This
is congenial to the ne®7B1S scaling produced by the ITER H-mode database working group.
The quality of database compiled, thus having been remarkably improved, Ip dependence of
Pngth was not resolved. It can be deduced from the JT-60U scaling that Py, for ITER is less
than 100 MW. Further analysis is in progress for the better scaling with other tokamaks,
regarding the role of aspect ratio which is related to the ion orbit width.

6. Parametric Study of Edge Local Quantities across the H-mode Transition

We have herewith clearly documented that the low density limit for the H-mode transition
does exit, and it can be scaled with gefr or the edge neutral density. Therefore, it was suggested
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that the density limit can be machine dependent. We have also shown that increase of the edge
neutral density reduces the value of ion collisionality required to induce the transition, which
significantly increase the necessary NB heating power. In the region where the ion
collisionality at the transition is remarkably below unity, the ratio of charge exchange frequency
divided by the bounce frequency, as evaluated by the DEGAS code, is significantly large. It
can be deduced from the results above that the ion collisionality is not the sole necessary
condition for the H-mode transition, and we are urged to seek for the full set of criteria.

7. Effect of Edge Neutrals on the Condition of H-mode Transition Effect of
neutral density on the H-mode transition was experimentally studied in JT-60U. The neutral
density near the separatrix was evaluated with the DEGAS code. We have obtained the result
which indicates strong correlation between Vi*err and ng95/ne95. This means that the edge
neutrals have a substantial inﬂuencit‘: on the condition of H-mode transition, and it is also

consistent with the transition theory, which is based on the ion orbit loss.

8. H-L Back Transitions

The H to L back transitions observed in JT-60U were categorized into three species,
depending upon their phenomenological features; i.e., the one which occurs (1) after the end of
the NB heating phase, (2) during the density increasing phase due to the strong gas-puffing,
and (3) when the wall conditioning is insufficient , which is related to the high recycling factor
and or a large amount of the impurities generation at the first wall and the divertor plates.

The first phenomena is often observed after the robust ELM activities, whilst in the
second case, H-L back transitions are not obvious. This is consistent with the theoretical
predictions, which concerns the edge neutral density. The third case represents repeated L toH
and H to L transitions.

9. Onset Condition of ELMs
For the standard shape of JT-60U at low triangularity § (~0.1), it was confirmed that the

onset condition of the giant ELMs is clearly correlated with the high-n ballooning limit in the

first stability regime over wide ranges of plasma parameters (Ip, By, qeff..)- The edge pressure
limit increases with elongation « (1.5-1.8) and internal inductance I;. The &-scan (-0.05 ~ 0.4)

experiment showed that the limit of edge density, edge pressure and edge pressure gradient
increases with 3.

References
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5.4 Edge Pedestal Width of H-mode Plasmas in JT-60U

T. Hatae, S. Ishida, Y. Kamada, T. Fukuda, T. Takizuka, M. Kikuchi,
H. Yoshida, O. Naito and Y. Koide

1. Introduction
Quantitative investigation of edge transport barrier formed at the H-mode transition is an

important issue for the understandings of H-mode phenomena. In JT-60U, the pedestal width
in H-mode observed in T,, T, and n, profiles, are studied and compared with the theory ™.
Recently, the peripheral profiles of T,, n, and T; in JT-60U are measured with significantly
improved spatial resolution with the Ruby laser Thomson scattering system and the charge
exchange recombination spectroscopy system (CXRS). In this study, we carried out NBI
experiments with a wide range of plasma current from IMA to 4.5MA in order to investigate

the poloidal gyroradius dependence.

2. Edge Pedestal Width and Edge Parameter Dependence
We introduce a quantity, of which we refer to

as the pedestal width. The pedestal width is defined 4 EM "ee.“"“°f‘e
as length from appearance point of temperature - Ar
and density steep gradient to plasma surface 3- i '* :‘-"’*

(separatrix) at the periphery of plasma. A peripheral
electron temperature profile and its pedestal width

(Ar) are shown in Fig.i. In this study, we are

Te (keV)
F L)
!—I—C
-
:"!—i".“—-‘" :

concerned with T, and T, pedestal width. Both 1 *
pedestal widths are almost comparable in the ELM I jl
0 1 L I .
free H-mode plasma. 08 - 08 1
Shaing proposed the theoretical edge radial ria
electric field layer width in H-mode as follows 9 Fig.l Peripheral electron temperature profile
Ar = '\/E(pp-/*\/_), in ELM free H-mode plasma(E023956).
l Plasma current is 3.5MA, toroidal field
S= 1 dE" , is 4T. Pedestal width Ar is 3.9% cm.
B, dr

where p,, is poloidal gyroradius of thermal ions and § is squeezing factor. In a 3.5MA
H-mode plasma, E, is estimated -79+34kV/m at v, ~-6km/s by the CXRS diagnostic. As the
pedestal width is 3.8cm, dE, /dr can be estimated -2. 1x10°V/m? At this time, the squeezing
factor is 1.08 (1,=3.5MA with Bp=0.72T). Hence the squeezmg factor is in the range of about
1-1.2 in JT-60U. We can say that squeezing factor is almost 1. As the term of f Epp 1S a
banana width, the theoretical width Ar could be comparable to the banana width in JT-60U.



JAERI—Research 96—018

The new data set of the pedestal width was obtained with wide temperature ranges of
peripheral T, and T, profiles in the ELM free H-mode plasma. Frdrn_t_his data set, we have
proved that the pedestal width did not simply be expressed by the inverse poloidal field (1/B,)
in contrast to the previous results  (Fig.2).

10

T T T T T T T T :
° Fig.2 Relation between pedestal width and
8l ( for Ti m for Te) § inverse poloidal field (1/B,). Circle
symbols show pedestal widths for T,
-~ 6L 4 profile. Square symbols show pedestal
g widths for T, profile. The pedestal width
g 4L i does not simply be expressed by 1/B,,.
2t -
0 L 1 1 1

0o 1 2 3 4 5
1IBP (T

At fixed T,, the pedestal width is inversely proportioned to poloidal field dependence. The
pedestal width normalized by 1/B, shows a linear dependence of the square root edge ion
temperature suggesting the poloidal gyroradius dependence of the pedestal width (Fig.3).

5 ) ’ ' ) ’ Fig.3 Clear T, dependence of the pedestal
4 P width. Circle symbols show pedestal
Q i s ] widths for T, profile. Square symbols
é 3 - show pedestal widths for T, profile.
" i i Pedestal width normalized by 1/B,
2 2 P shows a linear dependence of the
e’ . i - ) square root edge temperature.
3l 4 ¢
- 1} g -
g
7’
0 1 L 1 — L
0 2 3

1
VT; (keV)

Measured pedestal width of T, and T, range from 2:.4cm to 6.5cm showing a clear dependence
on ~€p,, (Fig4). The pedestal width are found to be a factor ~4 larger than the theoretical

prediction.
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3. Discussion

We discuss here that the pedestal width
is a factor ~4 larger than the banana width.
It is possible to refer to following two
hypotheses about the factor, (1) Fast ion,
(2) Perpendicular viscosity.
(1) Fast ion

Provided that an effective edge ion
temperature by fast ion is 50keV, banana
width of fast ion is comparable to order of
experimental results 7. As the energy of
injected beam ion is kept constant, the banana
width of fast ion can be proporticnal to 1/B;,
uniquely. However, this hypothesis based on
the banana width of fast ion can not explain
T, dependence of the pedestal width. Effect
of the radial electric field due to ripple
enhanced beam ion loss is not taken into
account in this study. It needs further
consideration.
(2) Perpendicular viscosity

Itoh et al.” proposed the theoretical
pedestal width in H-mode as follows,

Ar~ Brypt
V‘-

Where u,_ is perpendicular viscosity.
Assuming the following equation,

Ar = &-}-pf’i’
v,

1

experimental results are compared with this
theory with various g, values. In the case

of p1,=0.1m7s, the theoretical pedestal width
is comparable to order of experimental width,
but the ~£p,, dependence becomes weaker
than linear (Fig.5).

Pedestal width {cm)

10 _ Ip=1-4.5MA, ELM free

8t

0 0.5 1 1.5 2
Vep, (cm)

Pi
Fig.4 Clear Banana width dependence of the pedestal
width. Circle symbols show pedestal widths
for T, profile. Square symbols show pedestal
widths for T, profile. Measured pedestal widths

show a clear dependence on banana width

Vep,,
10 T
| 1o torTi w, =0.2(m2/s)
8L |® orte Se?j‘-
h/
6 | 1, =0.1(m2/s); .
4L J
2¢ .
- - 2
ol . . 1, =0.01(m?/s)
0 1 1.5 2

0.5
VEp

P

Fig.5 Comparison with experimental results

. (em)

assuming possible perpendicular viscosity
U,. Diamond symbols show theoretical
pedestal widths with various M. The
—\/Epﬁ. dependence of theoretical pedestal

widrth becomes weaker than linear.

* Itoh K., Itoh S-1., Fukuyama A., Yagi M.,"Pressure Gradient at H-mode Pedestal”, presented at ITER
Expert Meeting for Confinement Data Base and Modeling' Oct. 1995
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4. Summary :
Edge pedestal width was measured for a wide range of 1,=1-4.5MA in the JT-60U ELM

free H-mode plasmas, where x/'e:pp,. was varied from 0.7cm to 1.6cm. The pedestal width
does not simply be expressed by 1/B,. However, the pedestal width normalized by 1/B,
shows a linear dependence of the square root edge ion temperature. Pedestal width clearly
shows the v€p,, dependence with a factor of ~4 larger than theoretical prediction.

The pedestal width was discussed from the viewpoints of fast ton and viscosity. Both

hypotheses are not fully consistent with experimental results.
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5.5 Nondimensional Transport Study of JT-60U L-mode Plasmas
H. Shirai, T. Takizuka, O. Naito, M. Sato, N. Isei, Y. Koide, T. Hirayama and M. Azumi

1. Introduction
Regression analyses of confinement and transport properties by using nondimensional

plasma parameters 1,2) have been carried out in various tokamaks 3-3). Important
nondimensional parameters related to the plasma confinement and transport are the aspect
ratio, A=R/a, the elongation, «, the triangularity, &, the safety factor, g, the shear parameter,
s=(r/q)dg/dr. the normalized Larmor radius, p" =p;/a= J2mT,/eBa, the thermal
component of beta value, B, = 2#0(n8T8+n§hTi)/Bz, the normalized collision frequency,
V= vetv/(vbelj), the ratio of the electron to the ion temperature, T,/T;, the ratio of the
electron to the ion mass, yu=m/m;, and so forth. Here nf’ is the thermalized ion density,
£=r/R is the local inverse aspect ratio, Vv, is the electron-ion collision frequency, and
v, =V, /qR is the electron bounce frequency.

The thermal diffusivity, ¥, is expressed by nondimensional plasma parameters as,
2= Xoom (P7) G (@5, By V. T 1T, A K, 8 -2), (1)
where ¥p,nm = T./eB denotes the Bohm diffusion coefficient. A nondimensional function G
should be clarified by the systematic experiments of nondimensional parameter scan, The p*
dependence of y is especially extracted as eq.(1) and the special cases of X=0 and X=1 are
called "Bohm type diffusion” and "gyroBohm type diffusion", respectively. The gyroBohm
type diffusion is considered to have a short wave length structure, & | p, ~ 1, where & is the
perpendicular wave number of the dominant turbulence and p; is the ion Larmor radius. On
the other hand, the Bohm type diffusion is considered to have longer wave length structure,
kip;<<l.

If we compare values of nondimensional parameters between ITER and the present
large tokamaks, g, s, B, v* and so forth are similar between them. However, p* value of
ITER is much smaller than that in large tokamaks. Therefore the p* depencicnce of y is
important for the prediction of transport properties of ITER plasmas. In this subsection we
summarize the study the p* dependence of y in NBI heated L-mode plasmas 6), which is the

first step of nondimensional transport study.

2. Numerical Calculation Method

The profiles of effective thermal diffusivity, ;(Z;P, electron and ion thermal diffusivities,
Yo and xf"p, are calculated by the steady-state power balance equation of electron and ion
by using the profile data of JT-60U experiment. The power deposition profile of NBI is
calculated by OFMC (Orbit Following Monte-Carlo) code 7 in order to evaluate the ripple
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loss of fast ions. In order to clarify the p* dependence of y°*, we will compare x*P with

the three types of thermal diffusivity models as follows,

mode * O
X5°% = Xgom (P )OSGB | 2)
Koo m oobm (P") Gwes (3)
modae. * 1 .
Icgd 1=ZBohm (P ) Gen ' (4)

The function G, (k=B, WGB, GB) appears in eq.(1). In this subsection, a B,=2.4 T plasma
and a B,=4.0 T plasma, which have the similar profiles of nondimensional parameters except
for p*, are compared. We can assume that the profiles of G, are almost the same between
two shots. Therefore by taking the ratio of xf"d"”(2.4T) / x;c”"d"[(4.0T), we can eliminate the
effects of G, and highlight the p* dependence of the thermal diffusivity. Comparing this
ratio with ¥¥P(2.4T)/ y°*#(4.0T) obtained from local transport analysis, we will find out the
best model to describe the properties of thermal diffusivity. Now we introduce following

indexes of conformity,
XTOU2.4T) | ¥ 4.0T)

Fegr) = AP @AT) ] 40T )
F oo xmodel . 4T) / yo%H4.0T) 6
A7) = =R ATy ] 40T ©
model, model,
(2.4T) 1 x7o%H4.0T
Fin =2 ) 2y ) @)

X72.4T) ] x7(4.0T)
for each model (k=B, WGB, GB). The model with which F ¢, F, and F; become close to 1

is the conformable model to describe the type of thermal diffusivity.

3. Results of Nondimensional Transport Study

We have examined a pair of NBI heated L-mode shots with g,4=4.5; shot E21795
(B,=2.4 T) and shot E21810 (B,=4.0 T) with R=3.33 m, a=0.95 m, ay (volume averaged
minor radius)=1.09 m, x=1.4, 6=0.16, V=77 m3. We adjusted the density and the
temperature as n o< B*? and T« B*? by changing the NBI heating power and the gas
puffing and set / p =B in order to get the same profile of nondimensional parameters such as
g,5,v", B, and so forth except for p”.

Figure 1 shows the comparison of the measured profiles of n,, T, T}, and the calculated
ohmic and NBI heating profiles of Q. Q% and Q' between 2.4 T shot (solid lines and
closed symbols) and 4.0 T shot (broken lines and open symbols). The n, profile is
considerably flat in JT-60U L-mode plasmas. Temperature profiles are fairly similar
between these shots, and T,/7; is 0.8+0.05 in the region a/3<r<2a/3 for both shots. The
deposition profile of NBI is rather off-axis. In this configuration the ripple loss of fast ions is
evaluated about 20 % of injected power. Therefore the Qyp; rapidly tends to zero in the
plasma outer region.

The point of maximum Q' in 2.4 T shot locates Slightly near the plasma central
region comparing with that in 4.0 T shot due to the different density. The total heating
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power of electrons is almost the same as that of ions. Profiles of §,, B% and v* in shots
E21795 and E21810 are compared in Fig. 2. They show fairly good agreement.

The values of W J; /W .. however, are different between for 2.4 T case and for 4.0 T
case as shown in Table [; W, /W, =0.38 for 2.4 T and W ; /W ,,=0.25 for 4.0 T. As the same
as the previous works 3-3), we assume that this nondimensional parameter affects little the
thermal transport in L-mode plasmas. The heat and loss power integrated from the plasma
center to a magnetic surface at r, P(r)=f Q(r)dV, in shots E21795 and E21810 are
compared in Fig. 3 ((a) electrons and (b) igms). Each power is normalized by the total
absorbed power, P, = Poy + Pyg; The conduction loss is the dominant energy loss channel
in both electrons and ions. The convection loss, the radiation loss, and the charge exchange
loss are negligibly small in the region a/3<r< 2a/3. All the normalized powers, P(r)/P g,
are almost the same between for B,=2.4 T (solid line) and for B,=4.0 T (broken line).
Profiles of y$*P and x{*" are also presented in Fig. 3. The values of 25 is larger than P,
and both increase from the plasma central region toward the outer region. These are the
typical L-mode features.

The profiles of F, 4, F, and F; for a pair of shots E21795 and E21810 are shown in Fig.
4. The solid line, the broken line and the dotted line correspond to the Bohm type diffusion,
the weak gyroBohm type diffusion and the gyroBohm type diffusion, respectively.
Comparing three F, values, we find that ng}p property is between the weak gyroBohm type
diffusion (X=0.5) and the Bohm type diffusion (X=0) in the region of a/3<r<2a/3. Around
r=2al3 x;’;? is almost the weak gyroBohm type, which is consistent with the results of the
global confinement study 8). The properties of electron and ion transports are a little
different. The profile of F, shows that y=*P is almost the weak gyroBohm type diffusion in
the region @/3< r<2a/3. On the other hand, we find from the F; profile that y;*F is almost
weak gyroBohm around r = 24/3 and tends to be Bohm like diffusion around r = a/2.

The ¢,4=6.0 case has been also analyzed. The results are almost the same as those of

q eﬁc=4.5 case.
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5.6 Confinement Scaling for Thermal Energy Based on
Database of JT-60

T. Takizuka, H. Shirai, M. Kikuchi, T. Hirayama

1. Introduction

Scaling laws of energy confinement time in tokamak plasmas have been used to design
new devices. They have also been utilized to guess the transport property of tokamak plasmas.
One of them called ITER89P law for the energy confinement time Tg of L-mode plasmas is
given as I

TE[TERBOP _ 0,048 M,05 K05 R!2 203 [,085 BO2 (ny/10)0-F / PO (1)

where M, is ioﬁ mass number, K is ellipticity, and the units of parameters are; T in s, major
radius R and minor radius a in m, toroidal magnetic field B; in T, plasma current I, in MA, line
averaged electron density ne in 10°m™3, and heating power P in MW.

In a intensely heated tokamak plasma with low density, several ten percent of high
energy component is sometimes included in the stored energy. Therefore above scaling does
not directly show the characteristics of the transport of thermal energy. In order to study the
energy transport property, it is necessary to clarify the parametric dependence of the
confinement time for thermal energy component. Bartiromo presented a scaling for thermal

energy confinement time T, in L-mode plasmas of the form 2,
B = 0.019 M03 k1.0 R1.7 4055 [ 0.75 02 4,055 / p0.75 ] )

This scaling shows the rather strong 1. dependence of Ty, and strong power degradation.
thermal energy confinement. Takizuka also presented a Ty scaling 3) based on the kinetic
database of JT-60 L-mode plasmas 4);

110 = C (Ip Byne )12/ P23 . (3)

Here he pointed that B dependence is not clear compared with other dependencies because of
narrow variation of By value.
In this paper, we give a scaling law including size dependence, which fits well the

experimental data of Ty, in L-mode plasmas as well as in Ohmic plasmas.

2. Dimensionally correct scaling

At first we compare the experimental database of L-mode and Ohmic discharges 4 in
JT-60 with above scalings. Figure 1 shows the scattering of the ratio (Tn®*P/ ity for (a)
ITERS89P scaling, (b) Bartiromo scaling, and (c) Takizuka scaling. Density dependence of T
is clearly stronger than that of 1! TER8IP o n 0.1 and I dependence is weaker than that of

TehB o< 1,075 . The scattering for Tg, 0 with C = 0.096 is remarkably small.
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Next we study the size scaling. On the basis of the dimensionally correct analysis ),
we assume the following relation between Ty, and the effective heat diffusivity Xeff ; Tih o<
a2/¥efr . This relation is actually seen from Fig. 2, where <Xeff> denotes the spatially averaged
one in the region of 1/2 < r/a < 2/3. We also assume that Xefr can be described as

Xeer o< (T/eB) p M p* v,y , 4

where T denotes the plasma temperature, {T/eB).is the Bohm diffusion coefficient, p, o

TUZ/RB the normalized Larmor radius, B « n.T/BZ the beta value, and v, = nR/T?2 is the

collisionality. The "gyro-index" p classifies the type of diffusion; i=0 represents to the Bohm
type diffusion and p=1 to the gyro-Bohm type one. Since the confinement time is defined by
Tih = W/P o< R3 n.T / P and the relation, Ty, = a2/Xes(T), holds, we can express T of a
function of P without using T.

Assuming that he dependence of Ty, on I, ne, and P is given as Eq. (3), while By
dependence is uncertain, we obtain a dimensionally correct scaling with the "gyro-index™ w;

The powers to B and v, in Eq. (4) are determined as x = (4-p)/6 and y = (u-1)/6.

3. Shape and mass dependencies

We found the size scaling as mentioned above. In order to determine the shape and
mass dependencies, we analyze other data of JT-60 with lower X-point configuration (JT-
60/1.X), of JT-60U with elongated configuration (JT-60U/E}, and of JT-60U with standard
configuration (JT-60U/S). Figure 3 shows stored thermal energy W vs Wo = 0.096 Ip” 2
BS+4WV/18 | 172 (R/3)(40+45M/18 pI/3 irh 11 = 0.5. From these data, we obtain the following

scaling with shape (ellipticity K and inverse aspect ratio €) and mass M; dependencies.
T T(L) = 0.047 exp(-1.2p) M;0-15+0.31L 1.10-0.451L £1.15-0.451

As an example of the analysis using N = 458 data points, the standard deviation o ( 02=N-1%
(texp/tfit - 1)2 ) is shown in Fig. 4, which becomes the smallest when the power of K, a, is
about 0.875 for p = 0.5, apmi = 0.3, and ag = 0.925.

The validity of this scaling is checked by using the database of Ohmic discharges on

ASDEX. The ASDEX Ty, data have a little stronger dependence on ne, Tin ~ ne’>° , but their
values and other parametric dependencies are well fitted by the above scaling for various p

values. Introducing a factor f}; called "l factor';

fli = (M10'3 R0.728 B,0.222y/ (3,32 K043 a0.45y | (D
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Eq. (6) is rewritten as Typ (W) = T 1(0) X fu” . The values of f) are nearly unity for above
all data points. Therefore the fitting accuracy is unchanged by the change of p value.

The value of p can be given from other experimental results on the mass dependence;
Tih = M;0-05, Especially in JT-60U, the dependence is considered as Ty o< M;0-2-04 . We
present here a scaling Ty T = TynT(y=0.5) called "weak gyro-Bohm type" scaling 6.7) for L-
mode confinement as well as for Ohmic confinement in tokamak plasmas. This scaling fits

well the experimental data as shown in Fig. 5, where Wy, T = T T P.

4. Conclusion
We presented a dimensionally correct scaling called "weak gyro-Bohm type" scaling,

which fits well the experimental data of thermal energy confinement not only in L-mode
plasmas but also in Ohmic plasmas. Parametric dependencies are determined on the basis of
the results from JT-60, JT-60/LX and JT-60U. This scaling will be checked in near future by
using new ITER L-mode database 8.
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ASDEX data.
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5.7 Effects of Central Fuelling and Edge Fuelling
on Particle Confinement in JT-60U

H. Takenaga, N. Asakura, K. Shimizu, K. Nagashima, H. Kubo and A. Sakasai

1. Introduction
In order to understand the particle confinement properties, the task to establish the

scaling law of the particle confinement time started for ITER physics R&D. In JT-60U, the
particle confinement time has been estimated based on the analysis of neutral particle
behavior.”’® It is crucial for the particle confinement study to understand systematically
database which has the various particle fuelling methods and their distributions. In this
section, the effects of central fuelling by NBI and edge fuelling by wall recycling and
gas-puffing on the particle confinement were investigated.

2. Particle balance
The particle balance equation can be expressed using the particle confinement time (7,)

as follow.
dN N
—dtez'Tg+SR+SGP+SNB’ (1)

where N, is the total electron number inside the main plasma, S, Sgp and Sy are the particle
fuelling rate due to wall recycling, gas-puffing and NBI, respectively.

The values of S, and S, were estimated though the calculation of the neutral particle
penetration rate into the main plasma using the neutral particle transport simulation code
DEGAS. Da emission profiles calculated using DEGAS was fitted to the measured profile
in order to determine the absolute value of S;. The absolute value of S;, was determined
from the gas flow rate though the gas-puffing port. The value of Sy, was estimated based on

the Orbit Following Monte-Carlo (OFMC) code.
Furthermore, we consider the particle balance for the particle supplied by NBI (central

fuelling) and by wall recycling and gas-puffing (edge fuelling), separately, as follows.

aNg _ Ng g @
dr ;C T °NB
p
E E
dNe:-N—e+s +S (3)
dt TE R GP»
P
N,=NS+NE, 4

where N,€ and N.® are the electron number supplied by central fuelling and edge fuelling,
respectively. 'rpc and TPE are the confinement time of the central fuelled particle and the edge
fuelled particle, respectively. This separation is very important for a design of a future
machine. In the steady state without gas-puffing, the recycling coefficient (R) can be
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expressed as R=S/(S;+S p), therefore, N_ can be expressed as N, =(T.+R/A1-R)TF)S\y, using
Egs. (2)-(4). Because R is determined from the divertor conditions such as divertor
configuration and pumping speed, it is difficult to control the value of R. Therefore, it is
preferable that TPC is comparable to RJ'(I-R)'cpE in order to obtain the large controllability for
the plasma density. '

During steady state, Eqs. (2)-(4) are rewritten as N,=t {(Sp+Sgp)+7,"Syz. This equation
means that when there are some data points with the same values of 'rpE and 'rpc, a straight line
fitted to the data plots of N /(S;+Sp) against Syy/(Sq+Sp) gives 1,° from its gradient and ‘CFE

from its y-intercept.

3. Numerical simulation of particle transport
In order to imagine the effect of particle source distribution on the particle confinement,

the particle transport was simulated using following equations.

-(%‘i =—V.I+s (5)

F=- D.V;re TV . © not : ' na(rfla) " a) | 1

v=D-Cy55 (7 0.03} o8
Where I is the particle flux across the magnetic So02f s\ ] o.ew
surface, s is the particle source, D and v are the c’ i {04
particle diffusion coefficient and the inward pinch oot . _-01 114' ss“‘g" . "" jo2
velocity, respectively. The inward pinch velocity ; ' : : i ?
can be expressed as Eq.(7) using C,. The values el )
of D and C, were assumed to be spatial constant 15 Ne Sf o8
values of 0.4m%/s and 2.0, respectively. The @0 1t 1°%,
source distribution was assumed as follow. :0_5 N, 405, S, =560 z:

s(1/2)=5 g,exp(-((t/a)-1.0)/0.07%) o o 738 ‘ ) .

centmlexp( -((r/a)-0. 5)'2/0 72) (8) 0 0.? 0.4 rlaO.B 0.8 1

Figures 1(a) and (b) show the clectron Fig. I Calculated electron density profiles for
density profile and the particle source distribution  case/ (@) and for case2 (b).

during steady state phase for the case of s, =1.0

and s, ,=0.0 (casel) and for the case of s 4, =0.0 0.5 1
and s_,.,=1.0 (case2). The value of T, was 0.4 t0.8
estimated to be 0.14s and 0.73s for casel and 7 03 06 o2
case2, respectively, and was different for the same = 02 0.4 ém
@

transport coefficients and the different source 0.1

4nsport ! 014407308 g Soage) 102
distribution. In fig. 2, the plus symbols and the 0 . 0

. _ 0 02 04 06 08 1

open circles show T, and N/S,,,.. respectively, ScentrarSedge

as a function of Sccmm]/Sedgc’ where Sedgc and Sccnlm[

Fig. 2{N¢/Sedge HScentral/Sedge) plot.
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are the volume integrated values of first and second term in Eq. (8). The value of T,
increased with S,.,/S.. and the gradient of the straight line fitted to the data of N,/S,,,,

expresses T, for case2, and y-intercept expresses T, for casel.

4. Experimental results and discussion
In order to understand the effect of source distribution, the experiment that fuelling

rates of NBI and gas-puffing were systematically scanned was performed at I =2MA and
B=3.5T. The calculated Do emission profile agrees well with the measured one in the
divertor region for the case of n=2x10"m”, P\;=6MW and without gas-puffing as shown in
fig. 3. In region far from the divertor, the measured intensities are larger than calculated
profile, because the neutral particle was released only at the divertor plates in the calculation.
However, this difference does not affect S, because the Dot emission intensity in region far
from the divertor is much smaller than that in the divertor region.  Figure 4 shows the
particle source distributions. Fuelling rate of wall recfcling was substantial in the peripheral
region of 1/a>0.95, while, fuelling rate of NBI was relatively flat, and was dominant in the
central region of r/a<0.4 compared with fuelling rate of wall recycling. The ratio of NBI
fuelling rate to wall recycling rate was estimated to be less than 0.1, and the particle confinement

time was estimated to be about 0.24s,

217 T T T
1077 ¢
— E
— F
Inner Cuter ‘v L
162! strike point strike point o 207
. ! T |E 10 L
g 10?0t ] -
% " Measured o I
= #|0 L < 19 r
5 =10 L
3 Z ) E -
z 2 17 = 3
g "7 « ] s, i
e Calculation 7o) 18
106 . n . . 1077 3
10 15 20 25 30 P ST BV SR S,
Measuring chord number 0 02 04 06 08 1

r/a

Fig. 3 Dyemission prafile as a function of
Fig. 4 Source rate distribution.

measuring chord number.

By changing the NBI power (6-10MW) and the gas-puffing rate (0-4Pam’/s), Sys/(Sp+Sgp)

was scanned from 0.06 to 0.6 during n,=1-4x10"’m™ as shown in fig. 5. The error bar shown

in this figure comes from the ambiguity of S, S, and S, calculations.  The correlation of 1,

and S, /(Sg+Ss,) was shown in fig. 6. It can be seen from this figure, T, increases with
Spe/(Sg+Sgp)- This correlation suggests that *rpc is larger than T_* as mentioned in section 3.

Next, we try to separate T,° and T% Figure 7 shows a {N/(Sp+Sgp)]-[Sne/(Sx+Sge)]

plot for the data where S is two times larger than dN/dt. The line fitted to the data gives

%, and the ratio of 7,517 is estimated to be about 5. In the

0.75s for ‘IIPC and 0.16s for T.E
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discussion of section 3, the edge electron density was assumed to be zero, however, for the
experimental data, the edge electron density is not zero and tends to be proportional to N,.
When the edge electron density is not zero, the electron density become some value determined
by C, without the particle source. Therefore, the term of the electron number due to edge
density must be add in Eq. (4). In this case, because the edge electron density is proportional
to N, the ratio of "CPCI"EPE is not changed, however, the values of 7, and 1,% become smaller by
20% for C,=0.0 and by 60% for C,=2.0, respectively. l

In the data analyzed here, the penetration 0.8 ] ]
depths of the central fuelling and the edge fuelling [ ]
are changed from 0.5a to 0.6a and from 0.03a to
0.08a, respectively, because the electron density

b

o
=N
——
1

21
Sy [ 10%/5]

is not constant. Furthermore, the analysis was i
performed not only the steady state but also the 0.2F ]
density increasing phase. Therefore, it is necessary ) [

. . O"""ll-nnluww[...l.J,
to perform the same analysis during steady state

P © anay g steady 0 2 4 6 8§ 10 12
at the constant density in future work. S +Sg, [ 107/5]
P

Fig. 5 Relationship Sy and Sp +5Gp-

0.8 T 0.6 ¢ — —
[ 05}
0.6 ] -
- = 04}
— : % [
2 04l @ 03}
e wﬂﬂ
& 02
0.2} 4 e b
0.1t 0.1640.75(S /(S +S.))
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SNBI(SR+SGP)
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Fig. 6 Correlation of Tp and SNBASR+SGp)- Fig. 7 (NASg +SGp))>-(SnB ASR+Sgp J) plot.

5. Conclusions
The effect of edge and central fuelling on the particle confinement was investigated.

It was found that the particle confinement time increased with the ratio of NBI fuelling rate to
wall recycling and gas-puffing fuelling rate. The confinement times of edge fuelled particle
and central fuelled particle were firstly separated, and it was also found that the confinement

time of central fuelled particle was five times longer than that of edge fuelled particle.

References
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6. Impurities and Divertor
6.1 MARFE Operations and Density Limit

N. Asakura, N. Hosogane, K. Itami, S. Higashijima, S. Sakurai, A. Sakasai

1. Introduction

High density operation with maintaining the good energy confinement is essential re-
quirement for a tokamak reactor to produce enough fusion power. For example, ITER is
temporally designed to operate at 7, of 1.3 x 10%° m~3, which is by the factor of 1.5 higher
than an empirical scaling “Greenwald density limit” (S [10%° m™3] = I,/7a*[MA m™7],
where a is a minor radius at the midplane), with relatively high enhancement factor (H-
factor) of the energy confinement time (more than 2). However, there are few database
for such high density operations of the existing tokamaks. In this section, high density
operation limit, radiation power fraction in the divertor and the degradation of the H-
factor are summarized, in particular, for the ELMy H-mode discharges. An occurrence of
the high density disruption in the divertor discharges is also discussed. Divertor plasma
detachment and divertor MARFE appear in the high density operation. Details about
the divertor plasma and radiation profiles were described in Refs 1 and 2.

2. Divertor MARFE operation

Density limit scaling on net input power P, (or power into the scrape-off layer, Psor, =
Pret = Prad main) is the most important issue in order to decide the ITER. performance and
the operation scenario, in which the density limit should be increased with input power to
obtain such a high density discharge. At the same time, density at the divertor MARFE

onset, 7M, is investigated to determine the operation window of the divertor detach-

ment condition, under which the heat flux to the divertor target is significantly reduced.
During 1995, wide range scans of NBI power _ Divertor MARFE
Pypr have been performed in L-mode dis- T 20 e E—— >
charges with Pypr = 2-23 MW (I, = <1 =5 .
19-25MA, B, = 2—4 T), and in ELMy H-  F wf = © meg {152
Iilode discharges with Pyg 1 =h 6_—25 MW (G]rp ?: s f+Pracawv e Prac i 1
=12 MA, B, = 2 T) at high @, up to n™". o = i
Deuterium gas is supplied and wall baking % sf — ' @
. £ Ne 130 =
temperature is 300°C. 2 3E E
- . . 2 LE T : 120
Figure 1 shows a typical ELMy H-modedis- %= 2§ "\ D2gaspuff . &
charge at high densijcy. '_The divertor MF‘&REE IC‘J;“: - 4f s \-MEI el -
occurs a.t 9.1s, w}.nc_h is found by rapid in- 2 | rboard Divertor
creases in the radiation power near the di- .% '
vertor X-point and 7., decreasing the plasma L?G' N2
stored energy, and change in an asymmetry 2
in the recycling profile at the divertor to a =~ g mmgammmimmmri=—r

symmetric profile. The plasma detachment TIME (s)
starts at the divertor separatrix afew 100 ms  Fig. 1: Time evolution of the high den-
before the MARFE occurrence. The sim- ity ELMy H-mode discharge with Pnpr =
ilar characteristics are observed in L-mode 16 MW. Divertor MARFE starts at 9.1 s just
discharges 12), after break-down of a NB unit.

Figure 2 shows Pyp; dependence of n}! normalized by 78 for the L-mode (I, = 1.2
MA, B, = 3.5—4 T, q.;sy = 7—7.5), and the ELMy H-mode (I, = 1.2 MA, B, =2-21T,
Gejs = 4.2~4.6). Here, the ion VB drift direction for all discharges is towards the divertor.
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Open circles represent 7. before the MARFE occurrence, where the plasma detachment
is proceeding at the inboard divertor separatrix. On the other hand, closed circles shows
#i. during the divertor MARFE. The maximum 7, is limited by the gas puff rate small
enough to cause the plasma disruption except for a few cases with low Pyp; (triangles).

For the L-mode discharges, r‘tl"[/nf‘ is increased from 0.45 at Pygr= 2 MW to 0.6 at

Pnpi= 8 MW. There are a few disruptive discharges at aM/n8r = 0.7-0.9 with Pyvpr=
9_8 MW. On the other hand, the ratio is increased very weakly from 0.60—0.65 at high
Pxp; of 8=22 MW. Similar ratio of #M/nE" (0.55 — 0.65) are observed for the low g.sy
discharges such as I, = 1.8 MA (ge;s=4.7) and I, = 2.5 MA (ges;=3.5) cases. When
the ion VB drift direction is away from the divertor 12 aM/nSr ranges between 0.55 —
0.60 at Pygr = 7 — 15 MW, which are slightly lower than or comparable to the normal
B, results. However, the MARFE operation with completely detached divertor plasma
condition can be maintained up to %" without a high density disruption.

ELMy H-mode is obtained with Pvg; > 6—7 MW at By =2 T. aM /nSr~0.7 is slightly
large compared to that for the L-mode. ELM activities are observed during a MARFE as
long as i, /nC* is less than 1 (0.85 for Pypr= 6 MW). Since the energy confinement time
is reduced further less, it may be difficult to operate the discharge at 7, higher than nCr,
As the results, Pypr dependence of ﬁg’l is weak at high Pygs > 7 MW, and Greenwald
density limit is fairly valid scaling of the high density limit (the latter is not concluded).

1.2 (=TT 12

e e i
(a) ] [(b)  no ELMs(L-mode) .

1.0 Frozzo-s pemmmmmm——— i i = - 1.0 feomimm e e E@..D.---.:

¥ [Disruptions Div. WARFE ] a? ) » o
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Fig. 2: Pygs dependence of fi. at the divertor MARFE onset: (a) for L-mode and (b) for
ELMy H-mode. ELM activities disappear at high 7. (squares).

3. Radiation power in the divertor 1 e e

Figure 3 shows the fraction of radiation .”ID=1_'2M{VB =2-2.47 no ELM J

: . 20,8 [{q,=42-4.8 MARFE onset (L-mode)]

power loss in the divertor, Preagin/Fsor- o ] - - B
Database of the ELMy H-mode with Pnpr o 06 | ) — g%j 1
= 10—22 MW is used. When 7,./n®"> 0.5, 3 [ Divertor MARFE oL I
the divertor radiation power fraction raises 04 [ &[s] .
rapidly from 10% due to a decrease in the Qi‘go 0 [wio Gas puff gy
electron temperature of the divertor plasma Tr b
and an increase in the density. At the same 1Y SV P Ets i NN T PR RIS TP
time, radiation power fraction of carbon 0 0.2 04 06 0.8 1
jons (C*%) in P44 raises rapidly. At the Ne /NG

MARFE onset, Praaqiv/Psor 1s about 0.4 Fig. 3: Radiation power fraction in the diver-
with varying Pyps, and this is because of tor as a function of ﬁe/ncr with varying Pyar

an increase in the number of carbon impu- = 10-20 MW for ELMy H-mode discharges:

rities with Pypg; increasing,. squares represent during MARFFEs.
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During the MARFE, the radiation power fraction in the divertor is increased up to
55—65%, and it is finally saturated when @,/ nS" = 0.9—1. The bolometer array measure-
ment shows that the radiation region is moving from the divertor region into the main
plasma near the X-point, causing the reduction of the electron temperature inside the
last closed magnetic flux surface (LCFS). Shrinking of n. and T. profiles inside the LCF3
is measured with the Thomson scattering. However, a mechanism to generate the large
pressure gradient in the plasma boundary {causing the ELM activities) is still maintained.

4. Energy confinement degrading

Degradation of the energy confinement at high 7. is the most unpredictable problem to
determine the reactor performance 1), It may be caused by increasing the neutral density
in the plasma boundary. The effect is not included in existing confinement scalings. Fig-
ure 4 shows the H-factor of the ELMy H-mode from the ITER89 L-mode power scaling.
With increasing the gas puff rate, neutral recycling in the divertor is enhanced substan-
tially and 7. is increased. The H-factor is reduced with 7. from 1.9 to 1.2 for the high
Pyp case, and from 1.7 to 1.0 for the low Pypg;. This is correlated with the reduction
of T; at the plasma edge (inside LCFS), degrading the transport barrier in the boundary
plasma.

Figure 4(b) shows that the H-factor is reduced with increasing the neutral recycling
in the main plasma boundary, ®22, . Whereas ®02, is an order of magnitude smaller
than the neutral recycling in the divertor, ®2%, is by the factor of 7—12 larger than the
deuterium fuelling rate {maximum value of 1.3 x 10?2 s71). Thus, large number of neutrals
in the plasma boundary are provided from the divertor chamber. Baffle plates and tilted
divertor target of JT-60U W-type divertor are designed to reduce the neutral backflow.

When the divertor MARFE occurs, the H-factor is further reduced to 1-1.1. Finally,
it is decreased to 0.8 when the ELM activities disappear at around the Greenwald den-
sity. This caused by the reduction of the edge plasma temperature due to penetrating the
MARFE inside LCFS and by deterioration of the impurity shielding effect of the diver-
tor/SOL plasma. Installing the private dome in the W-type divertor is also an important
requirement to maintain the MARFE in the divertor chamber by suppressing the carbon

ion penetration near the X-point.

=P Maximum gas puff rate
@25 gy (O 22 e B
r w/o gas puff with gas puff (q 4=4-2-4.6) ] 2.0 ga.s putf rate  for main plasmd
20 F HighNBIPower 1 » 18 °
= (19-26MW) 1 8 o 1
8 4 o 1.6 ’ *1
045 L Divertor ] .EE 1.4 [ 29, i
8 How NBI Power MARFE 14 mu ]
- (15-18MW) To2f . ® -
I [ Divertor MARFE 570 #® ® -
1.0 A ~ipira b g TN B . - o oy PR s
[ ITER89L-Power Scaling ] 0.8 -ITERB?L-P . ' O ] A
(1 J1-J) SIS AU RPN SIS SIS VWS N RIS DN RIS S § ' 0 2 4 6 8 10
0 02 04 06 08 1 NEM  naupra)recycling in main

Ne/n% . (Lmede)  hlasma edge (102 events/s)
De

Fig. 4: H-factors for ELMy H-mode discharges (a) vs fie/nS" , and (b) vs 5.

5. High density disruption

High density disruptions are observed in low Pyp; L-mode discharges at less than nf’.

Figure 2(a) shows that i /nC" = 0.7, 0.8 and 0.9 for Pypy = 2, 4 and 8 MW, respectively.
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Density limit tends to rise with heating power up to 8 MW. Common behaviour of the
edge plasma preceding the disruption is described.

During the divertor MARFE, the edge 20
plasma is shrinking inside the LCFS. 0%
Figure 5 shows that the edge pedestal of
n. profiles measured with the Thomson
scattering moves inward from r/a = 0.98
to 0.90 and that n, at the LCFS isre- £
duced. At the same time, n. in the core &
plasma (r/a < 0.8) is increasing, and n.
profile becomes peaked. Plasma internal jote L > )
inductance [; is raised from 1.3 to 1.42. 0.5 0.6 0.'?) /a 0.8 0.9 1

p

" 'Div Sep. Detached
{n =3.0x10"m")

During Div. MARFE
(,=3.1/3.3x10*m’®)

PR T SOV ST ST N S N A N NI '\

They are caused by the MARFE pene-
trating into the main plasma (inside the Fig. 5: Electron density profiles during the divertor
LCFS), degrading the edge confinement. MARFE for L-mode discharges with Pypr= 4 MW.

Figure 6 shows expanded wave-
forms just before a high density
disruption, where Pyp; = 8 MW.
Thermal collapse starts at 9.44 s.
It occurs even when the fraction of
P, o main 1s still much smaller than
Pnpr (e.g. about 20% of Pyai),
and total radiation power in the di-
vertor and main plasma is main-
tained at 60—-80% of Pypr. Thus,
the trigger of the disruption can not
be explained by the collapse of the
power balance at the plasma bound-
ary, which was reported in JT-60
limiter discharges.

Before the thermal collapse oc-
curs, maximum ionization region,
measured with D, scope, moves
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Fig. 6: Time evolution of fie, Pradmain, Fraddiv arnd
D, signals for 0.5 s before the high density disruption.
Pygr = 8 MW.

quickly from the outboard divertor through the X-point to the high field side. It reaches
plasma’s top before Proamain suddenly rises larger than Pypr. These suggests that a
poloidal asymmetry in the radial or parallel transport of the boundary plasma changes
before the collapse of the power balance due to the edge cooling.

6. Summary

Density limit and #M are increased with Pngs up to 8 MW. However, it will not survive
so far above nC® at high Pyps (8—22 MW) for the open divertor configuration, since the
energy confinement is degraded less than L-mode level and the edge plasma is shrinking
inside the LCFS. Density limit study for the high Pyps will be done in 1996.

References:

1) Asakura N., et al.: Proc. 15th Int. Conf., 1994, Vol. I, IAEA, Vienna (1995) 515.
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6.2 SOL Profile Study in High Density Discharges
N. Asakura, S. Tsuji-Iio*, K. Itami, N. Hosogane, S. Sakurai

1. Introduction

Database of scrape-off layer (SOL) plasma profiles in the high density discharges is es-
sential to design the ITER divertor, and to understand the mechanism of the divertor
plasma detachment along the magnetic field line. The SOL plasma profiles between the
last closed magnetic flux surface (LCFS) and the first wall at the midplane have been
measured with a fast reciprocating probe system V). The characteristic lengths (e-folding
length) of the profiles and parallel temperature and density gradients under the high den-
sity and detached divertor conditions are summarized. Details of the divertor plasma and
radiation profiles under the detached divertor condition and during the divertor MARFE
were described in Ref. 2. Results of the SOL profile measurements during ohmic heating
were presented in Ref. 3. ‘

2. SOL profiles

The fast reciprocating probe measurements were performed in the L-mode discharges with
Pngr = 4MW, and line-averaged density i, was varied on a shot by shot basis. A series of
high safety-factor discharges (gess = 7.2—7.7, I, = 1.2 MA, B, = 3.5—4 T and the plasma
volume of 80 m?) were used for the detail 7, scan. Profiles were also measured in the low
gess discharges such as I,/B; = 1.2 MA/2.1 T (gess = 4.3) and I,/B, = 1.8 MA/3.5 T
(gess = 4.7). Results of the high g.s; discharges are presented in this section.

The probe head is inserted horizontally at

36 cm below the equatorial plane. Double (@) (During Div. Detachment (7,=3.0x10" )

probe method is used for the profile mea-
surement, and a triangle-waveform voltage
with the period of 3 ms is applied. Fig. 1
shows the electron density, n., and temper-
ature, T, profiles, and Fig. 2 explains the
change in the n, profile with #i. increasing.
Two (i.e. inner and outer) SOL regions with
different characteristic lengths are observed .01 Lo
both in the T, and n. profiles. The inner (b)
SOL extends up to a few cm outside the 100
LCFS, and the n, and T, profiles have small
e-folding lengths: A., and Ar, of 2 cm and
3 ¢, respectively. They are approximately E
constant with increases in 7, and the local
density at the magnetic separatrix ne sep.

On the other hand, for the outer SOL re-
gion, large A, (3-10 cm) and Az, (6-15 cm}, 10 Lo 2 st
which are increased with an increase in i, 20 o 2 4 6 B0 100
are observed. At the same time, the outer Distance from LCFS (mm)

SOL region extends to the LCFS, and the Fig. 1: (a) n. and (b) T, profiles for the high
inner SOL is shrinking as shown in Fig. 2. ¢.55 (= 7.2} discharges with f. increasing.
Density dependence of the e-folding lengths on #, is shown in Fig. 3.
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1Present address: Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology.
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Fluctuations of #./n. and T, /T, are mea- log(ne) Divertor Detachment
sured with the triple probe method. Fluctua- <
tion levels are different in the inner and outer
SOL regions. In particular, low frequency com-
ponents (1< f <10 kHz) fi./n. and T./T. are
20—40% in the inner SOL. They are smaller
than those in the outer SOL (fi./n. and T./T. LCFg {Separatrix)
> 50%). Large scatter of data in the outer Fig. 2: [llustrating the change in n, pro-
SOL, using the double probe method as shown  file with &, increasing.

Main Plasmailsngﬁ'f ggtfr - First Wall

in Fig. 1, is affected by the large fluctuation Div. MARFE

level in the low frequency components. 150 —rrr DIV: Detachment gree—. ' _
When the plasma detachment occurs at the F (@) 1p=1.2/Bi=3.54T (qeti=7.2) 0 ]

divertor separatrix, the local density, nesepy ~, | ok

and temperature, T, .,, are reduced. While 2100 ' OuierSOLInner SoL

ne and T, profiles in the outer SOL stay at the = o
same levels. Thus, the n, and T, profiles have <"30 % 8
&

large ., (10cm) and Az, (15 cm) between the - = R, O |

LCFS and the first wall. 0 T e
With 7. increasing, a MARFE occurs near 1.0 15 20 235

the divertor X-point (“Divertor MARFE”). 200 )

During the divertor MARFE, shrink of the 450} OutersQL

edge plasma inside the LCFS is observed. E FInner SOL

Thomson scattering results (Fig. 5 in Sec. 6.1) E100£0 o\ o

show that the edge pedestal of n. profile moves ‘_eﬁ p © 0\{, ©

. . S0F

inward from r/a = 0.98 to 0.90, and 7 sep 1s PP, S F—)

reduced. While, n. in the core plasma region o b0l Y

(r/a < 0.6) is increasing, n. profile becomes 1.0 15 20 25

peaked. It is presumably caused by the diver-
tor MARFE penetrating into the main plasma  Fig. 3: e-folding lengths of (a) n. and (b)
(inside LCFS), and degrading the edge plasma T, profiles in the inner and outer SOLs as
confinement in r/a > 0.90. a function of .

At the same time, cross-field transport is enhanced in the SOL region. The fast
reciprocation probe measurements show that n, and T in the SOL region (d < 40 mm)
are reduced, and that A,, and Az, in the region (10 < d £ 40 mm, and they plotted as
the outer SOL) are increased to 14 cm and 20 cm, respectively. While, local A,, and Ar,
near the separatrix (plotted as the inner SOL) are decreased.

3. ¢.;; dependence of e-folding length

In this section, An, and Ag, for the low g.s; discharges are compared to those for the
high ¢.;; discharges. Different combinations of I, and B (I,/B; = 1.2 MA/2.1 T and
1.8 MA/3.5 T) are chosen for the low g;; discharges. Figure 4 shows A,, and Az, in the
inner SOL region as a function of Tk sep- Squares, circles and triangles correspond to the
discharges for I,/B, = 1.2 MA/3.5-4 T, 1.2 MA/2.1 T and 1.8 MA/3.5 T, respectively.

When T, .., > 45 eV, e-folding lengths stay at the relatively constant levels. For the
case of the low goss discharges, An, and Ay, range between 1.0 — 1.3 cm and between
1.7—2.5 cm, respectively. These values are by the factor of 1.5—2 smaller than those for
the high g.;; discharges, which is explained by the shorter connection length along the
magnetic field line.
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<+—» Div. MARFE

Both A., and Ar, increase below T, ,.p 80 T Div. Detachment
= 45 eV, and the plasma detachment is .~ _ : - 'é':azsﬂer (qef-?)
proceeding near the divertor strike point E el ® 0 Bi=2.17 (qefi=4.3)
. £ 3 KTe AN lp=1.8MA
below T, ,., ~ 40 eV independent of g.;. =~ I B1=3.5T (gefi=4.7)
The divertor MARFE occurs below T, .p <& 40 o5 1
~ 30 eV for the high g.;s case. During =, [ =3 0
the divertor MARFE, the local e-folding <20 ., L
length at the separatrix is decreased due , F : ..1 Nhne | ]

to large reduction of n, and 7, in the SOL 0 40 60 80
region rather than those inside LCF'S. For Tesep (€V)

the case of the low ¢.;s cases, data was Fig. 4: A,, and Ag, in the inner SOL region
not obtained in the series of experiments. as a function of T sep.

4. SOL and divertor plasmas 100 | Divertor Prob(:g 3
Electron pressure profiles at the midplane & & b Midplane Probel
(Pesmid = MemidLe,mid) are compared to those 2 0l ?,'i‘-i 9 ]
measured at the outboard divertor target @ ] e %
(Pediv = TMedivlediv) measured with the di- 2R 3
. 1 i = 1 1
vertor dome-type probes. Figure 5- shows 20 5 20 20 p 80
the profiles of p.mis and pegin, which are 100 T T -
plotted on the same magnetic flux surfaces. 3
When the divertor plasma attaches the 7 Ty
target plate (a), electron pressure is ap- £ g s B
proximately constant along the magnetic % f i
field lines within the error bars of the fit- e
B
0

ting. Electron temperature and density are
also constant for the low density case (7.
= 1.8 x 10"m™?). The electron pressure

20 40 60
Distance from LCFS (mm)

Fig. 5: Electron pressure profiles at the mid-

is kept approximately constant in the high
density discharges, where T, 4;, is lower than
Te,mid and ne g4, is higher than ne mia.

plane (circles) and at the outboard divertor tar-
get (squares); under (a) ottached and (b) de-
tached divertor plasma conditions.

Here, the dynamic pressure due to the sound-speed flow near the divertor target, which
increases total plasma pressure by a factor of two, is not considered. Assuming that T; at
the midplane is by a factor of 3 larger than 7,, and that they become comparable at the
divertor target due to the large collisionality of the ions in the parallel transport, total
plasma pressure balance is satisfied.

Figure 5(b) shows that the divertor plasma is detached at the divertor separatrix.
This is due to large reduction of n, 4, rather than T, 4,. On the other hand, the electron
pressure on the outer flux surfaces is increased significantly, due to an increase of n. gi,.
These facts clearly violating constant pressure along the magnetic field lines. Increases
rates of charge exchange events and elastic collisions between the plasma ions and the
recycled neutrals are an acceptable candidate to explain the momentum loss at the divertor
target. Since mean-free-path of the neutral jonization is about 10 cm for T, 4;, = 10 eV
and ng g, = 3 X 101911'1_‘3, re-ionization of the neutrals lost from the inner flux surfaces
through charge exchange process may occur in the divertor, causing the increase in the
ion flux at the outer magnetic surfaces.

Figure 6 shows the evolution with i, of electron temperature, density and pressure at
the divertor target and midplane near the separatrix. Since it is difficult to identify that
the divertor probe is located on the separatrix due to the error of the magnetic equilibrium
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calculation (~5 mm), two values for the divertor plasma parameters are plotted; one is
an average value measured with two probes close to the separatrix, and another is with

the first probe outside the separatrix.

At low density, i, < 1.5 x 10¥%m™3,
electron temperature, density and pressure
are constant along the magnetic field line.
Neutral recycling and radiation power in
the divertor are small. At moderate den-
sity, 2.0 x 10" < @, < 2.7 x 10"*m=3,
T..4iv falls relative to high T, m:4, while n, giv
rises rapidly. At the same time, the ra-
tio of the neutral ionization rate in the di-
vertor, ®22, to that in the main plasma,
@P=.  which corresponds approximately to
the flux amplification factor in the divertor,
is enhanced from 2 to 4. The flux amplifi-
cation factor is relatively small due to the
low input power of 4 MW.

At high density, 7. > 2.8 x 10¥m~2,
the temperature gradient along the mag-
netic field line is increased, and the diver-
tor MARFE occurs when T, g = 30 eV
and T.g4, = 10 eV. During the divertor
MARFE, where the plasma detachment ex-
tends from the divertor separatrix to the
outer flux surfaces, both pe i and pe giv are
reduced. The critical T, mig and T, g0 at
the MARFE onset are similar for the lower
qess discharges (shorter connection length).
This is not explained simply by 1D parallel
transport model.

5. Summary
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Fig. 6: Electron temperature, density and pres-
sure at the midplane (open circles) and at the
outboard divertor target (closed circles) for Ip=
1.2 MA, B,= 3.5—4 T. Ratio of neutral ioniza-
tion rate in the divertor and that in the main
plasma is plotted by squares.

The SOL plasma profiles were investigated in NBI L-mode discharges. Inner and outer
SOL regions with different e-folding lengths are observed both in the 7, and n, profiles.
Common behaviours of the SOL profiles are found. (1) the outer SOL is extending to the
LCFS with 7, increasing, and e-folding lengths of the profiles are increased. Candidates
which cause the broadening of the SOL plasma such as density/potential fluctuations
and interaction with increasing neutrals are under investigation. (2) p. profiles at the
midplane and at the divertor target are comparable. (3) T. mi¢ and T¢qiy at the MARFE
onset are similar for the different q.ss discharges. Total plasma pressure balance and heat
transport along the magnetic field line are analyzed using 2 simple divertor code.
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6.3 Active Control of Helium Exhaust on ELMy H-mode
A. Sakasai, H. Kubo, S. Sakurai, S. Higashijima, N. Asakura

1. Introduction :

Helium (He) exhaust has been studied on ELMy H-mode using He beams and a short
pulse He gas puff. Helium and deuterium recycling flux profiles in the divertor was measured
with a divertor visible spectrometer to investigate the in-out asymmetry with He flux. Active
He removal with ICRF heating and ripple loss was tried in the hydrogen operation for the first
time. '

For the He exhaust, it is desirable that fueling particle and He ash can be selectively
exhausted and He ash can be effectively exhausted from the outboard divertor. The divertor
operation with higher He pressure in the outboard divertor is very beneficial because of longer
toroidal length and more space for pumping system. The selective exhaust between fuel and
ash is very important from a viewpoint of the burning control.

2. In-out asymmetry of He flux

The D flux on the inner target in the divertor was larger than one on the outer target and
the in-out asymmetry was studied in L-mode and ELMy H-mode on JT-60U[1]. However,
the asymmetry with He flux has not been investigated in JT-60U and the other devices yet . It
is an important issue to control He ash exhaust. The in-out asymmetry with He flux in the
divertor was investigated and controlled by changing of NB power and Ip.

Recycling influx profiles of deuterium and helium ions in the divertor region were
measured with spectroscopic diagnostics viewing a wide divertor area which was composed
of a 60-channel optical fiber array modified from a 38-ch array in JT-60U. It is possible to
measure He and D flux in ELMy H-mode discharges with high X-point configuration(Xp=20
cm) to study the in-out asymmetry of He flux in the divertor.

2.1 Normal BT with He gas puff

Helium exhaust experiment was carried out in ELMy H-modes with H-factor=1.7 - 1.4.
The discharge conditions were Ip=1.0MA/BT=2.5T(qeff=6.2), 1.4MA/3.5T(qeff=6.0),
1.7MA/2.5T(geff=3.5), 1.5MA/2.5T(qeff=3.9), 1.TMA/3.5T(qeff=4.8) and Vol=60 m3 with
PNB=18 MW and He gas puff 5 Pam3/s x 0.2 s to obtain the dependence of geff, Ip and
BT. The Helium exhaust experiment was also carried out in L-mode with the same
configuration and high ne under the condition of 1.7 MA/3.5 T, (qeff=4.8) and PNB=10
MW.

Figure 1 shows the He I (728.1 nm) brightness (He flux) and Do brightness '(D flux)
profiles in the divertor in the cases of (a): Ip=1.0 MA, BT=2.5 T, PNB=18 MW and (b):
Ip=1.7 MA, BT=3.5 T, PNB=18 MW. The He flux on the outer target in the divertor was
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larger than one on the inner target as shown in Fig.1 (a). On the other hand, the He flux on the
inner target in the divertor was larger than one on the outer target in the case of high Ip as
shown in Fig.1 (b). The in-out asymmetry with the outboard enhanced He flux was
remarkable in ELMy H-mode with high NB power heating.

It was found that the asymmetry with the outboard enhanced He flux occurred near the
condition of Ip=1.0 MA, BT=2.5 T, PNB=18 MW and Bp=1.8 from the result of Ip and BT
scan. The asymmetry seems to depend on Bp (including edge parameters: ne, Te, Tj et al.).
In the condition of Bp<1.8, the asymmetry was marginal or changed to the asymmetry with
the inboard enhanced He flux.

2.2 Reversed BT with He gas puff

The effect of the ion grad-B drift direction on the in-out asymmetry with the He flux was
investigated in the condition of reversed BT and Ip with He gas puff. Figure 2 shows the He
T brightness and Dot brightness profiles in the divertor in the cases of Ip=1.0 MA, BT=2.5 T,
PNB=18 MW with the reversed BT and Ip. The inner He flux was larger than the outer flux
with only this condition in ELMy H-mode. On the other hand, the inner He flux was less than
the outer flux with other conditions. The reversed effect on the in-out asymmetry with the He
flux profiles was not observed. This result indicates that the asymmetry with the He flux
profiles do not depend on the ion grad-B drift direction.

However, the in-out asymmetry with the D flux was changed in the reversed BT and Ip.
The outer D flux was larger than the inner flux with the above all conditions in ELMy H-
mode. The reversed effect on the in-out asymmetry with the D flux was clearly observed(1].
The He flux profiles were very narrow as compared with D flux profiles. This result of BT
and Ip reversal was interested in the causality and mechanism.

2.3 Normal BT with 4He Beam injection

The in-out asymmetry with He flux was investigated using 60 keV 4He beams
(PHeNB=2.4 MW) with the normal BT in ELMy H-mode.

The Ip scan was performed in the condition of 1.0 MA/25 T, 1.2 MA/30 T, 1.3
MA/3.25 T, 1.4 MA/3.5 T to make clear the dependence of Ip on the asyrfirnetry with the
same geff. The He flux towards the outboard target was gradually decreased and the He flux
towards the inboard target was gradually increased in the case of higher Ip than 1.0 MA. And
the scan of NB power was also performed in the condition of PNB=18, 14, 12, 10 MW
(1.0MA/2.5T) to make clear the dependence of PNB on the asymmetry.

Figure 3 shows the comparison of the He I brightness and Do brightness profiles in the
divertor between (a): Ip=1.0 MA, BT=2.5 T, PNB=18 MW (b): Ip=1.3 MA, BT=3.25 T,
PNB=18 MW and (c): Ip=1.0 MA, BT=2.5T, PNB=10 MW in ELMy H-mode in the case of
He beam injection. The asymmetry with the outboard enhanced He flux was observed with
PNB=18 MW as shown in Fig.3 (a). In the case of PNB=10 MW, it changed to the

asymmetry with the inboard enhanced He flux as shown in Fig.3 (c). The He flux towards
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the outer target was gradually decreased with the lower NB power from the result of NB
POWET scan.

The He concentration, He flux and the He pressure reduced to 1/2, 1/10 and 1/3
respectively with the He removal by wall pumping due to a Solid Target Boronization
discharge (STB)[2]. STB means that the outer divertor strike point hits 300-pum thick B4C
converted CFC (Carbon Fiber Composite) tiles and B4C layers evaporate and deposit in the
discharge. Helium ash could be effectively exhausted in combination with the control of the
asymmetry and the He removal due to the STB.

3. Helium Exhaust with ICRF

Active He removal with ICRF heating and ripple loss was performed on the first trial in
the hydrogen operation. The operation condition is Ip=1.1 MA/BT=3.244 T, Vol=83 m3,
PNB=13 MW (or No H-NB), PHeNB=1.6 MW, P[C=3.8 MW and 6wcpe IC resonance
layer was located on R=4.21 m. In this experiment, the IC resonance layers of WcHe = @CD
= 0.5y were very complicated to obtain the 4He acceleration. This problem was a matter
of concern.

Actually, the 4He acceleration could not be observed with a charge exchange neutral
particle analyzer. However, the H acceleration was observed well. It seem that the IC power
is almost absorbed for H acceleration (3wcy). Because He recycling flux was increased with
ICRF heating, the He density in the core and edge plasma was increased. Active He removal
with ICRF heating and ripple loss in the D operation phase is planned in the deuterium
opeartion with no hydrogen and low He recycling in 1996.

4, Conclusions
In-out asymmetry with He influx in the divertor has been controlled by changing of

neutral beam (NB) power and plasma current (Ip). The effect of the ion grad-B drift direction
and Ip and BT (9eff) dependence on He exhaust was investigated in ELMy H-mode and L-
mode. The asymmetry with the He flux profiles do not depend on the ion grad-B drift
direction. The asymmetry seems to be determined by Bp (including edge parameters: ne, Te.,
Tj et al.) and not be explicitly determined by NB power and Ip. Helium ash exhaust could be
actively controlled in combination with the control of the asymmetry with He flux and He
removal due to the STB. This result suggests that the selective exhaust, for example He ash
removal from the outboard and fueling particle removal from the inboard, is possible to
control the burning of core plasma in future reactors.

References
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6.4 Radiative divertor plasma with Neon injection
K. Itami, N, Hosogane, N. Asakura, A. Sakasai

1. Introduction _

In order to obtain the core plasmas with high ion temperature, it is important to suppress
particle recycling to low revel around the main plasma , as well as operating plasmas in improved
confinement mode. It is becoming difficult to produce cold, dense and radiative divertor plasmas
due to high heat flux density to the divertor and high temperature in the scrape off layer under
sucn conditions. Major part of efforts in divertor study in recent tokamak devices are recently
devoted to the radiative divertor experiment by impurity gas puff. In ASDEX Upgrade
tokamak, complete detachment at the divertor plasma was obtained during ELMy H-mode without
degradation of the core plasma confinement. Demonstration of significant reduction of heat flux
at the divertor due to the enhanced radiation loss from the boundary attracted attentions and the
concept of radiative divertor by impurity puffing is recognized as an alternative of gas target
divertor concept of ITER. Radiative divertor experiments by impurity gas puffing were carried
out in March, July and September, in 1995. A part of the results was presented at the 22nd EPS
conference at Bounemouth, UK. [1].

2. Experimental results

The purpose of this study is to investigate the compatibility of high jon temperature in
ELMy H-mode plasmas that are produced at the low particle recycling conditions and the
radiative divertor plasmas by utilizing neon as seed impurity to enhance radiation loss from the
plasma. In order to compare effecs on divertor plasma parameters by a various Neon gas and D,
gas puff sequences, ELMy H-mode plasmas with Ip = 1.2MA, B, = 2T and Pz = 15MW were
produced at the low particle recycling conditions as target discharges. A synagistic effect of the
neon gas puff followed by deuterium gas puff was found on the enhancement of radiation loss
and particle flux at the divertor . In Fig.1(a), the increment of the radiation loss from the main
and divertor plasmas after four kinds of the gas puff sequences is shown. after the . These
sequences indexed as “Neon Only”, “D, Only”, “Neon + D,” and “D, + Neon” in the figure
mean neon gas puff, deuterium gas puff, neon gas puff followed by deuterium gas puff and
deuterium gas puff followed by neon gas puff, respectively. Total injection of neon gas and
deuterium gas were 1.2Pam’ and 9.6Pam’, respectively. As shown in the figure, the increment of
radiation loss by “Neon + D,” gas puff is much larger than the sum of the radiation loss by the
“Neon Only” gas puff and that by “D, Only” gas puff from both the main and divertor plasmas.
Such a synagistic effect is not seen for the “D, + Neon” gas puff. In Fig. 1(b) and Fig. 1(c), the
increment of deuterium particle flux to the divertor and the increment of the electron density in
the main plasma by the same gas puff sequences are shown, respectively. While the synagistic
effect was again observed for the “Neon + D, ” gas puff, no synagistic effect was observed for
“Neon + D,” gas puff. In other words, the effect of the “D, + Neon” gas puff on the divertor
particle flux and electron density is the same with or less than the sum of the effect by the “Neon
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Only” gas puff and that by “D, Only” gas puff. It was clearly demonstrated that the *Neon + D,”
gas puff was effective to produce the radiative divertor plasmas.

With the synagistic effect of neon and deuterium gas puffing, radiative divertor plasma

was obtained in ELMy H-mode plasma with P,; = 23MW while the H-factor was maintained to
1.5. The discharge was produced at the low particle recycling condition (®,_,,=2 x 10*/s ) and
particle recycling was increased by a factor of five and radiation loss was increased by a factor
of two at the divertor. Change of Z; due to Neon was about 1 and total dilution of Deuterium
due to impurity ions was estimated to be 50%. This discharge is compared with the reference
plasma of ELMy H-mode which was produced at the high particle recycling condition in Table
1. Since the high T,, that produced at the low recycling phase was maintained in the case I until
the radiative divertor phase, neutron rate was even larger than the case 2, irrespective of the
dilution of deuterium due to neon in the case 1.
By increasing radiation loss at the divertor further, the radiative divertor plasma which dissipates
80% of incoming heat flux was produced in ELMy H-mode plasmas with Py, = 20MW. ( See
Fig. 2. In such a discharge, the total radiation loss from the plasma increased from 6MW to
14MW of the NB power. Profiles of heat flux density to the divertor at the initial phase and at
the radiative divertor phase are shown in Fig. 2(b). Detachment at the strike point of the separatrix
occurred when the heat flux density vanished at t = 9.0 s. The detachment was maintained for
two seconds until the end of the NB heating. Degradation of the main plasma confinement due
to the radiation enhancement is shown in Fig. 3. H-factor of the main plasma is ploted against
Po/Pags - Data points are taken from ELMy H-mode plasmas with Pyy < 23MW. Here Pro; is
the total radiation power plasma and P, is NB absorption power.

Summary
A synagistic effect of the neon gas puff followed by deuterium gas puff was found on the

enhancement of radiation loss and particle flux to the divertor . With the synagistic effect,
radiative divertor plasma were obtained with relatively high ion temperature in the main

plasma.
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6.5 Particle and Heat Fluxes on the Divertor and Carbon Generation
during ELMy Phase

S. Sakurai, N. Asakura

1. Introduction _

ELMy H-mode is considered as a steady-state operation mode in a tokamak reactor. Divertor
tiles will be periodically exposed huge particle and heat fluxes at ELM events, and the surface
temperature of them will exceed the endurance limit of materials, if the heat load toward divertor
is not effectively reduced and removed. Therefore, it is very'important to study the effect of
particle and heat fluxes and divertor tile temperature on carbon generation during ELMy phase.

2. Carbon Burst in Quasi-steady State high fp Ef,My H-mode Discharge
Figure 1 shows the typical waveform of a E21282 Ppa~30MW
quasi-steady state high Bp ELMy H-mode g
discharge in JT-60U. Good energy confinement i
state (H-factor ~2) was sustained by high power 0 w ””'
(~30MW) NB heating under the low recycling FA J blL i

condition. Emission profile from carbon impurities “| Cljeutboard
| & Cv|main

"I

in divertor region was measured with the optical
fiber array for divertor spectroscopy, and emission 0
from highly ionized carbon impurity in edge plasma
was also measured by the VUV spectrometer

viewing across the main plasma. These signals

abruptly increase just after the rising of the Da

signal and the surface temperature of divertor tiles.

Brightness of CII line reached to the same level of :
Fig.1 Typical waveform of quasi-steady state high

Da radiation. contrary, a carbon burst was
On the ary Bp ELMy H-mode discharge. Ip =2.3MA, By

not observed in similar discharges, in which Da =4,4T. CII(658nm) at outhoard divertor and
CVI(3.37nm) at main were measured with the

radiation and the tile temperature were kept slightly 38ch optical fiber array and VUV spectrometer,

lower. These results suggest that the increase of respectively. Surface temperatures of divertor

. . tiles were measured with IRTV. The peak value
particle and/or heat fluxes toward the divertor at inboard divertor was not obtained due to the
causes a carbon burst. In addition, CII brightness limit of sight.

increased strongly as the surface temperature of outboard divertor tiles went up in these discharges.
Since the inner strike point of these discharges was located outside the viewing area of divertor
diagnostics, we can not detefminc the place of a dominant carbon source. Furthermore, the
effect of the huge particle and heat fluxes at ELM event on the carbon impurity generation has
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not been clear, because the time resolution of divertor diagnostics (>20ms) was insufficient to
resolve each ELM event (~a few ms). E23754 Pnp (22~23MW)

4 e e N

3. Behavior of Carbon Impurities of 1 : | : 4
during EL.My Phase - _fast sampling De, I& Dq (AU) 15

In order to study the behavior of carbon
P PR
r‘"r:i & Cy|main

b AR PN TP
.C”inboard, outboa

impurities during ELMy phase with strongly1

heated divertor tiles, an ELMy discharge was
sustained by long pulse NB heating. The typicalD
waveform is shown in Fig. 2. Although the

surface temperature of outboard divertor tiles | O \i"b oar d:

reaches the same level at which the carbon —— RPN — 200
) _ ' S b 7 8 infig4 g 10 11
burst is observed in the discharge shown in Fig. time (s) \fastsampling IRTV

. . Fig.2 Typical waveform of an ELMy discharge with long

1, no carbon burst is observed in these pulse NB heating. Ip =1.5MA, By =3T. Signals from
dlSChaf es. The lasma Confi uration was PMT arrayfor Cil at fnboard diueﬂor and po[o:dal
g P g profile of Da were sampled at each 20us from 6.5s to

adjusted to divertor diagnostics, and the whole 9s, Surface temperature of divertor tiles were measured
with fast sampling (2501is} IRTV.

_Tem_div © ' ﬂ o.u'tl';o.l‘:lrdﬁl ._1000

profile of CII radiation in divertor region was

shown in Fig. 3. The surface Fig.3 Setup of the divertor
. . T E23754 (1=9.0s) diagnostics and radiation

temperature of outboard divertor tiles g & 2 f %r}(;{gjegof .;)a(656nnzi) a;;:

is higher than that of inboard, but the é’ ::g i k‘i' (x10) Da | the 3&,:1:;”-;?%2?”‘%

ratio of the CII brightness to the Do.at - £&* | 1

the inboard target is larger than that at 2

the outboard target. It should be 1.2 "

noticed that CII line is emitted from T1a :

not only directly sputtered carbonbut J° """ |

also recycling one, still we consider | CFCil

the localized emission near the strike 170 | T PRSI B/ I

point as an effective indicator of o nboars v ‘OR (m)
carbon influx. In addition, fast ¢ gypinbeardpm)

sampling of IRTV and Do PMT array showed that particle and/or heat fluxes to the inboard
target at an ELM event were larger than outboard side in these discharges. Therefore, we consider
that carbon generation rate dominantly depends on particle and/or heat fluxes at ELM event

within tile temperature of 900°C.

4. ELM Pulse Effect on Carbon Generation

Da and CII radiation and tile temperature of the inboard divertor were measured by fast
sampling of PMT array and IRTV as shown in Fig. 4. Increment of the surface temperature at an
ELM pulse reaches several hundreds degrees, and peaks of CII radiation are much larger than
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E23754 ;‘;‘g‘l_fm";ul T~ average value between ELMs. The relation

between CII radiation and the particle flux,

®p ainboard 10  peakflux at

ELM pulse which evaluated from Da radiation, was
i analyzed at each ELM pulse and between ELMs.

inboard o - s . .
C”'?pcr:f{-) 10 i gﬂ;ﬁ: ELMs ! CII radiation increased with the particle flux

(1021phs/mZ/sr/s) 0 ik L both at ELM pulse and between ELMs, but the

(1029s) oA

Temp.nboard 900" ATemp. J  ratio of CII radiation to the particle flux at ELM
(°C) 500 1 , : 4  pulse is much larger than that between ELMs as
8.515 8.525 8.535 shown in Fig. 5(a). These results show that the

time {s) sputtering yield of carbon was enhanced at an

Fig.4 Typical waveform of ELMy phase shown in Fig. 2. ELM pulse. The time-integrated CII radiation
Particle flux toward inboard divertor Pp, was . .
evaluated from Da radiation. Brightness of CH due to an ELM pulse is compared with that of
(658nm) and Da was sampled at each 20us. Surface I . ;
temperature of inboard divertor was measured with betVYeen ELMs in Fig. 5(b). They increase with
Jast sampling (250s) IRTV. the total particle flow toward inboard divertor
at both situations. Although total particle flow at ELM events is much smaller than that between
ELMs, total (time-integrated) CII radiation at ELM events is almost same amount of that between
ELMs. Therefore, the effect of ELM pulses on carbon impurity generation are not negligible. It
has been very difficult to distinguish the effect of heat flux and particle flux, because heat flux

increased with particle flux in these discharges

L2 I R B ST T T T T 71
- (a o O_ — [ totalat b)
7] (a) o 5 Ll EMpulse ( )__
o peak at o) o = o
o __E 8~ ELMpulse - g€ L © —
SED ° 88 ¢ 4 a
= o
Oz 4 009 © 4 Ser %o %ﬁ% 7
= average 2 p0° total -
X ﬁ between _J i A5 between
ELMs ELMs -
ol Sl | | | Y 2 T
0o 4 8 12 0 1 . 2d 3 4
Dpn " (1022/s) Jogmoxd g¢ (1020)

Fig.5 (a) peak or average (b) total (time-integrated), CIl at inboard divertor vs. peak or total particle flux toward
inboard divertor. Definitionsof peak and total were iflustrated in Fig. 4. Circles indicate peak or total at ELM
puise. Triangles show average or total between ELMs.

5. Summary

The effect of particle and heat fluxes and divertor tile temperature on carbon generation
during ELMy phase has been studied by fast sampling of PMT array and IRTV. Carbon burst
from divertor tiles has been observed when maximum temperature of tiles exceeds 900°C at
least. Radiation of carbon impurity strongly depends on particle and/or heat fluxes at ELM
events, even if the tile temperature is kept lower than this temperature. Therefore, the effect of
ELM pulses on carbon impurity generation are not negligible.
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6.6 In-out Asymmetry of Divertor Heat Flux in High Bp Plasma
K. Nagashima, K. Itami

For the development of steady state tokamak reactor, a stable operation with high

poloidal beta (Bp) plasma is one of the most important issues. Plasma characteristics with
‘high Bp have been extensively examined in several tokamaks!: 2). On the other hand,

adequate control of divertor heat load and particle exhaust is also an indispensable issue for
the tokamak development. However, divertor characteristics with high Bp plasma have not
been studied enough. In the high Bp plasma, the Shafranov shift is large and the magnetic
flux becomes dense in the outer region and sparse in the inner region. The same situation
exists in the divertor region, that is, adjacent flux surfaces are close in the outer divertor and
they are away from each others in the inner divertor. Therefore, the large Shafranov shift
influences the divertor characteristics, in particular, the in-out asymmetry of heat and particle
flux densities. It is inferred that the widths of heat and particle flux become narrow in the
outer divertor and broad in the inner divertor.

The in-out asymmetry of divertor heat flux was examined for ELMy H-mode plasmas
with Bp < 1.7. In high density plasmas, divertor radiation becomes large and the heat flux are
dissipated before reaching the divertor plates. Hence, the data were obtained from low
density plasmas with fig/ngw < 0.4 (where 0. and ngw are the line averaged density and the
Greenwald limit). It was observed that the asymmetry is strongly dependent on the Bp value
and the heat flux width is broader in the outer divertor. It is in contradiction to the above
inference. The heat flux profile was measured on the divertor plates (Fig.1(a)). The
measured position is transferred to the equatorial plane on the same flux surface and the
measured profile is projected on the equatorial plane (Fig.1(b), (¢)). Then, the heat flux
profile may be compared on the flux coordinate between the inner and the outer divertors.
Ratio of the outer width over the inner width increases with increasing the Pp value, as
shown in Fig.2, and the ratio becomes over 2 for B, = 1.5. The in-out asymmetry of particle
flux seems to have the similar tendency.

This in-out asymmetry is a considerably important problem for the divertor design of
the high Bp tokamak machine and further investigation is necessary.

References
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Fig.2 Poloidal beta vs. ratio between the inner and the outer heat flux widths on the equatorial plane.
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6.7 Measurement of Electron Temperature and Density
in Divertor Plasmas Using Intensity Ratios of He I Spectral Lines

H. Kubo, S. Higashijima, A. Sakasai, T. Sugie and N. Asakura

1. Introduction
Electron temperature and density in divertor plasmas has usually been measured with

Langmuir probes located at divertor plates so far. However high heat flux damages the
probe and then it is difficult to measure the density. On the other hand, the method using line
intensity ratios does not suffer such a problem. To use He line emission is favorable, because
He injection has little effect on fusion plasma performance and He atoms are produced by the
nuclear reaction in fusion reactors. In TEXTOR, He I lines: 2p 1p . 35 1S (728 nm), 2p 3P - 3s
33 (706 nm) and 2p lp.34 1D (668 nm), from an injected He-atom beam have been used to
measure the temperature and density profiles in the plasma edge!). This paper describes the
spatial profile measurement of the temperature and density in the JT-60U divertor using the line

intensities.

2. Experiment
Figure 1 shows diagnostics for this investigation in a schematic diagram of the JT-60U

divertor. We have simultaneously measured the three He I line emissions from the divertor
plasmas with a spatial resolution of 1 cm using a 38-channel optical fiber array2). The
temperature and density at the divertor plates are measured with Langmuir probes and the
radiative losses are measured with bolometers.

Figure 2 shows time evolution of a discharge for this study. During NB heating, He gas
was puffed for 300 ms and the electron density was raised by a continuous H2 puff. From the
increase in the electron density, the ratio of the helium ion density to the hydrogen ion density
was estimated to be 0.34 and 0.068 at 6.5 s and 10 s, respectively. A MARFE occurs in the
vicinity of the null point at 9.1 s and the radiative losses measured with the bolometer viewing
the null point increases drastically. Then the outboard divertor was partially detached.

3. Results and Discussion

The intensity ratios around the outboard strike point are compared with those calculated
by TEXTOR group!) and Kyoto group?) in Fig. 3. In the calculations, the electrorn density was
assumed to be 1 x 1019 m-3 for the temperature measurement and the electron temperature is
assumed to be 50 eV for the density measurement. The error bar in Fig. 3(a) indicates the
change in the calculated intensity when the density changes from 0.2 to 5 X 1019 m-3. And the
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error bar in Fig. 3(b) indicates the change in the calculated intensity when the temperature
changes from 10 to 100 eV. We cannot identify the discrepancy between the two calculations.
Kyoto group has recently updated the atomic data and considered more energy levels than
TEXTOR group. The scattering of the measured data is ascribed to the error in the probe
measurement. For the temperature measurement, although the measured intensity ratio increases
with the temperature as expected, it is smaller than calculated ones. The discrepancy cannot be
ascribed to the assumption of the density in the calculations. The measured intensity is closer to
that calculated by TEXTOR group than that calculated by Kyoto group. For the density
measurement, the measured intensity ratio agrees with that calculated by TEXTOR group. The
discrepancies between the measurement and the calculations might be attributed to ion collision
effect, that was ignored in the calculations. It is expected that the ion collision effect decreases
the intensity ratio for the temperature measurement and increases that for the density
measurement.

The fifth and sixth rows in Fig. 2 show ti;e time evolution of the temperatures and
densities around the outboard strike point obtained by the probe measurement and spectroscopic
measurement. Here the TEXTOR data were used to derive the temperature and density from the
spectroscopic measurement. Although the temperature derived from the spectroscopic
measurement decreases with the increase in the electron density in the main plasma as that
measured with the probe, it is about half of that measured with the probe. The density derived
from the spectroscopic measurement agrees with that measured with the probe.

Fig. 4 shows the spatial distributions of He I 728 nm intensity, the temperature and
density derived from the spectroscopic measurement. We discuss the distributions between the
outboard strike point and the null point. In the region, the angle between the viewing chords of
the spectroscopic measurement and the separatrix surface is rather large and the viewing chords
changes along the field line. Under the attached divertor condition, the intensity profile has a

“clear peak at the outboard strike point. The intensity profile becomes flat as a MARFE occurs.

As the electron density in the main plasma increases, the temperature decreases and the density
increases in the divertor. During the MARFE, the temperature decreases down to 10 eV and the
profile becomes flat. Then the density near the divertor plates to that the plasma is attached is
two times higher than that around the null point.

The optical fiber viewing the strike point observes the line emission from the vicinity of
the strike point where He atoms recycle dominantly. It is expected that the temperature and
density at the strike point are reliably derived from the intensity ratios. Assuming that the
electron density is 1 X 1019 m3 and the energy of the He atoms is 600K, the ionization length
of the He atoms is estimated to be 20 and 1.4 cm at electron temperatures of 10 and 50 eV,
respectively. Under the attached divertor condition, it is expected that the He atoms cannot
penetrate the scrape-off layer because the temperature is high. Then the line emission measured

with the fibers viewing the range between the strike point and the null point comes from two
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boundaries of the scrape-off layer: the outboard boundary and the private-region boundary.
Therefore it is difficult to obtain the correct profiles of the temperature and density between the
strike point and the null point from the spectroscopic measurement. As the density increases
and the temperature decreases, the He atoms penetrates deeper into the scrape-off layer, and the
density obtained by spectroscopy increases and the temperature obtained by spectroscopy
decreases. When the MARFE occurs and the temperature is low, the measurement is useful to
derive the temperature and density profiles because the He atoms penetrate the scrape-off

plasma and the peripheral region of the main plasma.

4. Summary
It is estimated that the intensity ratios of the He I spectral lines are available to estimate

the electron teﬁlperature and density profiles in divertor plasmas, although more precise atomic
data are necessary. Around the strike point, the temperature and density derived from the
spectroscopic measurement agreed with those measured with probes within a factor of two. On
the other hand, it is difficult to obtain the correct profiles of the temperature and density
between the strike point and the null point. However, when a MARFE occurs and the
temperature is low, the: measurement is useful to derive the temperature and density profiles.
Then the spectroscopic measurement suggested that the temperatures around the divertor plates
to that the divertor plasma attached and the null point were about 10 eV .
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Fig.1  Schematic diagram of the JT-60U divertor.
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Fig. 3 Intensity ratios for (a) the temperature
measurement and (b) the density measurement. The
solid points indicate the ratios measured around the
outboard strike point in JT-60U and the lines
indicate those calculated by TEXTOR group and
Kyoto group.

Fig. 2 Time evolution of a discharge with a He
puff. The NBI power and the puff rates of He and H3
are shown in the first row. The line-averaged
electron density in the main plasma is shown in the
second row and the radiative losses measured with
the bolometers viewing the null point and the
outboard strike point are shown in the third one. The
forth row shows line intensities of He [ 728 nm,
707 nm and 668 nm around the outboard strike
peint. The fifth and the sixth shows the
temperatures and densities around the outboard strike
point oblained by the probe measurement and
spectroscopic measurement.
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Fig. 4 Spatial distributions of (a) He I 728.nm
intensity, (b) the temperature and (c) density derived
from the spectroscopic measurement using the
TEXTOR data.
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