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Experimental results achieved in the initial operation of JT-60U
are described in this paper. Experiments of JI-60U were initiated in
March 1991, and deuterium experiments started in the middle of July.
Multivariable non-interacting control was adopted to allow independent
control over the strong mutual coupling between the ohmic heating colls
and the vertical field coils. Well controlled divertor discharges were
successfully cobtained using this method and discharges with plasma
current up to 5MA were achieved. H-mode experiments were performed in
the region of L,=1-4MA, Br=1.7-4T, dqeff=3-5 and Pyp=6-22MW. Most of
the H-mode data published so far from H-mode tokamaks are in low
toroidal field (<3T) except for those with limiter H-mode in JT-60(LHCD)
and TFTR. In JT-60U, clear IL- to H- transitioms and density/temperature
profiles with steep edge gradients were observed in divertor configura-
tion at 4T. The maximum enhancement faétor of H-mode was 1.5 for the
non-steady state case and 1.3 for the quasi-steady state case. The

causes of this modest improvement in confinement are discussed. The

‘high—q and high—Bp regime with hot ion enhanced confinement was investi-

gated for concept development of steady-state reactors like S8TR. The
maximum Bp reached 2.25, the maximum T; of 20keV was achieved and T%la
was improved to about 2.9 times as large as that of ITER89-P scaling.

The maximum neutron rate of 1.3%10'°n/s was alsc obtained in the
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highest-8p discharge. The corresponding Qpp and the equivalent Qpr

were 8.9x10™"% and ~0.20, respectively. Heat load localized in both
toroidal and poleoidal directions was shown to be in a good agreement

for the first time with calculated heat load profile due to ripple
trapped particle loss. The divertor heat flux was analyzed to establish
a scaling law on the heat flux peaking factor which is the reciprocal

of the scrape-off-layer thickness. Achieved values of the first experi-
ment of the JT-60U LHCD in 1991 were Ppp=1.5MW, driven current Igp=IMA,
current drive efficiency nCD(EﬁeRPIRF/PLH)=O.25X1020m'2A/W and current
driven product CDP(EﬁeRPIRF)=3XlOZGm_2MA.

Keywords: JT-60U, Deuterium Discharges, Confinement Improvement,

MHD, Disruption, Divertor
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Executive Summary

Experimental results achieved in the initial operation of JT-60U are described in this
paper. Construction of the JT-60U to allow higher plasma current, deuterium operation and
higher heating power was completed in March 1991 and ohmic experiments with hydrogen gas
were initiated at the end of March. After commissioning the diagnostics and the NBI system,
deuterium discharges started in the middle of July and deuterium experiments with NB power
of up to 22 MW started in late August. In October, hydrogen discharges were made before an
annual vacuum break in November. The main objectives of experiments in 1991 were to study
the basic performance of JT- 60U and the following experiments were performed: 1)
optimization of plasma control, 2) confinement improvement and studies of its characteristics,
3) MHD and disruption studies, 4) impurity control and divertor studies, 5) studies of ripple
loss, high energy particle and D-D reaction product and 6) LHCD experiments.

Optimizations of break-down, current ramp-up and divertor configuration were perform-
ed. Multivariable non-interacting control was adopted to allow independent control over the
strong mutual coupling between the ochmic heating coils and the vertical field coils. Well
controlled divertor discharges were successfully demonstrated by this method and 4 MA
discharges were accomplished in only 12 days of operation. Discharges with plasma currents
of up to 5 MA were achieved and method of obtaining 6 MA discharges was clear.

H-mode experiments were performed in the region of [;=1-4 MA, B1=1.7-4 T, qeg=3-5
and Png=6-22 MW. Most of the H-mode data published so far from H-mode tokamaks are in
low toroidal field (<3T) except for those with limiter H-mode in JT-60 (LHCD) and TFTR. In
JT-60U, clear L- to H-transitions and density/temperature profiles with steep edge gradients
were observed in divertor configuration at 4 T. A quasi-steady state H-mode with ELMs was
obtained in discharges with By=1.7-2.5 T after wall conditioning. However, the ELM-free
phase was still short (< 0.2 s) and confinement enhancement in the H-mode compared to the L-
mode scaling was still low. The maximum enhancement factor was 1.5 for the non-steady
state case and 1.3 for the quasi-steady state case. The causes of this modest improvement in
confinement are discussed.

The high-q and high-f; regime with hot ion enhanced confinement was investigated for
concept development of steady-state reactors like SSTR. The maximum {3, reached 2.25, the
maximum T; of 20 keV was achieved and 'rgia was improved to about 2.9 times as large as that
of ITER89-P scaling. The maximum neutron rate obtained in this high-f, regime was 1.3 X
10'® n/s, which corresponds to Qpp=8.9 X 10 and the equivalent Qpr~0.2.

Energy confinement time of L-mode discharges is compared with ITER L-mode scaling.
The energy confinement time of low plasma current (3 MA) and full size elliptic plasrhas with
vertical elongation of 1.6 is roughly consistent with the prediction of ITER89-P law, but that of
high plasma current (3-4 MA) is a little shorter than the prediction. One explanation is that the

0
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current penetration is not enough in high plasma current discharges. On the other hand, L-
mode confinement of the small ap configuration (ap=0.8 m, A=4) is 1.3 times ITER89-P law
which exceeds the prediction of the Goldston scaling giving stronger aspect ratio dependence
of the fusion product than the ITTER89-P law.

Effects of a current profile |j and an effective safety factor geff on MHD characteristics
and plasma confinement were studied to obtain a systematic understanding of macroscopic
instabilities, and a clear correlation between MHD and confinement with the separate role of
micro turbulence distinguished. In a Ij-gefr plot, the stable region and the sawtooth region are
clearly separated. The dependence of sawtooth inversion/mixing radii on lj and qeff is
demonstrated, and energy confinement time is clearly correlated with 1j and gegr. Phenomena of
MARFE and detached plasma prior to disruptions were studied, and a reliable control of
disruptions was demonstrated using the detachment phenomenon.

In JT-60U, to reduce carbon impurity production at the divertor tile edges, divertor tiles
made of carbon-fiber composites were installed with good alignment (<0.5 mm) and tile edges
were beveled. These feature and extensive divertor diagnostics enabled investigation of carbon
impurity generation mechanism. In high density discharges, lower incident ion energy reduced
carbon impurity generation at divertor plates. Carbon influx to the main plasma was further
reduced due to higher shielding efficiency in the divertor and scrape-off layer plasmas. Remote
radiative cooling power increased with neQefr. The divertor heat flux was analyzed to establish
a scaling law on the heat flux peaking factor which is the reciprocal of the scrape-off-layer
thickness. The experimentally-derived scaling law is Pp0-49£0.18,-0.4540.22 . -0.67+0.18 -
All these results suggest that high density, high qeff operation mitigates divertor heat load,
divertor plate erosion and impurity concentration.

Heat load localized in both toroidal and poloidal directions was shown to be in a good
agreement for the first time with calculated heat load profile due to ripple trapped particle loss.
The confinement and slowing down of the 1MeV triton produced by d(d,p)t reactions have
been investigated through the burnup of the 1 MeV tritons in the D-D plasma. The slowing
down was classical in both chmically and neutral beam heated plasmas.

In the first campaign of the JT-60U LHCD in 1991, the emphasis of the experiment was
placed on the physics understandings of the LHCD such as the identification of the LH wave
dispersion relation, effect of the accessibility and behavior of the fast electrons measured by the
hard X-ray and soft X-ray signal (energy spectra, profiles and time response). Achieved
values of the experiment were PLy=1.5 MW, driven current Igr=2 MA, current drive
efficiency Nep(=neRpIRF/PLH)=0.25x1020 m-2A/W and current driven product CDP
(=0.RpIRF)=3x1020 m-2MA.

XX
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1 Machine and Diagnostics Status

1.1 Machine Status

This section presents the status of the JT- 60U device in 1991. Figure 1 shows the cross
sectional view of the JT- 60U device [1-2]. The JT-60U uses the original toroidal field coils,
high power heating systems and power supply systems after minor modification. The poloidal

field coils and the vacuum vessel were superseded by new ones to allow single-null open

divertor plasmas with plasma currents of up to 6 MA,
plasma volumes of up to 110 m°, aspect ratios of
3.4-4.0 and plasma elongations of 1.4 to 1.8. Table
1 shows the main parameters of JT-60U and
achieved values in this year operation.

The poloidal field coil (PF coil) system consists
of an ohmic heating coil (F), a vertical field coil (V),

a horizontal field coil (H), a divertor coil (D) and a

sector coil (DCW). Main parameters of PF coils are
shown in Table 2. To obtain 6 MA discharges, the
capacity of the F-coil was increased to 42 Vs by
increasing its current rating from 92 kA to 120 kA,
and the V-coil was designed to have a flux swing
capacity of 19 V-s by eliminating return conductors.
The V-coil was also designed to produce 3 types of
divertor configurations as illustrated in Fig. 2. The
V-coil is divided into 4 blocks and the plasma
configuration can be selected by the tap change in the
coil feeder. In the standard mode (case A in Fig. 2),
the divertor plasma with elongation of 1.4-1.6 and an
aspect ratio of ~3.4 can be produced. In the
elongated mode (case B), the divertor plasma with
elongation of 1.6-1.8 and an aspect ratio of 3.8-4 can
be produced. Case C permits continuous control of
the elongation and the triangularity, but this option
requires an additional power supply, so that the
standard mode and the elongated mode have been
examined in 1991. The H-coil power supply was
superseded by a 24 phase converter from a 12 phase
converter for rapid current control of H-coil to
increase the vertical instability control capability.
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Fig. 1 Cross sectional view
of the JT-60U device.

Table 1 Main parameters of JT-60U.

Parameters Design value |Achieved value
Plasma current
Divertor 6MABI42T 5MAataT
Limlter GS5MABt42T! 3MARtAT
Major radius 32.-34m 3.05-3.35m
Minor radius
Horizontal p3-11m 0.75-1.0m
Vertical 14-15m 1.15-1.5m
Elongation 1.4-1.8 ) 1.4-1.7 )
Plasma volume 80-110m 50-100 m
Discharge duration 15s 15s
Flux swing 61 Vs 40 Vs
Neutral beam
Torus input power 40 MW 22 MW
Beam energy 120 keV g5 keV
ICRF
Torus input power <5 MW
Frequency 110 - 130 MHz
LHCD
Torus Input power <10 MW 1.5 MW
Frequency 1.7-23GHz
Peliet injeciion < 2.3 ks,
4 mn”
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Moreover, the cycle time of feedback control of
vertical position was shortened to 0.25 ms from
Ims by using three MC88100 based RISC
computers and VME buses [3].

A continuous chamber with a multi-arc
shape and so called double-skin structure were
chosen to obtain a large vacuum vessel with
sufficient strength within the bore of the existing
toroidal field coils [1,4]. This structure consists of
inner and outer skins and poloidally-oriented
square pipes made of Inconel. To reduce carbon
bloom, a carbon-fiber composite (C/C) with
thermal conductivity of up to 300 W/m°C is used
for the divertor plates. These plates are set
continuously, and the difference in height between
neighboring tiles is less than 0.5 mm. Moreover,
edges of divertor tiles shingle in the toroidal direction
to reduce heat flux density on the edges. Water
cooling pipes are introduced into the vacuum vessel
for the heat removal of the divertor plate to suppress
thermal stress of vacuum vessel. The surface of the
vacuum vessel except divertor plates is covered with
isotropic graphite tiles. These tiles are inertially
cooled and the heat is removed through the cooling
channel after shots.

The vessel can be baked out up to 300 °C.
Taylor discharge cleaning (TDC) method were
prepared with a pressure of 0.2-1x107° Pa, Ip=10-
40 kA, B1=0.7-1 T, a pulse duration of 30 msand a
repetition time of 1 s. Glow discharge cleaning
device was also introduced at the middle of April.
GDC was performed with a pressure of ~2x10°% Pa,
a discharge voltage of 500-600 V and a discharge
current of 0.5-1.5 A.

The toroidal field coils and heating systems are
those of the original JT- 60 with minor modification.
The designed value of maximum toroidal field is 4.2
T at the major radius of 3.4 m but the maximum

_..Zi
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Table 2 Main parameters of PF cails.

F cotl Flux swing 42V-s
) A. turns 120 kA x 70 turns
V coil Flux swing 19V.s
Vertical field 05T
A, turns 50 kA x 78 turns
60 kA x 58 turns
H coil Horizon:al field 006T
A. turns 30 kA x 26 turns
D coil A. turns 110 kA x 10 turns
DCW ceil | Sector turns 3 turns

Current

No. of toroidal sectors

4
20kA

{A) STANDARD MOQDE

soa 3,45
V23
v

50ka Va5 )

(B) ELONGATED MODE

2l
60KA 3y,
1\»
V23
o
Ve
_1—
ITHE AR
_2_

(C} CONTINUQUS MODE __

2t
40uA VIT

20k4 r
Va3

¥é
E0kA

-1+

Z0kA ;\'45
—2-

Fig. 2 Typical plasma configuration and

connection of the vertical field coils.
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toroidal field operated in this year was 4 T. Ten quasi-perpendicular neutral-beam injectors (~
75 can deliver up to 28 MW with accelerating D° beam voltage up to 120 kV (Fig. 3) [5]. The
electrode of the ion sources in these beamlines were rearranged to match 120 keV deuterium
operation. The maximum input power of NB obtained in this year operation was, however, 22
MW because the accelerating DP beam voltage obtained was ~100 keV due to the lack of beam
source conditioning. One multi-junction launcher for lower hybrid current drive was installed
in a diagonal port [6]. This launcher was designed to operate at the wide frequency range of
1.74 to 2.23 GHz and to control N, spectra with high directivity. This launcher was provided
~1.5 MW of torus input power for current drive studies. Neutron shields for deuterium

operation were also prepared.
1.2 Diagnostics Status

Diagnostics installed on the JT- 60U are shown in Figs.3-7. Plasma density is measured
by 2 vertical chords of sub-mm wave (FIR) inter-ferometers. Electron temperature profiles are
measured by ~20 channels ECE michelson interferometers and 9 channels Thomson scattering
as shown in Fig. 4. The charge exchange recombination spectrometer (CXRS) with 20
tangential and 8 poloidal channels is the main instrument for providing ion temperature profiles
and plasma rotation velocity profiles as shown in Fig.4. The time resolution of ECE michelson
interferometers is 20 ms and CXRS is ~50 ms. One channel of ECE grating polychrometer
with the time resolution of 20 ps measures fast behavior of electron temperature in central

Fission Chamber 2

Fission Chamber

CXRS

. 5 ¥

Light imourity Graging Incidence &

Speclmmetef\/iswgls onochromalors
o

Visibla Spectrometer
Themson Scattering

1, Bolometers
Soh-Xray

PF Coil (I
Support =
“‘ Crystal
Speéuo’%am .
R 2

HaDg monitar
High Speed TV

VYUV Spectromeler

Fission Chamber R (m}

Fig. 3 Arrangement of NB injectors and
scattering, ECE michelson

main diagnostics.
interferometer and CXRS.

Fig. 4 Poloidal views of the Thomson
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region. The electron density and temperature profiles on the divertor plate are measured by 15
channels Langmuir probes arrayed poloidally on the divertor plate.

Impurity species and concentrations in a main plasma are measured by 1 chord of VUV
spectrometer (0.5-130 nm) and 1 chord of grazing incidence monochromater (10-130 nm) as
shown in Fig. 5. The intensity profiles of impurity lines and ion temperatures of a divertor
plasma are observed by filter optics (for CII, OII, D, and DB) and a VUV spectrometer,
respectively. Radial profiles of Z, ¢ are measured by filters (10 viewing chords) and 1 vertical
chord of visible monochromater as shown in Fig. 5.

Neutron flux is measured by 3 sets of detectors composed of a B3 fission chamber,
28y fission chamber and *He counter. These detectors were calibrated with a 2> 2Cf source
placed at many positions inside the vacuum vessel.

Radiation loss profile is measured by 32 channel bolometers with spatial resolution of 10
cm at the plasma center as shown in Fig. 6. Spatial profile of soft X-ray intensity is measured
by two arrays with 32-channel PIN diodes from horizontal port. The field of PIN diode view is
the almost same with the bolometer view. H,/D,, profiles are measured by 10 channels H,/D,,
PMTs arrayed poloidally as shown in Fig.7 and 6 vertical chords. The chords of hard X-ray
PHA are also shown in Fig. 7. There are 15 one-turn loops and two sets of 17 magnetic probes
to measure the tangential magnetic fields, 16 magnetic probes to measure the normal magnetic
fields and diamagnetic loop [7].

Grazing Incidence Monochromator
for Absolute Intensity Measurement

Visible Spectrometer
&

Fiters
{38 viewing chorus)
r

Filters x

-_ﬁ.x A
for Zan(r) XN

3 D
- 2 1 1 {
. 2z 3 4 5
R {m)
VUV Spectromaeter Visibie Monochromatar

Fig. 5 Poloidal views of the impurity Fig. 6 Poloidal views of the bolometer array.
measurement system,
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Fig. 7 Poloidal view of the H,/D, PMT's and
hard X-ray PHA.

Z [m)

1.3 Overview of Operation

Construction of the JT- 60U was completed in March 1991 and ohmic experiments with
hydrogen gas were initiated at the end of March. Optimizations of break-down, current ramp-
up and divertor configuration has been performed. Multivariable non-interacting control was
adopted to allow independent contro! despite the strong mutual coupling between the ohmic
heating coils and the vertical field coils. Well controlled divertor discharges were successfully
obtained using this method and discharges with plasma current of up to 4 MA were achieved
after only 12 days of operation. After testing and developing the scientific and technical
capabilities of the diagnostics and the NBI system, deuterium discharges started in July. After
the conditioning of NB injection port, experiments with NB power of up to 22 MW started in
late August. The main objective of NBI experiments has been to study the basic performance
of JT- 60U and the following experiments have been performed : 1) H-mode experiments, 2)
High-Bp/hot-ion discharges and 3) confinement studies of L-mode discharges [8]. In October,
hydrogen discharges were made before an annual vacuum break in November. Discharges
with plasma currents of up to 5 MA have been achieved and method of obtaining 6 MA
discharges is clear. LHCD experiments have also been performed. Table 3 shows the

overview of these operations.
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Table 3 Overview of operation in 1991

Dat Number| Conf. P
ata |H/D of shots| S/H T(C) Main items and results
3/26-28 | H 0 S |300 |Optimization of TDC, Cleaning of VV, Check of sequence
4/1-4 al 14 s 1300 Cleaning of VV, Check of sequence, Optimization of
break down
Cleaning of VV, Check of FBsequence, Optimization of
4/8-11 H 5 S | 300 | current ramp-up
Check of FB sequence, Check of divertor configuration,
4/15-19 | H 107 S [ 300 | Optimization of divertor discharge, 2.5 MA and 5 s discharge
Optimization of divertor discharge, 4 MA discharge,
4/22-25 | H S8 S {300 | Measurement of divertor plasma density and temperature
6/5-7 H 36 S ?(5)8 Optimization of divertor discharge and FB control
6/11-14 | H 43 S |300 |NB port aging
150 |Optimization of elongated divertor discharge, Check of
6/18-21 | H| 42 H | 300 | diagnostics
Optimization of elongated divertor discharge, Check of
6/25-28 | H 72 H 150 diagnostics, NBport aging
7/18-19 + D 12 S ?28 Check of TEC displacement, Check of deutrium discharge
150 | Check of deutrium discharge, Check of diagnostics,
7/23-26 | D 67 S 300 | NB port aging
7/30-8/2| D 52 S 300 |NB port aging
8/6-9 D 71 S |300 {NB port aging, H-mode try (8/9)
300 | Introduction of GDC, H-mode try, Check of neutron
82630 | D| 75 | S | 150 |yield, Sn=2.5x10"/s, Ripple loss
150 |High-poloidal beta and hot ion discharge
9/3-6 D} 8l 25 |Sn'=7.9x10° /s, Ti~16 keV
Optimization of confinement of 3-4 MA discharges, Sn = 1.3x
9/10-13 | Dt 57 150 | 1016 /5, Wdia = 5.16 MJ
9/124-27] D 82 H |150 | H-mode try in low Ip and low Brregion
10/1-4 D 71 H |150 | H-mode try, quasi-stationary H-mode, H-factor~1.4
10/14-18] H| 122 s |150 | LH aging, Sawtooth supression, LH CD characteristics
' LHCD and LHCD + NBI, 2 MA current drive,
10/22-25] H| 103 S (150 5 MA discharge
150 { Density limit, Divertor characteristics of high density plasma,
10/29-11/1 H 81 H | 55 | Study of toroidal rotation, Optimization of current ramp-up
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2 Plasma Control
2.1 Operation Regime of Plasma Parameters in JT-60U

M. Matsukawa, H. Ninomiya, N. Hosogane, K. Ushigusa, R. Yoshino, K. Tobita
A. Sakasai, T. Kondo and Y. Kamada

As mentioned in section 1.1, ohmic experiments with hydrogen gas were initiated at the
end of March and deuterium discharges started in June. Experiments with NB power of up to
22 MW started in late August. In October, hydrogen discharges were again made before an
annual vacuum break in November. LHCD experiments have been performed in this phase.
The standard mode were mainly used in hydrogen discharges and the NB power-up phase. The
elongated mode were used in deuterivm experiments with high NB power.

The main objective of deuterium NB heating experiments were : 1) H-mode
experiments, 2) High-Bp/hot-ion discharges and 3) confinement studies of L-mode discharges.
H-mode experiments have been performed in the region of I,=1-4 MA, Br=1 T-4 7T, Qerr=3-5
and Pyg=6-22 MW, where [, is the plasma current and Br is the toroidal field. qer is the

effective safety factor defined as

2z 2 .
Geff = E—T——l—ﬂﬁ{lw{&) { 1Mﬂ [1.24-0.54x+0.3(x2+3%+0.133)
Rpl, 2 ap 2

where a, is the plasma minor radius, R is the plasma major radius, x is the plasma
elongation, / , is the plasma internal inductance, § is the plasma triangularity and Pg is the NB
input power. In high-Bp/hot-ion discharges, relatively small plasmas of Rp~3.1 m, ap~0.75 m,
k~1.6 and plasma volume V, of ~50 m® were used as the target of high power NB of 15-22
MW to improve the deposition profile and heating density of NB near the central region. The
plasma current was scanned from 0.8 to 2 MA with geff varying from 12 to 4. L-mode study
has been performed in the region of Ry~3.2 m, a,~0.9 m, k~1.6 and Br~4 T. Wall
conditioning has been performed by a combination of baking of the vessel (~300 °C), Taylor
discharge cleaning (TDC), glow discharge cleaning (GDC), helium clean-up discharges and
disruptive discharges. Before the introduction of GDC, the oxygen concentration is about
twice as large as that of carbon. After the introduction of GDC at the middle of August, the
oxygen concentration decreases to the same level as carbon and Zegf of ohmic and high power
NB heated plasmas is 2.2-4.4,
Figure 1 shows a relation of toroidal field and plasma current for the standard mode.
Toroidal field of 4 T was usﬁally used for the optimization of plasma configuration and
feedback control. High plasma current discharges were also performed at 4T in standard mode

to avoid the risk of vertical positional instability. Maximum plasma current achieved was SMA

— 8§ —



JAERI-M 92073

with B, of 4T, although the rated plasma current is 6MA with B of 4.2T. Figure 2 shows the
case of elongated mode. In comparison with the standard mode, relatively many shots were
performed with By of near 3T due to H-mode try. High-Pp plasma experiments are performed
only in the elongated mode. The maximum plasma current in the elongated mode was 4MA.
The enough stabilizing effect of the vacuum vessel for the vertical positional instability was
observed in high-f, plasma experiments. It is evaluated that the vacuum vessel has the
stabilizing factor of larger than 0.4. Therefore, high plasma current operation in the elongated
mode will be also achieved easily rather than its expectation.

Figure 3 and 4 show the relation between plasma major radius and its aspect ratio for
both vertical field coil connections. In the case of the standard mode, plasma major radius is
usually 3.2 to 3.5m and the aspect ratio is 3.2 to 3.8. On the other hand, plasma major radius
is 3.0 to 3.4 and the aspect ratio is 3.3 to 4.2 in the case of elongated mode. Although- the
decrease of the major radius, the aspect ratio has increased. It implies that plasma volume
decreased considerably in H-mode try and high B, plasma experiments.

The operation region of n, vs. I, and 1/qcyn Vs. n.Ry/Bt is shown in Figs. 5 and 6
where T, is the line averaged electron density (m'3) and qeyy is the cylindrical safety factor
defined by qQeyn = SaszBT/RPIp. The density limit experiments are mainly performed only in
the elongated mode and the maximum Murakami parameter is 4.2 in ohmically heated
discharges and 8.8 in neutral beam heated discharges. In the density limit experiments, the
various condition of the vacuum vessel was tested. For example, the baking temperature of
300°, 150°% and room temperature were used. Moreover, after TPC and GDC using
hydrogen, deuterium and/or helium gases, and disruptive cleaning were also used. However,
the density limit with gas puffing in the elongated mode was not optimized yet.

Figure 7 shows a relation of plasma current and Pnp for both connection. High power
experiments are performed mainly in the elongated mode according to H-mode try and High-B;
experiments because the standard mode were mainly used in the NB power-up phase.

Operation regime performed from April to November in 1991 are summarized. There is
no enough time to survey various kind of experimental condition so that the operational regime
is not optimized until end of last experimental period. The tangential NBI, ICRF and the pellet
injector need own optimal operational condition so that more wide operation regime will be

required in next experimental period.
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Fig.1 Toroidal field vs. Plasma current
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2.2 Operation Regime from Aspect of Machine Capability

M.Matsukawa,H.Horiike,H.Ninomiya,N.Hosogane,K.Ushigusa,R.Yoshino,
K.Tobita,A.Sakasai, T.Kondo and Y.Kamada

1. Introduction

JT-60U has been designed to permit plasma current of 6MA with divertor configuration, but
it should be noted that the operation regimes of the poloidal field coil (PFC) and the toroidal field
coil (TFC) are to be limited in a designed region for avoidance from excessive stress. It is worth to
confirm that the operated region did not exceed the limits. From the view point of machine safety,

various operational limits should be summarized for the following experiments on JT-60U.

2. Overturning force of toroidal field coil

A most important issue in the limitations for machine operation is the overturning force of
TFC. Because it causes the excessive stress on the brazed connection in TFC. In the initial
operation of JT-60U in April, we set to 250 ton per one TFC as the maximum of it, that is the
really operated maximum value on original JT-60. Then we reinforced the TFC by welding the
neighboring coils on June, and the considerable decrease in displacement of the TFC was
confirmed. Then, the maximum software interlock value of overturning force was raised up to 300
ton for SMA operation. However, it must be stressed that the largest overturning force has
happened just after a disruption. Moreover the instantaneous increase in the force is about 100 ton

and it tends to increase with plasma current. Figure 1 shows a typical example of it.

3. Limitations for poloidal field coil

The vertical field coil of JT-60U is constructed from four coil blocks. And the two types of
connection were used in actual experiments. They are named to be the standard divertor connection
(ST) and the highly elongated mode connection (HE). Hence, we discuss the results for both
vertical field coil connections.
3. 1 Standard divertor connection

The current limitations of PFC are basically determined by a function of the plasma current.
Figures 2 to 4 show the operation regime of ohmic heating coil (F-coil), vertical field coil (V-coil)
and divertor coil (D-coil) in the case of ST. Here, the horizontal field coil (H-coil) and sector coil
(DCW-coil) are not shown, because they are restricted only by their maximum currents as shown
in Table 1. The designed region is represented by hatching and they are significantly wider rather
than actually operated region. One of the reasons is that the maximum plasma current has not
reached to its rating of 6MA until the end of this experimental period. Hence, the maximum
premagnetized current of F-coil was only 80kA. Nevertheless the efficiency of flux swing was
enough to make a survey of the operational scenario of 6MA plasma. That resulted in the
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premagnetization of 100kA at least must be required for 6MA operation as shown in Fig.2. The V-
coil current increases linearly with plasma current as shown in Fig.3. The narrowness of operated
region and relatively low poloidal beta value caused to this relation. Although the divertor coil
current is limited only when F-coil current is positive (See Table 2), the operation regime is not so
wide as shown in Fig.4. This is caused by other limitation factor, that is to keep the separatrix line
onto the divertor plate, Therefore, the maximum height of X-point is limited to be 25 cm, and is
not determined by the stress of D-coil for lower plasma current experiments.
3. 2 Highly elongated mode connection

Figures 5 to 7 show the operation regime of PFC in the case of HE. Although the operated
region of F-coil against to plasma current is smaller than case of ST, V-coil and D-coil have
relatively larger operated region. It is due to the hot ion mode plasma experiments that are
performed with small divertor configurations at the inboard side of vacuum vessel as possible to
avoid ripple losses and to get the good heating power deposition. These high poloidal beta plasmas
required high currents of V-coil and D-coil.

4. Over turning force limit in 6MA operation

The time evolution of the over turning force on a shot of E014221 is as sown in Fig. 8, and
the maximum overturning force of 250 ton appeared at the end of premagnetization with the F-coil
current of 80kA. On the other hand, the minimum over turning force of -180 ton appeared at the
plasma current ramp down phase. Then, the maximum over turning force of 370 ton is at least
required in 6MA operation for the F-coil premagnetization of 100kA without a disruption.
Considering the increase of over turning force due to a disruption, TFC must withstand it larger
than 400 ton. The careful observation of TFC displacement is required to rise software interlock

value.

5.Conclusion
Limitations of JT-60U are summarized from data performed in 1991's experimental period.

It is confirmed that the no risky operations had been performed, and we are sure of that 6MA

operation will be achieved in next experimental period.

Table 1 Maximum rating of poloidal field coils in JT-60U

Standard divertor Elongated divertor
F-coil +120kA /£2.5kV +120kA / £2.5kV
V-coil -8.7kA,+50kA / £5kV -8.7kA ,+60kA / £5kV
H-coil +30kA / +1kV +30kA /£1kV
D-coil +110kA / £1kV +110kA / £1kV
DCW-coil +15kA / £1kV +15kA /£1kV
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Table 2 Software interlock of PFC in real time control

F-coil current
Plsma current
V-coil current

D-coil current

In the case of If>0
O<If(kA)<120

Ip(MA)<4(1-If(kA)/120)
-10+6.66Ip(MA)<Iv(KA)
Iv(kA)<4.735Tp(MA)+23.5

-10+8.33Ip(MA)<Iv(KA)
Iv(kA)<SIp(MA)+30

Id<52kA+0.145Ip

S.N.=E013846

In the case of <0
-120<If(kA)<0
Ip(MA)<6

same to left

Id(kA)<110

Elongated divertor

Time (3)

4.83

Fig.1 Overturning force during plasma disruption
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2.3 Detecting Method of Plasma Position by
Regression Analysis

M. Matsukawa, N. Hosogane and H. Ninomiya

1. Introduction

JT-60U has 17 tangential probes,16 normal probes and 15 flux loops as magnetic sensors
for detecting the plasma shape. One may expect that to detect plasma position is very easy because
a lot of sensors are available, but it is still important problem how we can obtain the reliable and
accurate measurement formulas to be applicable to real time feedback control. From primer
experience of the lower single null divertor operation in JT-60, we obtained the measurement
formulas by regression analysis using calculated equilibrium database. They were made from
probes signals and aimed basically to use for initial operations so that the accuracy was relatively
sacrificed to ensure its reliability. Although the start up of JT-60U was carried out successfully, the
detecting accuracy was not enough to control easily plasma position for various experimental
requirements. Then we generated a equilibrium database by fast boundary identification code (FBI)
from the really discharged data. It enable to test for various regression functions using not only
magnetic probes but also flux loops without consideration of measurement error effect. This paper
describes the stability and accuracy of used regression functions at start up. And the new
regression functions with the probes and flux loops are also presented.

2.0btaining the Regression Functions

Figure 1 shows the configuration of the magnetic sensors in JT-60U. From limitation of
computer capability for real time feedback control, the number of available sensors is limited as
mentioned later. The plasma current and poloidal field coil currents are also available. However,
the poloidal field coil currents except divertor coil current can not be available due to the shielding
effect of vacuum vessel.

Figure 2 shows the calculated region of ochmic heating coil and divertor coil current in the
equilibriom database, that is selected to be close to the actual operational region. Here, both
currents are normalized by the plasma current because the plasma shape is independent of the
plasma current. Figure 3 shows the reference position of plasma geometrical center. The range of
the poloidal beta and the plasma internal inductance are (.2 to 1.5 and 0.5 to 1.5,respectively.

JT-60U has two types of vertical field coil connection for standard divertor and elongated
divertor plasmas. Therefore, the equilibrium database were made for both type of plasmas. They
have approximately one thousand equilibria of divertor and three thousands of limiter equilibria.

The set of predictor variables for regression analysis is as follows.

By By
X (i=1,30):1—t}, %,(j: 1,7), B—fgd,B—ﬂgld k=1,8)
P P If I5

Here, the numbers of B; and By, probe are determined by the limitation of hardware construction.
These variables are selected by backward elimination procedure from whole set of sensors.
(Draper and Smith,1966) It was done in order to decrease the number of predictor variables to

calculate within one control cycle of 250 us. And all regression functions of the plasma horizontal
position Rp, the vertical position Zp and the height of X-point Xp, have to use same set of
predictor variables. However, it should be stressed that the number of predictor variables of 30 is
too large to obtain the reliable regression functions. In fact, all F-values which represent the level
of significance do not satisfy its criterion of 2. (Sugiyama,1983) Therefore, we obtained the
regression functions with stepwise procedure from these 30 predictor variables.

3. Experimental Results of Initial Operation

Figure 4 shows the deviation of measured plasma position as a function of the number of
predictor variables in the case of standard divertor operation. Here, the deviation is calculated from
the FBI database and the applied regression functions. In actual experiments, 8 predictor variables
are used for detecting the plasma horizontal position Rp, 12 variables for the vertical position Zp
and 8 variables for the height of X-point Xp. In the case of Rp, the number of predictor variables
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is fairly good because the deviation increases rapidly after 10 variables. But in other cases, the
used numbers are not so suitable to obtain accurate results. Figure 5 shows the deviation in the
case of elongated plasma operation. The deviation of Xp is very large so that it scems t0 be
difficult to operate sufficiently. In the case of the standard divertor, the comparison of the
regression function with FBI database are shown as in Fig.6 to 8.

4. Revise of Regression Functions

Using FBI database, we can revise the regression functions. It is advantageous because the
consideration for measurement errors does not required. Figure 9 to 11 show the comparison of
the revised regression functions obtained from 30 variables for standard divertor. The deviation of
Rp, Zp and Xp are 12mm, 6mm and 16mm with 7, 17 and 6 predictor variables, respectively. In
comparison with figure 6 to 8, the detecting accuracy has considerably improved. Here, these
number of predictor variables are determined to satisfy the criterion of F-value of 2. In the case of
elongated divertor, the deviations are slightly larger than those of standard divertor. The deviation
of Rp, Zp and Xp are 41mm, 35mm and 33mm. It might be partly due to the difference of distance
between the probes and outer most plasma surface, and partly due to the wideness of operated
region.

5. Comparison of Probes and Loops

It is very interesting problem how we can combine the magnetic probes and flux loops to
increase in reliability and accuracy of the regression functions. However, the regression analysis
based on the calculated equilibrium database resulted in that the flux loops does not have so much
information rather than the magnetic probes. Moreover, the weight functions of the probes and the
loops strongly depend on the difference of those sensing accuracy, and it causes the difficulty in
the regression analysis. Thus, we did not use the flux loops on the initial operation. Nevertheless,
it is absolutely clear that hybrid use of them may improve the accuracy of detecting plasma
position. Therefore, we tested it using FBI database. Here, the following predictor variables are
used in the regression analysis.

Bnj Bild i 117

(J=1=15): —1—2—
P

B .
“J;d (j=1,16),

I k4 2
P I3
(¢j=3,1,1,3,8,13,12,11_¢j=12,8,3,8,13,15,13,14} (@:3,1,1,3,8,13,12,1 1_(Dj=12,8,3,8,13,15,13,14) Iy

B.
x; (i=1,82) : I—”,(jzl,m,
P

Ip ’ 1

The deviation of Rp, Zp and Xp are 7mm, !1mm and 15mm with 10,7 and 6 predictor variables,
respectively. These are comparable to the results of revised regression functions as mentioned in
section 4. Therefore the flux loops are thought to be effective when many of loops are used at
same time like a FBI code.

6.Conclusion

The regression functions for detecting plasma position were investigated by stepwise regression
procedure using FBI database. The accuracy of less than 2 cm could be expected for Rp,Zp and
Xp with new functions in next experiments and it would enable to control easily plasma position.
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2.4 Estimation of Vessel Eddy Current by Magnetic Fitting Code
in JT-60U

K. Ushigusa, M. Matsukawa and Y. Neyatani

The one-turn resistivity of the vacuum vessel in JT-60U is ~ 200pQ in design value
and was deduced experimentally to be ~ 160uQ[1]. This resistivity is designed to be ~
20uQ in the ITER tokamak. A large toroidal current may flow in the vacuum vessel in such

a low resistance vessel when the discharge is in a dynamical phase such as 1) major or
minor disruption, 2) MHD unstable plasmas (locked mode or vertically unstable
discharge), 3) plasma break down phase, 4) current ramp up phase, 5) misfired discharge
and so on. In such dynamical phases, the identification of toroidal vessel current and its
profile are important for a) the determination of the plasma boundary, b) the estimation of
Shafranov lambda and the safety factor, ¢) the understanding of shell effect on MHD
instabilities, d) the estimation of penetration of external field and so on. The understanding

of vessel eddy current is quite important for the design of the next generation tokamak.

1. Description of magnetic fitting code

The electromagnetic interaction between
plasmas and the vacuum vessel during
disruptions has been studied in the Hitachi
tokamaks by employing a magnetic fitting
code{2]. A similar technique is used to identify
vessel eddy current in JT-60U. JT-60U has
thirty three magnetic probes and fifteen flux
loops . The location of these probes and loops
is shown in Fig. 1. Seventeen of these probes
measure the magnetic field tangential to the
vessel (BT), while the other sixteen probes
measure the magnetic field normal to the vessel
(BN). All these measured quantities (y; = (BT,
BN, W) ;i=1~48) are used in the fitting code.
We model the vacuum vessel as one hundred
filament coils along the vessel, and assume that
the i-th filament current at the poloidal angle 6;

can be described by

(m)

Zz

R (m)

Fig.1 Locations of probes, flux loops

and current filaments in the vessel.
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M
Igy(0) =Igpo+ 2 {Amcos(mei)-mesin(mBi)} (1)
m=1

The plasma current is assumed to be typically four filament currents Ipf. In order to
determine the unknown currents (xj = (IpF, IEDo, Am, Bm):j=1~15, typically), we use
the conditional least squares method, which keeps the total filament current inside the
plasma to be the measured plasma current . The unknown filament currents x; are obtained

by minimizing

2
» =Zw{[ i ZQE"‘IJ’H] } 20T (2)

where ygal = z Qixj. Qy (QjjeXY) is the response matrix of i-th probe and j-th filament
i

(external coil) ,wj is the weight of each measured quantity and A is the Lagrange unknown
coefficient. At first, filament currents x; are solved with a fixed inidal position of plasma
filaments and then the plasma boundary is determined. The plasma filaments are relocated
on an ellipse with the same ellipticity as the solved boundary. The ellipse has a radius of
typically 40% of minimal distance between the solved current center and the solved
boundary, and its center is located in the solved current center. The calculation is iteratively
performed until the center of the filament ellipse agrees with the solved current center
within a fixed error (typically 0.5%).

2. Results

The toroidal eddy current in the plasma break-down and current ramp-up phases was
examined in Fig. 2. The solid and broken lines of the top traces show Rogowskii coil
currents inside and outside the vessel, respectively. The difference between these two
signals corresponds to the toroidal eddy current (open circles in the second box of Fig. 2).
About 0.2MA of toroidal eddy current flows in the vessel at the plasma break down phase.
The fitting at t = 20 msec indicates that the plasma is initiated at the upper inside region of
the vacuum vessel, and this is consistent with the location of minimum poloidal field at the
break down phase[1]. It should be emphasized that the identification of the plasma
boundary at the plasma breakdown phase is impossible without including the toroidal eddy
current because the toroidal eddy current is much higher than the plasma current (Iep/Ip >
4). The plasma boundary grows with the increase in plasma current as shown Fig.2(b) and
(c). The fitting result indicates that the null point appears early in the current ramp up. This
result is consistent with the observation from the visible TV. The visible TV always
indicates the interaction of the plasma with the first wall at the lower outward region. This



E13767

Br = 4T

(Ma) [

JAERI-M 92073

0.3
(Ty o2}
01t
it 0.0 _
01

.21

1

I

1

nae R . : R
-0.3 -0.2 -0.1 C.0 0.1 0.2

mes

By

(T)

2.5

20F

0.2
t (s)

1.5.' o E

1.0 F ]

aj0.02s

b}0.04 s

osf

0.0 el a0 L 3 dma]
u.0 0.5 1.0 1.5 2.0 2.5

mes

U} {Vs)
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Fig. 2 Eddy current profile duringplasma

data. Solid and open circles are with

breakdown and rampup phase. and without eddy currents

nulil point is due to the primary winding current, which flows in the same direction as the
plasma current at the early phase of the discharge. The fitting code can estimate the total
toroidal eddy current Igpfit by integrating Eq.(1). The closed circles in the second trace of
Fig. 2 show the fitted total eddy current. The fitted eddy current has a similar time
evolution as the measured one; however, the fitted current is higher than the measured
current by about 100kA. The reason for this difference will be discussed later.

Figure 3 shows a comparison of the measured and fitted normal magnetic field By
and flux y, with and without inclusion of the eddy current, at a disruption where a large
eddy current flows in the vessel (Igp/Ip ~ 1). Solid and open circles show results with and
without eddy current, respectively. By including eddy current, the correlation coefficient is
improved to ~ 0.93 from ~ 0.22 for By and to ~ 0.96 from 0.4 for y. The measured fields
and fluxes are fairly well reconstructed by including the eddy current.

The fitted total eddy current is compared with the measured eddy current in Fig. 4(a).
The fitted eddy current agrees well with the measured current with about 10% error. Figure
4(b) shows the difference between fitted and measured currents as a function of the time
derivative of the measured eddy current. The difference correlates to the inductive voltage
which is the origin of eddy current. This suggests that there are other eddy current loops
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outside the vessel because the fitting code regards eddy currents outside the vessel as part

of the vessel eddy current.
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Fig. 4 () Fitted total eddy current against measured eddy current
(b) The difference between measeured and fitted eddy current against time
derivative of eddy current

3. Discussion and summary

A magnetic fitting code including vessel eddy currents is useful to estimate the
toroidally symmetric eddy current profile in the vacuum vessel. The measured magnetic
data were fairly well reconstructed by including vessel eddy currents and the fitted total
eddy current agreed well with the measured current. The code can be also applied for
misfired shots (no plasma current). In Sec. 7.2, the eddy current profile in major
disruption will be analyzed with this code.

The eddy current outside the vessel should be identified to estimate eddy current in
the vessel more precisely[1]. For this improvement, the code requires more information
about magnetic data far from the vessel. Several flux loops outside the torus are enough for
this requirement. The location of these eddy current loops should be identified by applying
the code to the power test for each poloidal coil. Only toroidally symmetric eddy current
was assumed in the present work. Several sets of magnetic probes at different toroidal

locations are required to include toroidally asymmetric eddy current.
References
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2.5 Eddy Currents and Their Effect on the Breakdown

R.Yoshino, U.Neyatani, K.Ushigusa, M.Matsukawa, M.Takahasi

1.Introduction

There are still many unresolved issues on the plasma initiation as follows, 1)which
decides a time delay of the plasma initiation just after the rise of the one-turn voltage,
2)which decides the location of the initiation point of a plasma, 3)the process between the
plasma initiation and the creation of the normal plasma with the Shafranov equilibrium, and
the model of the required vertical magnetic field during this transition, 4)the minimum
breakdown voltage and the minimum plasma current ramp up rate just after the plasrﬁa
initiation, and which decides these operational limits.

In this paper, 1)toroidal eddy currents, that flow in the vacuum vessel and in the
external of it, are investigated, 2)a standard scenario of the plasma initiation in JT-60U is
presented, and 3)a magnetic field pattern just before the breakdown is analyzed including

the eddy current effect.

2.0ne-turn Resistivity and Eddy Current Loops

Designed value of the one-turn resistivity of the vacuum vessel of JT-60U is
200uQ. However a measurement of that is essential to establish a model of toroidal eddy
currents in the vacuum vessel. Then excitation tests of ohmic heating coil (F-coil) is
executed. The leak of F-coil's magnetic flux into the vacuum vessel is negligibly small, so
that the voltages of 15 channel flux loops are same at the flattop. Here flux loops are
installed at the inside of vacuum vessel as shown in Fig.1. Total eddy current in the
vacuum vessel is measured by a pair of Rogowski probes settled inside and outside of the
vacuum vessel. Thus one-turn resistivity of 160u£2 is obtained from the loop voltage and
the total eddy current as shown in Fig.2, that is 80% of the designed value. The one-turn
voltage is measured at the inside surface of vacuum vessel, so that the measured voltage
must be corrected by the width of vacuum vessel of 4cm. However this correction
increases the one-turn resistivity only 1~2%.

To investigate the time delay in the rise of the one-turn loop voltages of the flux
loops, excitation test of the vertical magnetic field coil is executed. Then it becomes clear
that extra-eddy current loops with time constant of ~100ms is required at the external of the
vacuum vessel as shown in Fig.3, to reconstruct the experimental results of the one-tum
voltages. Here three sets of dipole eddy current loops are assumed near the center pole and

top and bottom of vacuum vessel. Figure 4 shows the comparison of the experimental
results and simulated ones, that are presented by solid lines and dotted lines. Good

agreement is obtained between them. Eighteen toroidal coils may be possible candidates of
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the extra-eddy current loops with making saddle type shells.

3.Plasma Initiation Scenario

A typical time evolution of the plasma initiation and the plasma current ramp up is
shown in Fig.5. Poloidal magnetic field coil system of JT-60U consists of four types of
coils such as F-coil, vertical magnetic field coil (V-coil), horizontal magnetic field coil (H-
coil), and divertor coil (D-coil). The excitation levels of H-coil and D-coil just before the
breakdown are negligibly small. However F-coil current is excited largely, that can be
raised up to 110kA, and an excitation level of V-coil current is ~500A. One-turn voltage is
raised by the preset program control of thyristor voltages of F-coil and V-coil. The
maximum voltage of F-coil is 2.5kV, and that of V-coil is 5.0k V. Here an additional rise in
the voltage of V-coil with the same voltage of F-coil is required to compensate the inductive
coupling with F-coil. Feedback controls of the plasma current, the horizontal plasma
position, and the vertical plasma position are started from 100 ms, 80 ms and 60 ms
respectively.

A time evolution of the one-turn voltage is shown in Fig.6. The plasma density
rises at t=10ms with the one-turn voltage of 15V, that is measured by #8 one-turn loop
settled at the inboard side of the vacuum vessel. Then the plasma current rises at t=12ms.
JT-60U has no quadruple magnetic field coil, so that the control of n-index as demonstrated
in JT-60 is impossible. Thus high negative n-index field of V-coil, that is -0.8 with high
elongation connection and -0.5 with standard connection, determines the n-index of the
total poloidal coil system.

The plasma current rises at 10~40ms, and clouds of plasmas are observed by a fast
TV camera at 2~3 ms before the rise of the plasma current. Then the magnetic field at
t=7ms is investigated. A simulation study is performed with an assumption of three sets of
dipole eddy current loops at the external of vacuum vessel as shown in Fig.3. Eddy
currents in vacuum vessel is assumed by 100 filaments. With these assumptions, a miss-
fired shot caused by an insufficient prefilling gas is reconstructed. Then a reasonable
agreement is obtained between the experimental results (flux loop voltages, coil currents,
and a total eddy current in the vacuum vessel) and the simulated ones. The investigated
magnetic field is shown in Fig.7. A point of minimal field ~50 Gauss locates at the
inboard-up of a chamber, that agrees well with the TV observations. These results
suggests that the plasma is initiated from the minimal error field point. Further studies on

the delayed plasma initiation will make clear of it.
4.Discussions
In the plasma initiation, a plasma attaches to the inboard-up of the first wall with an

indistinct boundary is observed by the TV measurement. Then a plasma expands to a circle



JAERI-M  92—-073

core plasma with the Shafranov equilibrium. Study on this transition phase will make clear
the required vertical magnetic field. In the case of detached plasmas observed just after the
plasma initiation, an expansion is not observed, but a small core plasma seems to be bom
within a clouds of an initial plasma with an undistinguished boundary. High prefilling gas
or high retention of the first wall with hydrogenic gas cause this phenomena with the long
time delay of the plasma initiation. Power balance between the joule heating and the
radiation loss may decide the detachment or the attachment just after the plasma initiaton.

5.Conclusions
A one-tumn resistivity of the vacuum vessel is measured to be 160u2, that is §0%

of the design value, The investigation of the flux loop in the excitation test of the vertical
magnetic field coil suggests the existence of the extra-eddy current loops in addition to the
vacuum vessel. That can be simulated by three sets of dipole loops near the center pole and
top and bottom of vacuum vessel. Saddle type shells produced by 18 toroidal coils are
possible candidates.

Plasma initiation of JT-60U is estimated by magnetic probes, Rogowski probes,
flux Joop, and fast TV camera. Plasma seems to be generated from the minimal error field
point with loop voltage of ~153V at the inboard-up of the chamber. Artificial exira-eddy
current loops act the essential role to produce this minimai field point. The relation
between the location of the minimal field and the plasma initiation point will be studied

more systematically.
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2.6 Plasma Current Ramp Up
with "Growing Plasma Method" on JT-60U

Ryuji Yoshino

1.Introduction

This paper presents the experimental results of the "growing plasma method”, that
has been newly developed in JT-60U to solve the following requirements on the plasma
current ramp up. 1)Fast current ramp-up speed of >1IMA/s is necessary to get a 6MA
plasma with 5 s flattop, that is planned in the next experiment period, owing to the limitin a
discharge duration of 15 s. 2)Locked mode disruptions occur at dIp/dt>0.75MA/s in the
usual current ramp up method with the constant plasma minor radius. Thus the avoidance
of the mode locking is required by some modifications in the plasma current ramp up

method. NBI heating is useful for this purpose[1], but raises the plasma density and limits
the flexibility of the plasma operation. 3)High I; with low plasma density of ~0.5x1019m-3

is required at Ip=1.5~2.5MA in LHCD experiments to get the sawtooth stabilization with

the full current drive.

2. SMA with Growing Plasma Method

A time evolution of a SMA discharge obtained by the growing plasma method with
de/dt of 0.71MA/s is shown in Fig.1. Here a plasma grows up from a small diameter
limiter plasma, that attaches to the inboard first wall, to a large diameter divertor plasma as
is shown in Fig.2. A characteristic of the growing plasma method is the reduction in qeff
below 4 at the very early phase (t=0.25s) just after the plasma initiation with small plasma
volume of 20m3 as shown in Fig.3. During the plasma current ramp-up, qeff is controlled
to be <4 by the increase in the plasma volume from 20m3 to 100m3, except the transition
phase (t=1~2 s) from the limiter to the divertor configuration. Toroidal magnetic field is
almost constant. Voltsecond is supplied by the ohmic heating coil and the vertical magnetic
field coil. Their limits are 40.6Vs and 17.9Vs respectively. 40 volt second is already
consumed to reach a 5MA plasma as shown in Fig.4. An extrapolation to 6MA suggests a
spare of ~5Vs still exists at a 6MA plasma. However a flattop of the plasma current will
be limited below 3 s by the maximum discharge duration of 15 s, if the normal plasma
current ramp down rate of <-1.0MA/s is used. Thus a ramp up rate of >1MA/s is required
to get a 6MA plasma with a 5 s flattop.

3. Stabilization of Locked Mode Disruptions

Locked mode disruptions are frequently observed in the plasma current ramp up.
The operational region of the occurrence of locked mode disruptions is limited on an Xp
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versus I/Ip diagram as Xp<0.75 *(Ig/Ip)* 103-7.5(cm) at geff=3~4 [2]. On the other hand
plasmas ramped up by the growing plasma method are stable in this region. A time trace of
a typical shot with de/dt of 0.71MA/s is presented on the Xp VErsus Id/Ip diagram as
shown in Fig.5. Here a plasma deeply enters the unstable region for locked mode
disruptions. The cause of this stabilization is not clear yet. One possible reason is relatively

higher 1; explained in the next section, that is stable to the kink type instability. Another

possibility is the faster toroidal plasma rotation speed owing to a smaller diameter.

4, Fast Current Ramp Up
The plasma current ramp up rate has been raised upto 2.0MA/s at Ip=0.7~3.5MA
with the usage of the growing plasma method as shown in Fig.1. Minor disruptions

caused by the mode locking in the divertor plasma phase, but they have not terminated a
discharge. The decrease in 1 is small with the increase in the plasma current ramp up speed

up to 2MA/s as shown in Fig.6(a). However the plasma minor radius ap is small in the
growing plasma method as shown in Fig.6(b). Then li’“ap2 decreases with the increase in
the plasma current ramp up rate as shown in Fig.6(c).

The possibility of the mode locking increases with the decrease in 1j, in the same
unstable region on the Xp versus Iy/Ip diagram. Thus the increase in l; is required to get
more stable plasma current ramp up. For this purpose, the plasma diameter or geff should
be decreased during the plasma current ramp up as shown in Fig.7. Here ]; of 1.45 s
increases from 0.55 to 0.9 with the decrease in gegf from 7.0~10.0 to 3.5 at dlp/dt
=0.75MA/s. These results shows that 1; can be controlled by the plasma current ramp up
rate and the choice of geff.

Higher rate of >2MA/s has not been tried yet, but will be tried in the next
experimental period from the following reasons. 1)Plasma current ramp up with small ap

and gegr<3 will keep j of >0.65 and raise the limit on the plasma current ramp up speed as
shown in Fig.6. Here the plasma current ramp up with gegf of 2.5 has been obtained
without large MHD instabilities. 2)Plasma operation with lower Ig/Tp will avoid the
occurrence of mode locking and will expand the limit on de/dt.

5. Discussions

In the growing plasma method, the heat flux onto the first wall is relatively high
owing to the large input of the joule heating power with high one-turn voltage. However
.the impurity contamination is almost the same with plasmas ramped up by the normal
plasma current ramp up. Plasma energy confinement is improved with the increase in }j[3],
that suggests the importance in the optimization to get high lj plasmas from the start of a

discharge. Here the growing plasma method is the useful method for this operation.
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6. Conclusions
Plasma current ramp-up rate is raised upto 2MA/s at 15=0.7~3.5MA by newly

developed "growing plasma method". Effective safety factor gesf is reduced below 4.0

with small minor radius at t=0.25s just after the plasma initiation. Reduction in the resistive
voltsecond consumption is small owing to the high one-turn voltage. However the stability

of plasma current ramp-up is raised dramatically with no major disruptions during current
ramp up. Plasma internal inductance l; can be controlled by the choice of plasma current

ramp up speed and qegf. Here gegr can be modified by the plasma minor radius. Impurity

contamination is same with that of normal current ramp up method, in spite of the higher

heat flux onto the first wall.
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2.7 Multivariable Noninteracting Method
in the Plasma Configuration Control

Ryuji Yoshino

1. Introduction

The control of the plasma configuration is indispensable to get the required plasnia
performances, such as the divertor effect, the minimization of the plasma wall interaction,
and the confinement mode of the H-mode and L-mode[1]. From a view point to design a
feedback control system of reactor grade plasmas, general control methods are desirable.
Multivariable noninteracting control method is one of them, that was proposed for the
swing of separatrix lines on the divertor plate with keeping the main plasma configuration
in JT-60's outside null point divertor plasmas according to the simulational study([2].
Furthermore this control method was applied to ITER for the estimation of the required
power supply voltages of poloidal magnetic field coils[3]. Then this control method has

been demonstrated in the experiments on JT-60U as presented 1n this paper.

2. Noninteracting Control Method
The derivation of the matrix gain G of the plasma current and the plasma shape is

presented in the reference [3] as,

RG:(MA+MP)2nf (D
with

M = (aMpC/ax, Mpe) (2)

A= (Ax, ApY) 3)

f=(fy, fp ) (4)

Where My, is a vector of the mutual inductance between the plasma current and PF coil
currents, R 1s a diagonal matrix of the resistivity of PF coils, x is the control variables of
the plasma shape. Ay presents the relation between the displacements of the control
variables dx from the equilibrium state and that of PF coil currents dl as dI=AxIpdx. Ap
presents the same relation between the plasma current de and that of PF coil currents as
dI=Apdl,. A diagonal matrix of f is the characteristic frequency of control variables, and
fp is the the control frequency of the plasma current.

The effect of eddy currents, that flow in the machine components such as the
vacuum vessel, is not included explicitly in the above equation of a matrix gain, because the

feedback control frequency of the plasma configuration is usually selected to be lower than
the characteristic frequency of eddy currents. If it is selected to be too high, it becomes
unstable owing to the time delay caused by the shielding effect of eddy currents. Thus the
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optimum frequency of f, should be investigated by a simulation code, that includes the

effect of eddy currents.

3. Feedback Control System of JT-60U
Four control variables of the plasma current (Ip), the vertical and the horizontal

plasma position(Rp, Zp) and th¢ height of a null point from the divertor plate (Xp) are
selected in JT-60U as shown in Fig.1. In JT-60U hybrid poloidal coil system consists of
the primely coil (F-coil), the vertical magnetic field coil (V-coil), the horizontal magnetic
field coil (H-coil), and the divertor coil (D-coil). Here the mutual inductance between F-coil

and V-coil is very large, and is almost same with the self inductance of F-coil. Thus the
contro] of Iy and Rp have the strong interaction between them. There also exists a large

interaction between the control of Zy, and Xp.

Control system of the JT-60U plasma configuration is designed as presented in
Fig.2. Control system consists of a plasma feedback computer made by 32-bit VME-based -
multiprocessor system with a sampling period of 250 ps and the DDC-controller of each
coil power supply. The matrix of proportional gain, that is installed in a plasma feedback

computer is simplified as presented in Fig.3 to shorten the calculation time and to avoid the
complex in the decision of gain elements. Thus the plasma current Ip and the vertical and

plasma position Rp are controlled by F- and V-coils. The horizontal plasma position Z; and
the height of a null peint X, are controlled by H- and D-coils. The differential gain, that is

necessary to compensate the system time delay, is applied by a diagonal matrix.

4, Matrix Gain of JT-60U

The relation between the control variables and the poloidal magnetic field coil
currents, that is presented by a matrix A, is essential to obtain a matrix gain, and is
estimated for JT-60U plasmas from the following basic equations. 1)Ip; circuit equation of

the plasma current, 2)Rp; Shafranov equilibrium equation, 3)Zp; force balance to the
vertical plasma direction, and 4)Xp; a state equation derived from the large database[4] of

the predicted equilibriums as, Xp=a2.9378(11:/1p)—17.7219(IH[IP)+10.8419(ID/IP)-

0.10613 (m) in the standard V-coil connection.

Zp can be presented by Zp=-6.43145(IH[Ip)+17.051l(ID/Ip)-O.1159 (m) using
the same derivation of Xp. Thus the Xy, and Zp is linearly independent, so that the
noninteracting control of Xpand Zp, is possible. Then matrix gain can be calculated using

the equation (1).

5. Decoupling of Xy and R
A matrix gain is tested in a simulation code, that assumes a plasma current by one

filament at the plasma current center and simulates the eddy current in vacuum vessel with
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100 filaments. This simulation code is enough to predict the control performance of Ip, Rp,
and Zy,. However it is hard to estimate the controllability of Xp. Thus as the first step the
noninteracting control between I, and Ry, has been studied.

The comparison of the independent control and noninteracting control has been
executed in a divertor plasma using a swing of Rp with +2cm and 10Hz as shown Fig.4.
The large interaction with I, control, that occurs inevitably in the independent control, can

be suppressed about 5% by the noninteracting control. This result suggests that the

noniteracting control method is very powerful method to minimize the interaction between

Ip and Rp. The noninteracting control of Zp and Xp will be tried in the next experimental

period.

6. Conclusions
Multivariable noninteracting control method is examined in the control of JT-60U
plasma configuration with a single null point divertor. The plasma current Ip and the

vertical and plasma position Ry are controlled by F- and V-coils. The horizontal plasma
position Zj and the height of a null point Xp are controlled by H- and D-coils. Large
interaction between I, and Rp is dramatically decreased by the noninteracting control
method. The application to Zp and Xp will be tried in the next experiments period.

Multivariable noninteracting contro! methods is general, thus it will be applicable to
each tokamak machine and especially to the next generation machine like ITER.
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2.8 Vertical Stability Control Experiments
D. A. Humphreys and R. Yoshino

Introduction The intrinsically destabilizing decay index required to create vertically
elongated JT-60U plasmas (x 2 1.6) results in a need for active control of the vertical
position [1]. During initial operation of the machine from March to October of 1991,
a range of experiments were conducted to investigate the vertical stability of JT-60U
equilibria and assess the accuracy of existing simulation models. We describe two types
of experiments: those for which vertical position feedback gain was set to zero over a
fixed interval during a shot, and those in which /3, rose over the course of a shot due to
applied NBI heating, resulting in onset of vertical instability.

Vertical motion of the plasma during these experiments was simulated with a rigid
plasma model coupled to a discrete conductor array representing the vacuum vessel and
poloidal field coil set. Both experimental and simulation results are presented.

Plasma-Conductor System Model To simulate plasma vertical motion, we model
the plasma as a rigid assembly of axisymmetric current-carrying filaments, free to move
only in the vertical direction {2]. The total current is held fixed during plasma motion,
an approximation which has been shown to be closer to the energy minimizing plasma
mode than a flux conserving rigid vertical motion [3].

The conductor voltage equation appears as

MT + R+ [%QZQ =V,
dz 91

where M and R. are the conductor mutual inductance and resistance matrices, V is
the applied voltage vector, and the third term represents plasma-conductor coupling
and the effect of destabilizing decay index. The decay index effect is calculated from
the massless plasma vertical force balance equation, thus assuming the plasma to be in
quasiequilibrium at all times.

The dominant up-down antisymmetric mode of the vacuum vessel model alone has
a decay time of about 10 ms, while that of the vessel and PF coils together has a decay

time of about 1 sec.

Control Algorithm Vertical stability control is provided by driving the horizontal
field coil (H-coil) alone with a feedback relation which determines voltage demand as a
function of estimated plasma vertical position. Proportional and derivative (velocity)
feedback is provided. The overall feedback loop calculation and power supply delay has
been estimated to be nominally about 2 ms. In addition, H-coil current feedback is
applied, artificially reducing the effective resistance of H-coil to a negative value.

Using a single-pole model of the power supply delay [2], the feedback transfer function
describing voltage applied to H-coil is given by
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Gp(l + ‘TdS)
(1 + Tpss)

where the predicted vertical position, z,eq, is @ function of magnetic signals, and can
therefore be expressed as a function of conductor currents, I. G, is the proportional
gain, 74 is the derivative gain time constant, and 7,, is the power supply delay time,
taken to be 2 ms. R5°? represents the programmed H-coil resistance reduction factor.

Vi(s) = Ry In(s) —

zpfed(s)

Feedback Turnoff Experiments A series of experiments were performed in which
the proportional gain, G, was set to zero, removing all vertical position feedback for
intervals of 300 ms or 600 ms. However, the value of Rf*® was held fixed. During these
periods the plasma moved monotonically away from the original equilibrium vertical
position until control was restored. Examples of this motion are shown in Figs. 1 and 2,
illustrating a typical 300 ms and 600 ms gain turnoff interval respectively. These figures
show vertical position measured by magnetic signals, and compare the experimental
data to simulations of the turnoff intervals using the rigid plasma model. The simu-
lation reproduces the experimental motion within an uncertainty of a few millimeters,
comparable to the accuracy of the position measurement itself.

Because there is no integral term {oc f zdt) in the feedback law, a non-zero steady
state voltage is applied to H-coil by the control system, resulting in the plasma being
driven to a new equilibrium when Gy, is zeroed. This process is stable for sufficiently low
decay index due to the stabilizing effect of Rj;™, as can be seen in the longer interval
case of Fig. 2.

High 3, Unstable Plasmas During the course of several neutral beam-heated shots,
3, became sufficiently high that the preset control gains could not stabilize the plasma.
These cases provided an opportumity to compare simulation predictions with actual
unstable plasma behavior. Results of two shots with particularly clear underdamped
vertical instability growth are shown in Figs. 3 and 4. Fig. 3 shows vertical position,
simulation-predicted growth rates, and 8, evolution as a function of time. The actual
maximum growth rate was found to be Yezp 8 4+ 130¢, and the predicted value was
calculated to be Yeim o= 7+ 290:. The plasma was lost at the end of the time interval
shown. Experimental onset of instability and real growth rate coincide well with the
predicted values. The discrepancy in the imaginary part is attributable to the single
pole power supply model.

Fig. 4 shows vertical position and 3, as a function of time for a case in which 5,
decreased before the plasma was lost, allowing control to be reestablished. The figure
shows the onset of instability and restoration of control coinciding with the same approx-
imate value of §,. The actual maximum growth rate was found to be “Yesp = 15 % 1901,
and the predicted value was calculated to be Yyim o 14 £ 530i. Again, the experimental
real growth rate coincides well with the predicted value.

Summary Within expected uncertainty, to date the rigid plasma model has been able
to reproduce typical JT-60U plasma behavior fairly well, and has proven sufficient to
design control laws to stabilize elongations of & Z 1.6 with 8, & 1.8.
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2.9  Vertical Stability Boundaries

D. A. Humphreys and R. Yoshino

Introduction Analysis of expected vertical stability limits for JT-60U has been carried
out using the simple rigid plasma model and conductor array described in Section 2.1.8.
Both a single filament and uniform current distribution multifilament plasma model are
used along with the full conductor array to calculate critical decay indices for ideal MHD
stability limits. The gain space is then searched to determine the maximum stabilizable

value of the Shafranov A = 3, + {;/2.

Critical Decay Index For the purpose of this analysis, we write the stabilizing con-
ductor array circuit equation including plasma coupling and destabilizing decay index,

7, as -
L " oy o, b
MI+RI+ va?Mva =V, (1)
assuming a massless (quasiequilibrium) plasma [1] (see also Section 2.1.8). Here J\zf{}p
and M";U are the mutual inductance gradient vector (from conductor array to plasma)
and its transpose respectively, and I' = fn[%ﬂ 4+ A — 1.5 is the Shafranov vertical field
coefficient.

The critical decay index, n., describes the field curvature beyond which a plasma
becomes vertically unstable on the ideal MHD timescale [2], corresponding to infinite
growth rate for a massless plasma. Allowing ¥ — co as n — n. in Eq. 1, it can be easily
shown that for an array of stabilizing conducting elements, n, is given by

_2Ho,

;UDI\ (M—IMLpM;v)7 (2)

Ne =
where T'r indicates the matrix trace.

Fig. 1 shows critical decay index magnitude for both single filament (SI') and multi-
filament (MT) plasma models plotted as a function of A. Also shown (triangles) are ex-
perimental decay index magnitudes and A values achieved in JT-60U to date for £ = 1.6
equilibria. The maximum n/n. achieved corresponds to n ~ 88% of the multifilament
critical index or 80% of the single filament critical index, at A ~ 2.7. Extrapolating this
data for n = —1.6, corresponding to elongation x ~ 1.6, A ~ 3.5 appears to be the the-
oretical upper limit achievable in JT-60U (corresponding to the single filament, or most
favorable, model). Passive growth rate and active control calculations are necessary to

determine a more realistic limit.

Passive and Active Calculations Single filament passive and active responses for
fixed decay index are now examined to determine a more realistic upper limit to achiev-
able A. Fig. 2 shows calculated single filament model passive growth rates for n = —1.6
as a function of A. Since the nominal feedback loop plus power supply delay time is
about 2 ms, the v o~ 500 sec™! crossover point provides an approximate measure of the
controllability limit [2], and predicts Apqap 2 3.0.
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Figs. 3 and 4 show active stability boundaries calculated in G, — 74 space using the
single pole, PD power supply model described in Section 2.1.8. Fig. 3, corresponding
to A = 3.0, reveals a broad stable region, while Fig. 4 shows that A = 3.1 cannot be
stabilized for any combination of values of G and 7q.

Summary Critical decay indices and both passive and active growth rates have been
calculated for high elongation JT-60U plasmas in order to determine stability and control
boundaries for achieving maximum values of Shafranov A. This analysis indicates that
A ~ 3.0 represents an approximate upper bound to achievable A (within the limits of
the simple rigid model and the accuracy of the conductor array model).
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2.10 Detached Plasmas in JT-60U

‘Ryuji Yoshino

L.Introduction
Detached plasmas were observed in many tokamaks such as, TFTR[1], DITE[2],

JET[3], and DIII-D[4]. General features of the detached plasma are the following. 1)The
detachment is observed near the density limit, after MARFE and before a major disruption,
so that it can be used as a pre-precursor. However the detachment is not observed in
ASDEX]5] and JFT-2ZM[6], in spite of the detection of MARFE. 2)A shrinkage of the
plasma current channel can be observed by TV, 3)Increase in the plasxﬁa internal inductance
]; and the sawtooth inversion radius, 4)A stable contraction is observed in the electron
temperature profile, that leads to an increasingly unstable current profile, 5)Total radiated
power nearly equals the input heating power with the poloidally symmetric radiation profile

6)Edge electron temperature of 6~7eV is measured in DITE. 7)The margin between the
density, at which the detachment and the disruptions occurs, becomes small with the
decrease in the safety factor. At low g (e.g. q{(95%)=2.9) no-detachment or a short time
detachment of <20ms is observed in DIII-D.

Detachment is also observed in JT-60U's limiter and divertor plasmas. A typical
time evolution of the detachment during the plasma current ramp down is shown in Fig.1.
It shows that 1)the detachment occurs after MARFE and 500ms before a major disruption,
2)light impurities of carbon (and oxygen) increase during the detachment, and 3)the
repetitions of the detachment and the attachment occurs with high MHD activities is
observed between the end of a detachment phase and a plasma current quench. General
features of 2), 3) and 6) are also observed in this detachment.

To avoid disruptions of the density limit type, the detachment phase is very
important as the pre-precursor. Especially large tokamaks like JT-60U have the possibility
to get a good spatial resolution in the measurement of the detachment owing to the longer

skin time. Thus the detached plasmas are investigated in this paper.

2.Time Delay of a Major Disruption from the Start of the Detachment

The detachment is observed in the density limit disruption, and also the moment of
impurity influx during NBI heating and LH heating. Thus the data points of the detachment
are scattered on the Hugill Diagram.

A time delay of the current quench in a major disruption from the start of the
detachment is investigated as shown in Fig.2. The time delay increases with geff. No major

disruption occurs at geff>7.5, in spite of the occurrence of many minor disruptions. The
limit in ohmic heating coil current terminates these discharges. When gefr is 4~6.5, the time
delay increases with I; measured at the start of the detachment as shown in Fig.3. A time
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delay of 0.6 s is obtained with }j of 0.8. This suggests low I plasmas of 0.7~0.8, that is

proposed for ITER fusion reactor plasmas, have a long time delay, that would enable the
avoidance of major distuptions. Furthermore the flat current profile with low ]; during the

plasma current ramp down would enable a stable soft landing.

3.Survival from the Detachment

Long stable detached plasma of ~1sec is obtained during the plasma current ramp
up phase with joule heating alone. Joule heating at the plasma periphery seems to keep the
power balance with the radiation loss and to suppress the shrink of the plasma current
channel. Further heating by NBI and additional joule heating by the plasma current ramp up
were performed to return the detached plasmas to the attached plasmas , and were found to
be powerful method to avoid the disruption. However NBI heating increases the plasma
density and induces a major disruption just after the stop of NBI heating. The plasma
current ramp up cannot be used for the soft landing of a discharge. The maintenance of
power balance at the plasma periphery is essential to avoid the disruptions. Thus RF
heating of the peripheral region, the increase in the joule heating power density at the
plasma periphery by the control of the plasma current and the plasma shape, and the
decrease in the peripheral plasma density should be tried for this purpose. Especially the
excitation of the weak MHD activities by the control of Xp, and IC;/Ip5 [7] is one method to
decrease the plasma density, because the drop in the plasma density is frequently observed

in a minor disruption caused by mode locking.

4. The Detachment just after the Plasma Imitiation

Stable detached plasmas are observed in a plasma initiation and in the early phase of
the plasma current ramp up, when a high retention of the hydrogenic particles is obtained
for the first wall. Bad wall condition with the high impurity contamination such as oxygen
also causes the detachment with a bright light surrounding a plasma, however that is not
stable and is always disrupted. This difference in the plasma stability may be caused by the
difference in the radiation power of hydrogen and oxygen. The diameter of the plasma
current channel is extremely small in detached plasmas. When qcy] reaches ~2.0, an
explosion of the plasma volume occurs, and a detached plasma with small diameter changes
to an attached plasma within 1 ms. This process is the inverse of the density limit
disruption, where the plasma current channel shrinks until qcy] decreases to ~2.0 thena

“major disruption terminates a discharge.

5.Reduction of Energy and Particle Flux to the Divertor Plate
In the case of detached plasmas produced by intense gas puffing or impurity influx,
the particle and energy flax onto the divertor region is extremely reduced with nearly 100%
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radiation loss of the main plasma. Thus the detachment can be used in a fusion reactor to
change the heat flux onto the divertor plate to the radiation loss of the main plasma at the

emergency such as the LOCA of the cooling pipe to the divertor plate. The long duration of
the detachment obtained with low }; plasmas is preferable for this operation.

6.Conclusions

Detached plasmas are frequently observed in JT-60U, just before the major
disruptions caused by the density limit and the high impurity influx, and just after the
plasma initiation with the high retention of the hydrogenic particles in the first wall. The

following new information have been obtained. 1)A time delay of the current quench in a
major disruption from the start of the detachment becomes long with the increase in geff

and the decrease in I;. Especially the long time delay with low 1i of ~0.8, that is propose for

ITER fusion reactor plasmas, suggests the possibility to avoid the major disruptions.
2)Time delay seems to be decided by the power balance at the plasma periphery. Re-
establishment of the power balance by the further heating of NBI or the plasma current
ramp up avoids a major disruption by returning the detached plasmas to the attached
plasmas. 3)Long stable detachment phase has the possibility to decrease immediately the
energy flux onto the divertor plate at the emergency such as the LOCA of the cooling pipe
of the divertor plate.
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2.11 Locked Mode Disruptions and Duration of Dy drop in H-mode
on an Xp versus I4/I, Diagram in JT-60U

Ryuji.Yoshino, Sean W Wolfe

1. Introduction

Locked mode disruptions are observed in many tokamak machines. The physical
mechanism of that is considered to be the deceleration of the toroidal rotation speed by the
damping effect of the resistive wall. Toroidaly asymmetric error magnetic field coupled
with the MIID activities locks the rotation. Thus the final form of the magnetic field patter
is always the same. This suggests that the error field can be investigated from the magnetic
measurements of the mode locking. This error field has the possibility to effect the
confinement mode. In JFT-2M NBI heating power threshold for H-mode plasma transition
increases with the ergodic field coil current{1]. Then analyses of the error magnetic fields
that cause locked mode disruptions are important to study their effect on the confinement
mode. From this point of view, as the first step, the operational regions of locked mode

disruptions and H-mode phenomena are studied in this paper.

2. Locked Mode Disruptions

Major disruptions caused by the locked mode are frequently observed in JT-60U
divertor plasmas. A typical case of a locked mode disruption during the plasma current
ramp up with joule heating alone is shown in Fig.1. After the rise of the divertor coil (D-
coil) current, a mode locking with m=3 is observed in Bp magnetic probes from 2.58s.
Plasma density decreases gradually from this time. Then a minor disruption occurs at
t=2.72s with qeff of 4.05, plasma densities of 1.33x1019m=3 (ch.1 at 1/3ap) and
1.59x101%9m"3 (ch.2 at 2/3ap), and |; of 0.87. Here qefr is the effective safety factor. The
soft X-ray signal from the center chord drops at this moment. Finally a discharge is
terminated by a major disruption at t=2.89s with gefr=4.15.

For an analysis of locked mode disruptions during joule heating alone, major
disruptions that terminate a discharge and minor disruptions that induce the fluctuation in

plasma current and the drop in the stored energy are selected as the data points. Then it is
found that gefr of these disruptions is mainly at 3<qgeff<4. Of course data points exist at

qeff=~5 and <3, but their number is few. Locked modes are sometimes observed in
density limit disruptions. However those locked modes are not investigated in this paper.
The effects of ohmic heating coil current and D-coil current on locked mode
disruptions are investigated, and the occurrence of disruptions is found to be mainly limited
to high D-coil current of >40kA. The height of the X-point is an important parameter of the
configuration in JT-60U’s lower X-point single null divertor plasma, and can be controlled
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by D-coil current and horizontal magnetic field coil current. Thus Xp is not a linear function
of 13/Ip. Then the occurrence of disruptions can be plotted on an X, versus I4/Ty diagram
as shown in Fig.2, where disruptions are presented by closed points and normal stable -
plasmas with 3<qefr<4 are plotted by open points. This diagram shows that disruptions are
limited to high Id/Ip and low X as Xp(cm)<0.75*(1d/1p)*103-7.5(cm). This result
suggests that the error field produced by D-coil may trigger locked mode disruptions.

These disruptions occur at relatively high density of 2x1019m-3 . However low density of
0.5x1019m-3 is easily obtained outside of this unstable region with I, of 2~2.5MA.

The avoidance of locked mode disruptions is indispensable for the design of ITER-
like fusion reactor, in that the plasma current is designed to be ramped up with low 1;. Here

newly developed growing plasma method has demonstrated the stabilization in the unstable

region for locked mode[2].

3. Dy Drop in H-mode

Owing to the incomplete wall conditioning in the first year operation, a clear

improvement in the energy confinement with H-mode transition has not been obtained
yet[3]. However high reproducibility of the drop in Dq signal of the main plasma

(Damain) with an increase in plasma density is obtained with NBI heating. A typical case
of the D¢, drop during NBI heating is shown in Fig.3. Here 7.5MW deuterium NBI 1s
injected into a deuterium divertor plasma of 1.3MA with qeff=3-1. The duration of the D

drop is 145ms (t=8.23~8.37s), and there is a clear rise of plasma density in spite of

several ELMs.
The duration of the Damain drop during the H-mode is analyzed on an Xp versus

Id/]p diagram to study the relation with the unstable region for locked modes. In the

selection of data points, the following criteria are settled on the relation between plasma
density and the drop of Damain. "Plasma density must increase with the drop of Dymain,
and must decrease with the increase in DM3N." The relation between the D20 drop
duration and the location of the data points with respect to the unstable region for locked
mode disruption is shown in Fig.4. Here Xp>0.75*(1d/1p)*103-7.5+5.0(cm) is required
to get Dy™a1M drop duration of >50ms. Fig.5 shows data points where the Do/ drop
duration is longer than 50ms, that are clearly limited in the Xp versus Ia/Ip diagram.These
figure show that improvement in particle confinement has not been obtained in the unstable
region and the neighborhood of that region. Furthermore these figures suggest that the
operational scan of H-mode experiments has not been completed yet, especially in the
region of low Xp with low Ig/Ip.

) Confinement modes of the H-mode and the L-mode may be controlled by the
location on the Xp VErsus Id/Ip diagram. Therefore a systematic study of this diagram is an
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urgent issue,

4, Conclusions
Investigations of a region where locked mode disruptions frequently occur have been
performed on an Xp VEIrsus Id/Ip diagram. Locked mode disruptions have been found to

occur mainly at Xp<0.75*(ld/1p)*103-7.5(cm) when qegf is 3~4. Low density plasma of
0.5x1019m-3 has been easily obtained outside of this unstable region. On the other hand

plasmas of 2.0x1019m-3 are still unstable in this region. Furthermore the duration of the
drop in the Dy signal of the main plasma during the H-mode is considered on the same X,

versus I/l diagram. Longer Dy drop durations of >50ms are found to be obtained in the
limited region of Xp>0.75 *(Id/Ip)* 103-7.5+5(cm).

These experimental results suggest a relationship between the error field produced
by the D-coil and the cccurrence of locked mode disruptions, and an effect of the error field
on the degradation of particle confinement. Thus this paper has established a new point of
view for executing experiments and data analyses on locked mode disruptions and the H-

mode.
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2.12 Piasma Movement in Minor Disruptions

S.Nakajima, R.Yoshino, K.Ushigusa

1.Introduction
The investigation of the plasma movement in minor disruptions is necessary to

determine the clearance between the plasma outermost surface and the first wall. If a
plasma touches the first wall owing to a minor disruption, high impurity influx into a
plasma induces a major disruption. The movement of plasma is determined by the
stabilizing effect of the eddy currents and by the equilibrium control of the poloidal
magnetic field coil currents. The effect of eddy currents is large at the high frequency. On
the other hand the effect.of control coils is large at the low frequency. Thus at the
intermediate frequency, plasma movement becomes large. In the case of JT-60U, this
unstable frequency band is 20~50Hz. This situation may be the same in the case of a

fusion reactor. The reduction in the resistivity of the vacuum vessel to 10~20uQ

will increase the stabilizing effect of eddy currents. However the increase in the poloidal

coil inductance will decrease the stabilizing effect of the control coil, if the voltage of the
power supply is the same with the present large tokamaks.

Then we have started a study of the plasma movement in the high elongation

configuration (x=1.6~1.7) JT-60, selecting the fluctuation time scale of 10~25ms. Here

- the ime constant of the eddy currents in the vacuum vessel i1s ~10ms. and the control time

scale of the plasma shape is ~20ms.
A typical case of a minor disruption is shown in Fig.1, the plasma current rises

suddenly and the horizontal plasma position shift to the inward side within 20ms,
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Fig.1 Atypical time evolution of a minor disruption

2. Variations of plasma parameters
Variations of Ip, ap, i, ﬂP, Rj, Z; in minor disruptions are plotted in Figs 2. to 7.
Most of changes occur within 10~20ms and the maximum variation of Ip, Rj, ap, are

36%, 4%. and 13%, respectively. The relative variation of internal inductance (dli/2) is
about one order larger than that of the poloidal beta.
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3. Contribution of the poloidal beta and th
Fig 8. shows comparison of the contribution of
to the plasma movement in the assumption of

Flg.6 Variation of R;

inductance plays a major roll in 2 minor disruption.

Fig.7 Variation of Z;

e internal inductance
beta poloidal and internal inductance
the flux conservation. The internal
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From assumptions of 8Fr= 0 and 0.00 L L A A
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Fig.8 Contribution of the poloidal
beta and the intemnal inductance

4. Force balance in the horizontal direction
Fig. 9 shows the the force balance in the horizontal direction with an assumption of
one filament plasma current,. that can be written as,

0_000 * T T Ll T 8 6
. N | 1 R I 6
0.001F m 8 ® g R. = 1-n1+ns ( Ip + A/\O)
4 1 ] SR P 0
. i : I.
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g . o=ty g *he
© - - - . A
-0.003 = Here Ds is the shielding effect of eddy
L currents that flows in the vacuum vessel
0.004 F 8 1 and the other components 15=10.0 1s
s ns=18. selected to fit the experimental data.
"O 1 A L s 1
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1/(i-n+ns)*(dip/lp+dL/L)

Fig.9 Force balance in the horizontal direction

5. Flux conservation

Fig. 10 shows the flux conservation before and after a minor disruption. Here YPSURF
is the flux at the plasma surface. Fig. 11 shows small drop in the flux.
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Fig.10 Flux conservation Fig.11 Flux consumption
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Flux conservation can be presented as,

0.00
L3 Ip+(Wpsurr-Yo) = const
002 | Where V0 is the initial flux in the
i vacuum veassel. Then
| [LE Ip+(ypsURF-Y0) =
2 ooef (L5 Tp+(Wpsurr-Yo)] ™"
< ex OR;
& oo L§* = HoRy(ln 1~ 2)
-4}
® a0t
012} ) )
] Fig.12 suggests that this flux consumed
014 : N : - by eddy currents that flows in the
.0.14 -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 vacuum vessel.
AL Ip+ypsurs) oss_A
=Ale » 160pQ x A
Fig.12 Flux consumption assuming 160 uQ wl"ddy 2 H t
of the one-turn resistance of the vessel Where Ale is the deviation of eddy
currents that flows in the vacuum
vessel.

6. Force balance in the vertical direction
Fig. 13 shows the equilibrium horizontal magnetic field just before a minor disruption
and at a minor disruption. It shows that the difference in the equilibrium horizontal

magnetic field B is small.
eq
The BZ can be prsented as,
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Fig.13 Force balance in the vertical direction

7. Conclusion
Plasma movement in minor disruptions has been studied to determine the required
~ clearance between the plasma outermost surface and the first wall. The movement in Rj
can be explained by the force balance equation of a plasma current with an assumption of
a one filament plasma current and ns of eddy currents as ~10.0. The flux conservation is
broken a little before and after a minor disruption, that may be consumed by resistivity

drop of the vacuum vessel eddy currents’. The movement in Zij can be also explained by
the force balance equation.
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3. Confinement

3.1 Progress towards High Fusion Product in JT-60
M. Kikuchi, T. Nishitani, S. Ishida, H. Yoshida, Y. Kamada, Y. Koide

Significant progress has been made in attaining high fusion product in JT-60U.
Maximum ne(0)T;(0)tg of 3x1020keVsec/m3 has been obtained in 1.1IMA high fp
discharge. The calculated n;(0)T;(0)tg is 2x1020keVsec/m3. And the equivalent energy
gain Qp7 of 0.2 has been obtained. Maximum volume averaged fusion product (<nT>TR)
is relatively insensitive to the plasma current and the performance enhancement is very large

in low current regime compared with those expected from the L mode scaling.

1. Introduction

Attainment of the high fusion product in the range of Q=1 condition
(n{OTi(0)tp~1021keVsecm-3) is one of major research goal of JT-60U research. To
achieve this condition, energy confinement of the H mode level ( 2 times the L mode ) is
required in 6MA discharge. But the recent observation of the hot ion H mode relaxes the
condition to H mode confinement with 4MA. Since the JT-60U tokamak is a high aspect
ratio tokamak with A~4, it is expected from the L mode scalings such as ITER power law
or Goldston scaling that high fusion product can be attainable in relatively low plasma
current (fusion product~Ip2A2). For example, 2.3MA , A=4 plasma in JT-60U would
have comparable fusion product capability to the Ip=3.1MA, B=2.8T, A=3.0 JET plasma
which attained the Q~1 condition[1]. Reduction of the plasma current in the tokamak
reactor is important for the efficient steady state operation and for the reductions of the
electromagnetic force and runaway electron production due to plasma disruption. Soitis
very important to maximize the fusion product for a certain plasma current as well as the
attainment of the high fusion product by increasing plasma current. The confinement
quality at high aspect ratio is good enough especially in high Bp mode in JT-60U and this
experimental result is encouraging for the realization of the steady state tokamak reactor.

In this paper, achievement of the high fusion product is discussed in section 2.
And the Ip dependence of the average fusion product and the confinement quality are

discussed in section 3. Summary and future direction are described in the final section.

2. Attainment of the high fusion product

Various types of experiments are made to obtain high fusion product in JT-60U.
Fig. 1 shows the ( ne(0)TeTi(0), Ti(0)) diagram for the standard divertor L&H modes,
elongated divertor L modes and high Bp enhanced confinement modes. Maximum fusion
product in the standard configuration experiments are limited to 4x1019 ke Vsecm™3 at

Ti(0)=5keV. This is partly caused by the reduction of the net heating power due to large
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ripple induced fast ion loss, by the transport enhancement with high hydrogen
concentration (~30%) and by poor power deposition profile off axis NB heating ). In the
elongated divertor L mode, fusion product of 6.6x1019ke Vsm-3 is obtained at Tjp=15keV.
Highest fusion product up to 3x1020keVsecm-3 has been obtained in high Bp mode.
Relatively peaked density profile is inferred in high Bp mode. Fusion product of the
highest plasma stored energy shot is only 0.6x1020ke Vsecm-3,
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Fig. 1 Plasma performance in the (ne(0)T3(0)1E, Ti(0)) diagram for various dischages

A detailed analysis of the highest fusion product shot

b*— D Qpp=089 x10¢3
——— T

(sec.4.6) shows central electron density of

—&— Total - i
--3- Thermal-Thermal 4
wf3- Beam-Thermal

4.8x1019m-3 with density peakedness parameter

o
£
neg/<ne>=2.8 gives best fit to the diamagnetic and - Beam-Beam ]
equilibrium stored energies, neutron rate and FIR 2 g g4 o, Srr=34 %1013
o . [ ;':_‘_.a g Sgr= 6.9 x10'5 7]
measurement at /a=0.6. This gives a fusion product % AR iia -28x! :’;’s
@ . & gr=14x 1
of 3x1020keVsm-3 with neg=4.8x1019m-3, Tip= ¢ "% ¢ =
25keV, tE=0.27s. In this case, 50% of the DD £ [.s
. = 0109 .
neutron comes from the beam-thermal reaction, 30% 0
from thermal reaction and the rest from beam-beam
.reaction (Fig.2). And the equivalent QpT is Fig. 2 Radial profile of the neutron
0.2 for D¢ injection into 50 : 50 D-T plasma. emissivity for E13733

3. Average fusion product and the confinement quality factor
The volume averaged fusion product <nT>Tg can be evaluated from the global
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energy confinement time as follows,
<nT>tg(keVseem-3)=2.1x1021(Waia/V)To2(M Jsecm-3)

Fig. 3 shows volume averaged fusion product as a function of the plasma current
together with those from other major tokamaks. As is clear from the figure, lower bound
of the fusion product increases with plasma current. But the upper bound of the fusion
product is relatively insensitive to the plasma current. In the lower bound, we see DII-D
and JET L mode database( low aspect ratio tokamaks). And the improvement of the
average fusion product is clearly seen in the figure. Improvement factor of the fusion
produét over the low aspect ratio tokamak L mode reaches up to 50. Since optimization of
the higher current discharges are not done in this short experimental period, continued
effort to obtain higher fusion product will be continued in the next year.
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Fig. 3 Average fusion product with the plasma current for JT-60U and other machines

Let's move on to the quality of the confinement in view of the fusion product for

the same plasma current. Here, we define confinement quality factor (CQ) as,
CcQ= <nT>tg

I
The average fusion product of 40keVsec1029m3 is required for the fusion reactor.
And the CQ of 0.08 is requested in ITER, while CQ of 0.27 is required for the SSTR.
Fig. 4 shows the confinement quality factor as a function of the plasma current in JT-60U.
Maximum CQ of 0.37 have been obtained in JT-60U, well above the requirement for the

steady state tokamak reactor.
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Fig. 4 Confinement quality factor with plasma current for JT 60U and other machines

4. Summary

The high power DO beam injection into JT-60U plasma produces a plasma whose
fusion product of 3x1020keVsecm-3. This plasma is low plasma current high Pp discharge
which is suitable for the realization of the steady state operation. Fusion product is 50
times larger than that from the low aspect ratio L mode discharge with same plasma current.
Confinement quality factor (CQ) of 0.37 keVsec1020m-3/MAZ2 is obtained which may be
encouraging for the steady state tokamak reactor concept.

Reference
11 JET team, Nucl. Fusion 32(1992)187.



JAERI-M 92—073

3.2 L and Transient H mode Confinements in the Standard Divertor
M. Kikuchi, Y. Kamada, T. Takizuka, H. Shirai, H. Yoshida, S. Tsuji

Energy confinement characteristics of the DO beam heated plasma is investigated in
the Standard Divertor (SD) configuration. Plasma heating power of 5-15MW and plasma
density of 2-3.5x1019m"3 with B=2-4.2T are investigated. H factor over the ITER power
law varies from 1.5-0.7 monotonically decreasing with plasma current. H mode is
obtained in medium to low field regime and a confinement enhancement factor up to 1.5
over the ITER L modes is obtained although ~10% of the heating power is lost by the
ripple loss and the effective charge Zefr is relatively high at 2.5-4.2.

1. Introduction
Study of the H mode confinement characteristics is one of major subject of JT-60U

research. Various configurations are studied in the old JT-60, -including outside divertor
and lower X point divertor with and without Tj gettering. And it was found to be difficult
to obtain good H mode (here, "H" means high confinement). Since then, JT-60 is
upgraded to JT-60U[1] so that we can inject D° beam into D plasma which is believed to be
important to obtain good H mode. In this paper, experimental studies of L and H modes
are discussed in the standard divertor (SD) configuration done in 8/26-30 just after NB port
aging. Very dirty wall condition forced us to spent ~3 weeks for the NB port aging ,which
is usually finished within a few days in old JT-60, and the oxygen concentration in the
plasma is of the order of 4 % during port aging, two times larger than that of old JT-60.
The oxygen concentration is still high at 2% although He GDC of 1A has been applied
during these experiments. Moreover, large hydrogen concentration of the order of 30%
(=H/(H+D)) is measured by the Hy/Dgy measurement ( see section 8.2 ) for this
experimental period. This hydrogen is likely to come from the NB port. These results are
caused by the poor wall condition possibly due to the oil contamination during the start up
phase of the tokamak. Last important issue is the orbital energy loss ( up to 10% ) of
slowing-down fast ion due to large toroidal field ripplé (section 10.1). Despite of such
poor conditions, H mode confinement is obtained in low field (B;=2.5T) condition.

Experimental results are shown in section 2. The summary is given in the last section.

2. Energy confinement study in the Standard Divertor (SD) configuration
Fig. 1 shows (Pahs,ne) and (ne,Zesf) diagrams for this experiment‘. The plasma current

and toroidal field are varied 1.4-3.5MA and 2-4T, respectively. The absorbed power and

the line averaged plasma density are varied 3-15MW and 1.5-3.5x1019m-3, respectively.
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Confinement enhancement factor (H
factor) over the ITER power law (ITER-P) is
plotted as a function of the plasma current for
2-2.5T, 4T toroidal fields in Fig.2.

[2MA B scan] Experiments are started
from By scan (B1=2.5-4T, gefr=3.3-6.0) with
Ip=2MA. Major radius (Rp) and plasma
volume (Vp) are kept relatively constant
(Rp=3.32-3.38m, Vp=79-87m3). The plasma
is heated with net heating power of 7-11MW
and the line average plasma density is 2-
3.5x101%9m-3. The effective charge Zefr of the
discharges are 2.8-4. The main plasma
radiation is < 30% of the heating power while
divertor radiation is < 45 % of the heating
power. The H factor over ITER-P varies
from 0.85-1.0 (see Fig.2). Fig. 3 show the
poOwer of the
confinement time for [p=2MA discharges for

dependences energy
B=2.5T and 4T, respectively. The power
dependence of the energy confinement time is
1~P-047 which is close to the ITER power
law (1g~P-0-5). The B; dependence of the
energy confinement time is 1g~B0-22 which
is close to the dependence of the ITER power
law (tg~B0-2). The H mode power
threshold study (see section 3.6) shows that
the power threshold is ~4B; (=10MW for
2.5T and 16MW for 4T) which is marginal.
As an important plasma parameter of the edge
plasma confinement, the electron temperature
at 95% plasma minor radius is measured with
the edge Thomson scattering system.
Measured Te(r=0.952ap) is 0.65-0.75 keV for
Pnp=10-12MW, ne=2.5-3.3x1019m"3 at
B=2.5T plasma while Te(0.95ap) is
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Fig. 1 Operation regime of NB heated
plasmas in (Pabs,fe) plane and the effective
charge Zefr as a function of fe.
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Fig. 2 Confinement enhancement factor over
ITER power law as a function of plasma
current.
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somewhat lower for By=4T plasma (Te(0.95
ap)~0.57-0.59keV for ne=2-2.2x1019 m-3).
In both cases, the electron collisionality Vs is
~0.3-0.6 (collisionless regime).

[1.7MA, 2.5T small volume] Next,
we moved to lower plasma current Ip=1.7MA
with B;=2.5T so that we can produce smaller
plasmas with wider clearance to the outside
wall in order to reduce plasma-wall
interaction and hot spot due to ripple loss.
The plasma volume is reduced to 65-7 Im3.
The Xpoint height is scanned between 1-
16cm. H mode confinement is observed in a
few shots. Fig. 4 shows typical waveform
of the H mode discharge (E13632). Divertor
D drops slightly at 4.18sec and the
diamagnetic stored energy continues to rise
until the occurrence of the strong ELM
activity. Fig. 5 shows energy confinement
time as a function of the net heating power
compared with ITER-P and ITER-offset
linear scalings. Although the duration of the
H mode is short (<0.2sec), confinement
enhancement factor up to 1.5 is obtained
(E13635). Confinement enhancement is not
good at high power, but the power
degradation becomes weaker ( tg~P-0-23 in
contrast to the 2MA power scan) which
indicates an improvement due to H mode
effect. For this configuration, ripple loss of
fast ion is estimated to be ~10% of the
heating power ( section 10.1 ). The edge
electron temperature (Tg(0.95ap)) is 0.74-
0.77keV at Pnp=12.8-14.3MW, ne= 2.5-
3x1019m-3 for L mode discharges and is
0.82-0.94keV at PNp=15.4-15.9MW, ne=
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Fig. 3 Energy confinement time for 2MA
power scan (Bt=2.5 and 4T).
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Fig. 4 Typical waveform of the H mode
discharge.
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1.9-2x1019m"3 for H mode discharges. The
electron collisionality of the L and H modes
are typically 0.4 and 0.2 at 95% of the
plasma minor radius, respectively.

The effect of the current profile on the
energy confinement properties is discussed in
section 3.5. This study clearly shows that
1g~l; in various L mode plasma where ]; is
the internal inductance. Current profile of
NB heated plasmas is not well penetrated to
equilibrium profile expected from the
temperature profile and the neoclassical
resistivity since plasma current is build up
with full aperture (ap~1m) with higher
electron temperature (2-6keV). The internal
inductance is thus lower than the equilibrium
value which makes the L mode confinement
lower than the previous scaling, such as
ITER power law. Thus an H mode
optimization with better current penetration (
say, using the growing plasma method {2] )
is important to get higher confinement time.

3. Summary

dla (S)

0.4 e T e
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0 5 10 15
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Fig. 5 Energy confinement time as a function
of the heating power for a series of H mode
discharges. Confinement enhancement is
large for medium power.

Experimental study of the energy confinement for the standard divertor
configuration has been made. H mode is obtained at low field regime (2.5-2T) and the H
factor against ITER-P of 1.5 is reached. The edge tcmperaturc"tat r=0.95ap) up to 940eV
has been obtained during the H mode whose electron collisionality is ~0.2. Optimizations
of the H mode with respect to the current profile and impurity/recycling reduction are

important in future.
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3.3 L and H modes at high Bt in the Elongated Divertor
M. Kikuchi, Y. Kamada, T. Takizuka, H. Shirai, H. Yoshida, O. Naitou, S. Tsuji

NB heated confinement characteristics in the elongated divertor is investigated up to
20MW in JT-60U. H mode transition is observed in 4MA, 4T discharges associated with
main and divertor Dg drops and slight improvement in energy confinement (~10%) with
clear formation of the edge temperature pedestal of the order of ~2.5cm which is much
larger than the poloidal gyro radius of the thermal ion. Even in the L mode discharge which
do not have Dy, drop, formation of the edge temperature pedestal is observed. Energy
confinement for small minor radius case (A=R/a~4) is better than that of Goldston (Aachen)

scaling where ripple loss is small and power deposition profile is better.

1. Introduction |

Study of the confinement characteristics at high aspect ratio is one of major subjects
of IT-60U research (A=4, Ip=6MA, B=4.4T at R=3.25m) [1] since JET tokamak is
characterized by its low aspect ratio (A=2.5) and high plasma current (Ip=6MA) with low
toroidal field B{=3.3T. In this paper, an overview of the energy confinement characteristics
are discussed for elongated divertor (ED) configurations. Enhanced confinement regime at
high Pp is described in other papers. The energy confinement characteristics in full size ED
configurations are discussed in section 2 and those in small minor radius case are discussed

in section 3, respectively. A summary is given in the last section.

2. Energy confinement in the full size ED plasma

Typical equilibrium configuration of 2

E13784
trass

the ED discharge is shown in Fig.l.
Experiments are performed for By(3.25m) =
4.1T to get confinement base for Ip = 1-4MA
and PN = 5-20MW. Major radius (Rp),
minor radius (ap), vertical elongation (x) and
plasma volume (Vp) are typically 3.25m,
0.87m, 1.7 and 75m3, respectively.
Deuterium neutral beam is injected

perpendicularly from the upper and lower

slant ports with the beam energy of 90keV.
Neutral beam have three energy components
(E, E/2, E/3) and power fractions are 78%, .
15% and 7%, respectively. Fig. 1 Typical equilibrium of ED plasma
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Fig. 2 shows waveform of a typical
AMA discharge . The effective charge Zeff is
3.1 during 20MW beam heating. Divertor
and main D¢ shows clear drop during the NB
heating accompanied by the increase of the
diamagnetic stored energy Wdia which is a
weak transition to the H mode. H mode
threshold power (Pyp) study ( section 3.6 )
indicates H mode is obtained at Paps>16MW
for Bi=4T (P;n~4B¢). But the increase of
W dia is not significant and the discharge
stays in the L mode confinement level partly
due to large radiation fraction of the main

plasma. Reduction of the D¢ signal continues -

for 0.9s.The main plasma radiation continues
to rise to 70% of the total heating power. The
electron density and temperature profile at
t=8.2s are shown in Fig.3. There is a clear
formation of the edge Te pedestal. And the
density profile is flat for 0.5a<r<a. Magnetic
fluctuation is also decreased after the
transition (ﬁ_.;/Bp=5x10's before transition).
These observations are typically seen in the H
mode. Based on the Shaing's H mode theory
[2], H mode bifurcation occurs in the
collisionless regime from the parallel force
balance between neoclassical viscosity and
viscosity driven by the non-ambipolar ion
orbit loss near the plasma edge. Hence the
theoretical width of the edge transport barrier
(8y) is of the order of poloidal gyro radius
(~0.7cm for this case). The measured 8y for
the outside midplane is 2.5-3cm much larger
than the poloidal gyro radius and is an order
of the poloidal gyro radius of the slowing

down fast ion. Since H mode is observed in
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collisional regime (vsi>1) in JFT-2M]3],
Shaing's H mode theory may be viable for
the fast ion orbit loss near the plasma edge.
For lower power level, such a transition is
not observed. But the electron temperature
profile shows formation of the edge pedestal.
Fig. 4 shows edge temperature profiles for
various heating powers. As the heating
power increases, the edge temperature is
increased to ~1lkeV in proportion to the
heating. power while inner temperature
gradient stays relatively constant. Associated
with this formation of the edge pedestal,
toroidal rotation opposite to the beam
injection has been observed ( section 3.9 )
which shows strong velocity shear of the
toroidal rotation.

Fig. 5 shows plasma stored energy as
a function of net heating power for the
plasma current of 1, 2, 3 and 4MA and a
maximum plasma stored energy up to 4.4MJ
have been achieved. Effective charge Zer and
radiation power from the main plasma are
relatively high (Zeg~3-4, Py02ain/pL. = 0.2-
0.5). The main plasma radiation may have
non negligible effect on the energy
confinement in high current regime. Further
improvement will be done in the next year,
3. Small minor radius L mode
with the aspect ratio of 4.

As a best target plasma with respect to
the ripple loss and the power deposition, we
have investigated the plasma with Rp=3.1m,
ap=0.77m with the aspect ratio of 4.0. Fig.6
shows the energy confinement time of the
2MA power scan compared with ITER power
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law, ITER offset linear and Goldston
scalings. The energy confinement time is
better than that expected from the Goldston
scaling (1984, Aachen).

4. Confinement scaling comparison

Energy confinement times of the full
size and small ap ED plasmas are compared
with ITER power law in Fig. 7 together with
old JT-60 data. Effective mass Aj=1.9 is
used throughout this study based on the
Hy/Dy measurement of 0.2. The energy
confinement time is slightly lower than the
ITER power law. This may be explained by
the effect of current profile  1j ) on energy
confinement since current penetration is poor
due to longer resistive diffusion time ( section
3.5).

5. Summary
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Fig. 7 tgdia compared with ITER power law.

Global confinement and edge temperature profiles of elongated divertor plasma are
investigated in JT-60U. H mode transition has been observed in high field regime B=4T
with clear formation of the edge transport barrier, much larger than jon poloidal gyro
radius. But, edge pedestal is also found in the L mode power scan associated with the
counter plasma rotation. Further confinement optimization will be placed on reduction of

impurity / recycling, current profile control ( higher }; ) and rotation/ radial electric field

control.
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3.4 Comparative Study of the D and H Plasma Confinement in JT-60U
T. Takizuka, H. Shirai, S. Tsuji, Y. Kamada, H. Yoshida, M. Kikuchi

1. Introduction
The effects of ion mass number, Mj, on the tokamak plasma confinement is one of

unsolved issues in the magnetic confinement fusion research. Energy confinement time TE is
believed in general to increase with the mass number. We have reported, therefore, the JT-60
performance converted from hydrogen plasma confinement into deuteron plasma confinement
as TE(D) =1.4 X TE(H) [1]. Statistical analyses of ITER L-mode confinement database have
shown the Mj dependence of TE as TE e Mi0-3'0-5 [2,3]. The following is the present
consensus among tokamak researchers [4]: On small and medium size tokamaks, this isotope
scaling is almost uniformly seen. A comparison of confinement between JT-60 and TFTR
supports the M;0.5 isotope scaling. Preliminary results in JET and DII-D indicate a weaker
isotope dependence in L-mode. We stress the importance of future studies of isotope scaling
[4]. Also in the H-mode plasmas, isotope dependence of Mi"'o-s has been found from
analyses of ITER H-mode database [5]. When we predict the confinement performance of D-T
fusion reactors, we take value of Mj = 2.5 and obtain about 10% improvement in TE compared
with TE in D plasmas. This 10% improvement is rather important for designing fusion
reactors. Study of isotope dependence is of course indispensable to clarify the physical
mechanism of the plasma transport.

In the present paper, we report for the first time the result of the isctope effects on the
global energy confinement of L.-mode plasmas in the JT-60U divertor configuration.

2. Results

Comparative experiments of D and H plasma confinement have been done in the JT-
60U elongated divertor configuration. The major radius R is 3.20 - 3.25m, minor radius a is
0.87 - 0.92m, and elongation k is 1.6- 1.7. The toroidal magnetic field at the plasma center,
BT, is about 4T. We survey the dependence of TE on the total heating power, Ph, and on the
plasma current, Ip, for both DO.beam-heated D plasmas and HO-beam-heated H plasmas.
Discharges are typical L-mode and no ELM is observed.

The concentration of H in a D plasma and that of D in a H plasma are estimated from the
intensity ratio of Hy/Dg, or Dg/Hg. The value of Hg/Dg in D plasmas is about 0.35, and that
of Dg/Hg, in H plasmas is about 0.55. The effective ion mass number is then evaluated as
MeffD = 1.75 - 1.85 for D plasmas and Mefftl = 1.2 - 1.35 for H plasmas. Effects of other
impurities (mainly C and O) on the effective ion mass are ignored here. The values of line
averaged electron density, nel, in both D and H discharges are chosen to be almost the same for
almost the same discharge condition Ip=1, 2 and 3MA, and P =3 - 11MW ) as shown in
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Fig.1. Open symbols in the figure denote D plasmas and closed symbols indicate H plasmas.
Triangles correspond to Ip=1MA discharges, circles to [p=2MA, and squares to Ip=3MA. The
total heating power, Ph, consists of joule heating power and deposited neutral beam heating
power, which is estimated by subtracting the reionization fraction in the beam duct and shine-
through fraction The latter fraction is roughly calculated by using a simple empirical scaling,
Pshine-through o< exp { -ncD.H /net) (neD-H is an empirical coefficient for D or H plasmas
). The ripple loss of beam ions is not taken into account at present, whose power loss fraction
may be less than 10%.

We consider that these plasmas are enough to be tested for the isotope effect on the
energy confinement. Figure 2 shows the stored plasma energy obtained by diamagnetic
measurement, W, vs total heating power, Ph, for various Ip values ( IpleA; triangle, 2MA;
circle and 3MA; square ). The stored energy of D plasmas (open symbals) exceeds that of H
plasmas (closed symbols) a little for almost the same condition. A comparison of energy
confinement time, TESXP = Wd/Pn with that predicted by ITERZ9P L-mode scaling,
TpITERSYP [2] is shown in Fig.3, where values of Mj being 1 for H plasma and 2 for D
plasma are adopted for simplicity. The confinement time of JT-60U plasma for higher Ip
regime becomes smaller compared with TEITER89P, This tendency has been observed on the
former JT-60 divertor experiments [4].

Though the energy confinement of D plasmas is generally better than that of H plasmas,
it is seen in Fig.2 the reversal of W{ between for D and H plasmas for Ip = IMA and Pp =
6MW. These improved plasmas of hydrogen have higher value of internal inductance, Ii,
compared with other discharges. The cause of the higher 1j value is the strong MHD activity
during the initial phase of the discharge. When we take into account the effect of internal
inductance on the energy confinement, we can COrrect the stored energy to be one divided by 1i,
Wg/li [6] The corrected stored energy is demonstrated in Fig.4 as a function of Ph for various
Ip values. The scattering in the figure becomes small, and the difference in the confinement
time between D plasmas (open symbols) and H plasmas (closed symbols) can be clearly seen.
Next, we evaluate the Ip dependence of Wq by using experimental data around Py = TMW, and
obtain a rough relation, Wd/lj =< Ip0-8, for both D and H plasmas. Figure 5 shows the quantity
Wa/(3 IPO-S) vs Ph. In the range of Ph < 13MW, the ratio of Wa/( IPO.S) for D plasmas to
that for H plasmas is found to be 1.2 - 1.3. By considering the ratio of effective mass,
MeffP/MerH, being about 1.3-1.5, the ion mass dependence of the confinement time can be
estimated as TE =< Mi® with a = 0.5 - 1.0, which is rather stronger dependence on Mj

compared with former scaling laws; & =0 - 0.5.

3. Summary and discussion
A comparative study of D and H plasma confinement has been performed in the JT-
60U elongated divertor configuration. The confinement time, TE, in the JT-60U L-mode
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plasmas is found to depend on the ion mass number, Mj, as well as on the plasma current, Ip,
and internal inductance }j : TE = Mi® ;08 with a=05-1.0.

This result is the first one to show clearly the isotope dependence of L-mode confinement in
large tokamak devices.

The isotope dependence obtained here is rather stronger compared with former scaling
laws. The component of beam ions plays important role in the global energy confinement time.
The slowing-down time of D beam ions against background electrons is larger by twice than
that of H beam ion in the same electron density and electron temperéturc. Therefore, a certain
part of the improvement in the global energy confinement for D plasmas compared with for H
plasmas is due to the larger stored energy of D beam ions. A linear increase of Wq with Py,
especially for D plasmas, may also be explained by the effect of beam component. Separation
of the global energy into the beam component, thermal ion component, and electron component

is now in progress, and it will be clear what component is affected by the ion mass number.
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3.5 Effect of Current Profile on Energy Confinement in JT-60U
Y .Kamada, T.Takizuka and M.Kikuchi

1. Introduction

Many empirical scalings have been reported to explain the energy confinement time 1g[1,2]
using global‘parameters such as Ip, By, Pin, R, a, ne etc. Whereas, it is known that there exists
effects of profiles of plasma parameters on T such as ne profiles [3,4]. While, about the current
density profile j(r), in spite of its strong effect on MHD, the effects on 1g has not been clarified
yet. Because, in the tokamak system, there seems to be a strong restriction to keep Te profile
constant even if the heating profile or the ne profile is changed and j(r) is closely connected with
T profile. However, recent progress of current drive including the bootstrap current suggests
that j(r) is controllable independent of Te(r). Practically, such control is essential in the reactors
and the effect of j(r) on tg should be clarified. The peakedness of j(r) is expressed by internal
inductance l;. Some effects of i on 1 was reported firstly in ref.[5] by the current ramp down
experiment. This section expands the discussion into wide ranges of plasma parameters to
generalize the understandings. Another important value is the safety factor to understand the
effects of the toroidal current. In particular, 1g in the law q region (q<3) is sometimes observed
to be degraded compared to that in the high q region [6]. The explanation, however, has not
been clear [7]. In Sec.6. we will discuss effects of I; and g on MHD. By combining these
studies about MHD and confinement, we can achieve the systematic understandings and, then,

can separate the roles of macro and micro instabilities on tokamak confinement.

2. Effect of I; on The Enhanced Confinement in High q Region

Figure 1 shows a high-q {(qefr~11) L-mode discharge with Ip=1MA, B{=4T using hydrogen
as working gas by the high elongation mode. Although I, was ramped down in this discharge,
the very high I; (~1.9) in the initial phase was caused mainly by the instability at t~4s. In Fig.2,
7g normalized by the ITER-89 power law [2] is platted against 1j where 1g is given by
TE=W/(Pin-dW/dt), Pin=Pnp+Pop. In calculation of PNg and Poy, ~5% of re-ionization loss,
shine through as a function of n, and dlj/dt were included. The effect of ripple loss was not
included. We assumed A;=1.2 in the calculation of tg!TER based on the measured ratio of
deuterium/hydrogen. The dependence of H-factor on l; is clear and is almost proportional to l;.
The reason may be explained by two possibilities. The first one is the strength of poloidal field
at a certain area where the total confinement is determined. In this case, the responsible area is
relatively inner region of the plasma. The second possibility is magnetic shear. In this case, the
key area is relatively outer region. The effect of sawtooth seems to be independent of these
discussions. Because, as mentioned in Sec.6.3, the sawtooth mixing region increases with I;,
which should lead the inverse dependence of H-factor on lj. (The effect of sawtooth is
discussed below.) We also examined the effects of MHD modes with medium m/n and
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observed that these modes dose not correlate with the 1; dependence. Therefore, this dependence

may be caused by high m/n modes or micro turbulence.
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Fig.1: A high-q (qe~11) L-mode
discharge(Ip=1MA, Bt=4T, hydrogen, - Fig2:H-factor (g normalized by tg TTER-89-P)

high elongation mode.) versus I; for the discharge given in Fig.1
3. Effect of 1; , q and Sawtooth on H-factor in Low ¢ Region

This section uses L-mode data of deuterium discharges with [p=3MA, Bt=2.5-4T, Vp=65-
75m3, PNp>7MW by high elongation mode. The calculation of H-factor was done by the same
way as mentioned above and Aj was assumed to be 1.85. Figures 3(a) and (b) show behaviors
of H-factor versus qefr and lj, respectively. H-factor seems to be degraded with decreasing qefr-
While, H-factor increases almost linearly with 1. Figure 4 shows H/li dose not depend on Qeff.
This new finding is important to understand the confinement degradation in the law-g region.
Generally speaking, equilibrium 1j decreases with decreasing qgefr and this dependence is
stronger in the lawer-q region (see Sec.2.2.1), then this dependence may be the reason of

confinement degradation with decreasing Qeff.
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Fig 3:H-factor versus (a} qeg and (b) Ii (Ip=3MA,
Bt=2.5-4T, Vp=65-75m3, PNg>7MW, high
elongation mode).
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Figure 5(a) shows H/lj and the sawtooth period
Tgw in three regions of gefr=2.2-2.6, 3.1-3.5 and
3.9-4.1. Figure 5(b) enlarges the region for
Qefr=2.2-2.6. In all region, H/l; increases with Tgy.
The dependence (slope) of H/lj on tgy increases
with decreasing qeff. This tendency may be
explained by the dependence of sawtooth mixing
region on qeff (see Sec.2.2.3). In Fig.6, Tgw is
normalized by Tg. In case of qer=3.9-4.1, H/];
saturates at Tgw/TE ~1.5 because H/; is ~0.85 for
sawtooth free discharges, where |; is relatively small
(Sec.2.2.1) and H-factor itself is small because of
small 1;. However, H/l; of these sawtooth free
discharges are large and almost the same as that of
long Tgw discharges. The question is the behavior
for Qepr=2.2-2.6. The slope of H/ij against Tsw is
very steep (Fig.5) and H/1j~0.9 is obtained even at
Tew/TE~0.2. In the pellet injection experiment in JT-
60 [8], the saturation of improved confinement
occurred at Tgw~TE for qerr~2.3. Then, this steep
slope is now an open question and may be treated
more carefully. The causality of improvement in
H/t; and enhancement of tgy should be examined by
active Tgw control such as co-/counter-injection of
NB and ICRH, because 1gyw i3 a strong function of
Te as given in Sec.2.2.3 and Tg is increased by
improved confinement,

Figures 7(a) and (b) show that both H and H/l;
are independent of 1i,. However, H and H/l; clearly
depend on 1; (Fig.3(b)) and 75w (Fig.5),
respectively. Therefore, it can be concluded that ng
itself does not affect the confinement improvement
discussed here. However, the ng profile may have
some effects. Unfortunately, the effect of ne profile

is not clear in the present status.
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Fig.7:(a) H-factor and (b) H/l; versus M.
4. H-factor dependence on li in wide ranges of parameters including H-mode
In Figure 8, all data used above are summarized and H-mode data are added. In L-mode, it is
confirmed that H-factor is almost proportional to lj in the wide range of qeff: geff=2-11.The
maxima of H-factor in H-mode also seem to increase with 1;. However, large scatter of data is

observed for H-mode. As Kamada et al. pointedout 8 [ 7T T T 0T
[9], I; tends to decrease with H-factor in H-mode 1.4 8 ., o.—i
because of development of edge Te pedestal. 12 _ ;’C& H-mode ".': |
Therefore, the dependence of T on Ij in H-mode 2 5 g § > Wm“
should be discussed by separating the current i , o f'!" :’,‘\,'.,:"’f;"
profile in the central region and edge region. a3 S e qeti=11-12

At last, we should note ambiguities in our data 0.6 n % lﬁ;:‘_’g_“is‘,’;:“egl;:'z-_”' qott=2-6
set: These H-mode discharges are obtained by the 0.4 Dot b Lee s Lo sl
standard configuration and the height of X-poirt is 08 0.8 1 1.2 “1'4 1.6 1.8 2
relatively small, then the ripple loss of injectzd N3 Fig.8: H-factor and [;

particles are relatively larger than that of other data

by the high elongation mode. Another ambiguity may be caused by the purity of working gas.
Both hydrogen and deuterium inventory in the vacuum vessel should be taken into account for
more detailed discussion.
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3.6 H-mode Regime and ELMs
Y.Kamada, , R.Yoshino, H Ninomiya, M.Shimada, M.Kikuchi, H.Yoshida, H.Nakamura

1. Introduction

This section treats the initial results of H-mode experiments in JT-60U where deuterium
beams are injected into deuterium plasmas. Compared to previous JT-60 where hydrogen was
used, the parameter region of H-mode was expanded and the clarification of key parameters for
the L-H transition was advanced. In JT-60U, the inner wall of the vacuum vessel is fully covered
by carbon tiles and the plasma configuration is open-type divertor. It is widely known that the
wall condition {viz. minimization of Z¢¢ and reduction of recycling) is important to achieve high
quality H-mode. For this purpose, we use TDC and GDC with D or He. About these effects,

Sec.8 reports the details. Here the operation regime of H-mode discharges are summarized.

2. Operation Regime of H-mode

Figure 1 shows the Ip-By region of H-mode discharges. Many of H-mode discharges were
carried out in relatively low q region ( qegp~3~3). In Fig.2, Pnp is plotted with B; for H-mode
discharges. The threshold power PyphM(MW) increases with B(T): Pnpt=1.6~1.98,1-5 or Pygth
=4.5B;-3, where Pnp is calculated including power lost by reienization in injection ports (~5%)
and by shine through given by 0.6exp[-N,(1019m-3)/1.44]. It is known that Pyg'h decreases with
reduction of Zgfr. In this sense, most of the discharges shown here was not carried out under
optimized wall condition. In particular, for data with B~4T, radiation loss from the main plasma
reached ~70% of the absorbed power. Relatively optimized wall condition was achieved for
discharges with By~1.7~2T. Therefore, Pyp™ may possibly decrease by improved wall
conditioning planned in the next year. In the present status, the minimum Pnpth around Bt~2T is
given by Pnpth=1.6B1-5 or PNph=2.3B,. In other tokamaks, it has been also reported that Pygth
is a function of By [1]. In ASDEX, Pnpth=0.36B,!-5 or PyptP=0.6B,. In JET, Pnpth=1.5B,1-3 or
Pnpt=2.4B,. Figure 3 shows comparison of various tokamaks (JFT-2M, DIII, ASDEX, PDX,
DIID, JT-60 lower X-point, JT60U and JET), where Pyg!i/Bt!-5 is plotted for (a)plasma
volume, (b) surface area, {c) 2(ab/R)0.75[2] and (d) a%/k [3], respectively. If direction of the ion
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Fig.1: H-mode region on Ip-B; space. Fig2: Pyg and B, for H-mode discharges.
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grad-B drift is not toward the X-point or if the working gas is hydrogen, Pngth increases.
Among these plots, a/k seems to be the best parameter to fit PnptyBtl-S. In Fig.3(e), PNptY/Bt
is plotted for a2/k, here the linearity is also clear. The dependence on By is important to design
fusion teactors. Because, if Pypth is proportional to Byl-3, the required Pnpth in SSTR is
~150MW. In turn, if Pygth is proportional to By, the required value is 70MW. In case of the
dependence shown in Fig.3(c), the required value is only 28MW,

In Figs.4(a) and (b), Png and the heating power density per particle PNp/(fi.V) is plotted
against qefr for fixed Byof 2.5T. Itis observed that the threshold power and power density do not
seem to depend on qefr. Therefore, in the present status, the largest dependence of Prpth is that on
B,. In Figs.4(c) and (d), Png is plotted for height of the X-point X, and the inboard clearance
del180, respectively. The quatity of H-mode were observed to change with these values. In turn,
Pnpth were independent of these values. Figure 5 shows the dependence of Pnp on | for 2.5T H-
mode discharges for (a) Ip=1~3MA and (b) Ip=1.4-1.5MA. From these figures, PNg 10 achieve

— 7’7#
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H-mode seems to decrease with increasing ;. However, the causality of this relationship is still

unclear, because 1j usually tends to decrease with increasing Png by modification of T profiles.

3. ELM Activity

Behavior of ELM activity is a good measure of quality of H-mode. In our present status,
effect of ELMs on confinement has not been systematically analyzed. Because in many discharges
behavior of ELM activity was not steady enough to analyze the effects on confinement. Therefore,
here, some aspects of ELMs are briefly reported. Figure 6 shows time evolution of plasma
parameters in Xp-swing experiment. In this discharge, X was modulated between 14cm and
19¢m with 2.5Hz. The H transition occurs when X, decreases below ~16cm, then T, and Wyiq
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increase. However, clear dependence of Pngtt on Xp is not observed (see Fig.4(c)), because at
t~8.8s H-phase can be observed even when Xp~19cm. In this portion, quality of ELMs seems to
be different from that observed at Xp~15cm (1~8.2s and 8.6s). The change in ELM quality by
varying X is also still unclear. The change of recycling may be one reason or, as shown in Sec.
2.11, error field produced by the feeder of divertor coil may affect the H-mode quality.

Figure 7 shows behaviors of ELM activity. Figure 7(a) is the wace of soft X ray (§X)
signal from the peripheral region, where each spike of SX intensity corresponds to H-phase. An
interesting observation is that the amplitude of SX spike is almost constant if the period of H-
phase changes, which suggests that the termination of H-phase is caused by a kind of limit of
edge pressure. Figure 6(c) gives profiles of SX signal just before and after the termination of H-
phase. The sudden change of the profile is localized only in the edge region (r>0.8a) and the
width of the transport barrier is less than 3.7cm which is the minimum resolution of the PIN
diode array. For low-q (qefr<4) H-mode discharges, the effects of sawteeth and ELMs are
particularly important (see Fig.7(d)), because about 70% of the plasma column is governed by
sawteeth and ELMs, since the saturated mixing radius of sawtooth reaches about half the minor

radius for qerr=4 (see Sec. 6.3) and ELM region is about r>0.8a.
{1] ‘Contributions to the 3rd Workshop on H-mode Physics’ JET Joint Undertaking, Abington, 10-12 June 1991,

[2] GOLDSTON, R.J. at Workshop on H-mode, GA Technology, San Diego, U.S.A, 9-10 Nov.1987
[3] NAGAMLM.,, sec ' Review of JT-60 Experimental Results’ JAERI-M 88-063 (1988) p178.
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3.7 H-mode Characteristics at Low B; Regime in JT-60U

H. Yoshida, O. Naito, Y. Kamada,
T. Takizuka, H. Nakamura, N. Asakura, S. Tsuji, M. Shimada and M. Kikuchi

1. Intreduction

This paper describes a brief summary on H-mode characteristics in the initial experiments
of JT-60U deuterium discharges with near-perpendicular NB (deuterium ) injection. In these
experiments, the ion VB drift was toward the X-point located near bottom of new vessel and

divertor configuration was so called open type. The H-mode transition was observed in wide
parameter ranges of Ip=1~4 MA, Bt=1-7"4 T, Ec=(1~5) X 1019 m'3, and Pyp=5~20 MW.

The threshold power needed for H-mode transition in B,~3 T was about 10~12 MW [1],
which was reduced by ~20 % in comparison with hydrogen discharges previously performed
in lower divertor configuration. Especially in low B, regime of less than 3 T, the H-mode
discharges were characterized by the long-duration H-mode accompanying ELM activity
(ELMy H-mode) and the short-duration ELM free H-mode. The former was reproducible,
but it was difficult to reproduce ELM free H-mode and to extend its duration time. The long-
duration ELMy H-mode discharges showed the improvement of energy confinement of up to
~4(0 % compared with L-mode ones.

2. Typical H-mode discharges in low Bt regime

Figure 1 shows the difference of discharge characteristics between L-mode and ELMy H-
mode. Although the experimental conditions for both discharges were similar in magnetic
configuration and operated parameters of Ip=1.8 MA and B=2.5 T, the stored energy

achieved in ELMy H-mode was higher by around 50 % than in L-mode. The edge electron
temperature (r~0.93a) measured by Thomson scattering was 0.9~1.3 keV (P,},,=16~17 MW)
during H-mode, while 0.5~0.7 keV (P,=13~15 MW) in L-mode.

The NB power dependence of ELMy H-mode is time-evolutionally illustrated in Fig. 2,
where the H-mode transition started with grassy ELM in lower power level (7.5 MW), and
giant ELM occurred in higher one (12.7 MW). In the same figure, ELM free H-modes were
frequently observed above medium power level (9.2 MW). The maximum duration time of
ELM free H-mode obtained with Pyyg=9 MW was about 80 msec as seen in Fig.3. On the
other hand, long-duration ELMy H-mode lasted almost during NB pulse (~1.8 sec) with short
intervals of ELMs (=5 msec) as shown in Fig. 4, where stored energy, electron density and
radiation power became near steady state. In the next section, the properties of long-duration
ELMy H-mode are discussed from a viewpoint of energy confinement,
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3. Energy confinement of long-duration ELMy H-mode

It is well known that H-mode discharges with ELMs reach steady state at a cost of
modestly reducing in H-mode energy confinement. In JT-60U, the energy confinement of
ELMy H-mode discharges in near steady state was about 20 % degraded compared with that
in transient phase. However, as shown in Fig. 5, it was 20 to 40 % improved in comparison
with that of L-mode discharges.

For long-duration ELMy H-mode discharges of 1.3 MA and 1.7 T, and also 1.4 MA and
1.85 T, stored energy and energy confinement time are plotted as a function of electron
density in Fig. 6 (a) and (b), respectively. In this plot, we selected data carefully :
Rp=3.24~3.25 m, ap=0.78~0.80 m, k=1.65~1.68, Po/Pyq (ratio of counter-injection power

to total NB power)=0.20~0.21, PabS=8.6i0.2 MW. It seems that with some scatters stored

energy as well as confinement time decrease slightly with an increase in density. Figures 7
and 8 show the P./P;o dependence of stored energy, indicating that stored encrgy decreases

with the fraction of counter-injection power. It is noted that in Fig. 7 the reduction of
sawteeth frequency and Soft X-ray signal intensity occurred after NB injection with counter
component. Taking account of near-perpendicular injection angle and off-axis beam path-
line, Figs. 6, 7 and 8 may suggest that the ripple loss of fast ions affects energy confinement
especially in higher density. Another possibility is the effect of current profile on energy
confinement [2]. In the L-mode scaling study of JT-60U, the linear dependence of stored
energy and confinement time on internal inductance, li, was revealed [2,3]. In the same data
set as in Fig. 6, current profile became slightly flattened in higher density region : 1i varied
~1.0 to ~0.9. For this problem of the energy confinement degradation with the density or the
fraction of counter NB component, more systematic and precise investigation is needed to

obtain the conclusion.

4. Summary

At low Bt operation in JT-60U the feature of H-mode was characterized by long-duration
ELMy H-mode and short-duration ELM free H-mode. In long-duration ELMy H-mode
discharges the edge electron temperature exceeded 0.9 keV with P, =15~16 MW, and the

energy confinement was improved 20 to 40 % compared with L-mode discharges. The ripple
loss effect or the current profile effect seems to be a possible cause of the decrease in energy
confinement with higher density or with fraction of counter injection.

References

[1] Y. Kamada et al., "H-mode Regime and ELMs", in this review.

[2] Y. Kamada et al., "Effect of Current Profile on Energy Confinement”, in this review.
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3.8 Radiation Loss in NB Heating Discharges in JT-60U
N.Hosogane

1. Introduction
The global characteristics of the radiation loss in the NB heating discharges is

presented. The investigation is concentrated on the L-mode NB heated discharges with
standard configuration and high elongation configuration with large volume(75m3), and
on the high T; NB heating discharges performed in the high elongation configuration with
small volume(50m3).

2. Global Characteristics of Radiation Loss in NB heating Plasmas
2.1 Standard Configuration(k=1.4)

Figure 1 shows the total, main and divertor radiation loss power plotted as a
function of the absorbed heating power. The parameter range is plasma current of 1.3-3.5
MA, toroidal magnetic field of 2-4T and NB heating power of 1.5-15MW. It is seen that
the total radiation loss increases with the absorbed heating power in the range of 50-80%
of it. The main radiation is less than 20%.

Figure 2 shows the total, main and divertor radiation loss plotted as a function of
electron density with parameters of toroidal magnetic field and plasma current. To see the
effects of these parameters, the data plotted are limited to the discharges with toroidal
magnetic field of 2.5-4T and constant plasma current of 2 MA and the discharges with
plasma current of 2-3.3 MA and constant toroidal magnetic field of 4T. Also, the
radiation loss observed seems to depend on the height of the X-point. As the height of X-
point becomes low, the radiation loss tends to be small. So that, the height of the X-point
in this plot is limited to the range of 8-16 cm. It is seen in this figure that both the main
and divertor radiation losses increase with electron density through the divertor function.
Moreover, it is found that the divertor radiation loss becomes large as the safety factor
becomes large. '

2.2 High Elongation Configuration(k=1.7) with plasma volume of 50 m3

The radiation loss measured in the high Ti experiment with small plasma volume
of 48-54 m3 is investigated. The experimental range is plasma current of 1-2 MA, toroidal
magnetic field of 4T and NB heating power of 13-22 MW.

Figures 3 shows the radiation loss power as a function of absorbed power. It is
seen that the main radiation loss power is 25-45% of the absorbed power and the total
radiation loss power is 50-90% of it. However, the radiation loss in the scrape-off layer,
which is defined by the difference of signals between the upper and lower bolometer
arrays as explained in ref.1), spreads over the lower half of the plasma column for these
small plasmas unlike the other configurations. So that, it should be noticed that the main
radiation power may be larger than those plotted, although the total radiation loss power
remains unchanged.

Figure 4 shows the total, main and divertor radiation losses for the absorbed
power as a function of electron density. It is found that both the main and divertor
radiation losses increase with the electron density. For a series of 1.1 MA discharges, the
main and divertor radiation losses are 35-45% and 20-40%, respectively. The large
increase in divertor radiation loss is considered to be due to the non-linear rise in divertor
electron density through the divertor function. The maximum neutron yield was attained
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in the low density regime of 1.1 MA discharges. The main and divertor radiation Josses in
this discharge are 35% and 20%, respectively.

2.3 High Elongation Configuration(k=1.7) with plasma volume of 75 m3

The radiation loss measured in the 1.-mode discharges with plasma volume of 73-
80 m3 is investigated. The parameter range is plasma current of 1-4 MA, toroidal
magnetic field of 4T and NB heating power of 4-21 MW. The height of the X-point is 6-
12 cm.

Figure 5 shows the radiation loss power as a function of absorbed power. The
fraction of the total radiation loss power is 50-80%, which is the same level as the
discharges with standard configurations. However, compared with those discharges, the
main radiation loss power tends to increase with the plasma current.

Figure 6 show the main and divertor radiation loss for the absorbed power as a
function of electron density. The main radiation loss increases up to about 50% for4 MA
discharges. Since the change in electron density is accompanied by the change in plasma
current in this plot, the main radiation loss seems to strongly increase with electron
density. However, compared with the results for the case of the standard configuration, it
is clear that the effect of the plasma current is dominant for the increase in the main
radiation loss. In contrast with the main radiation loss, the divertor radiation loss
decreases with the electron density. The detail is discussed in the next section.

3. Discussion

Itis found in sections 2.1 and 2.2 that both radiation losses depend on the plasma
current and toroidal magnetic field. So, the radiation losses is expected to be related with
a parameter neRqeff as found in ohmic discharges!). Here, R is major radius and deff is
effective safety factor. Figures 7(a) and (b) show the radiation losses plotted as a function
of neRqet for the discharges with standard and high elongation configurations,
respectively. From these figures, it is found that the radiation losses may be expressed by
some functions of neRdefr, irrespective of different plasma current and toroidal magnetic
field. It is interesting to note that there is the same characteristics as ohmic discharges
although the heating power in the NB heating discharges is given irrespective of the
safety factor unlike the ohmic discharges. The total radiation losses are almost the same
level for both discharges. However, it is noted that the electron density is measured at the
different positions for these different configurations through the U2 port. It is necessary
to use the electron density commonly defined for the further study.

The above results provide the method for comparing the radiation losses of the
discharges with different configurations. Figures 8(a) and (b) show the main and divertor
radiation losses as a function of neRqefr for the high elongation configurations and the
standard configurations. The plot for the main radiation loss (Fig.8(a)) indicates that the
main radiation loss for the high elongation configurations is the same level as those for
the standard configurations for the 1 MA and 2 MA discharges, but increases as the
plasma current increases above 3 MA. On the other hand, the divertor radiation loss,
which seems to decrease with the electron density in Fig.6, is found to obey the
- parameter neRqeff like the case of the standard configurations although it is small. The
result that the divertor radiation loss is small may be due to the increase in main radiation
loss. The reason that the main radiation for the high elongation discharges with above 3
MA increases is under investigation.



4, Summary
The global characteristics of the radiation loss is summarized for three types of
NB heating discharges with standard configurations, high elongations with volume of 50
m?3 and 75 m3. The same parameter dependence neRqesr as found in ohmic discharges is
found for these NB heating discharges. The result suggests that the connection length is
an important role for understanding the characteristics of the radiation losses. However,
the main radiation loss in the high elongation configuration with volume of 75 m3
increases beyond the level evaluated from the neRgefr dependence as the plasma current
increases above 3 MA.

1) N.Hosogane, 'Radiation Loss in Ohmic Discharges in JT-60U", in this review,
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3.9 Characteristics of Toroidal Rotation in JT-60U Plasma
Y. Koide, N. Asakura and A. Sakasai

In JT-60 CXRS measurement [1], the basis of rotation velocity is determined by the
assumption that line emission from CVIion is not Doppler-shifted in the period of plasma
initiation, and the detector is slightly affected by the leakage magnetic field from the
tokamak. The ambiguity of up to 2x10* m/sec ;g expected due to these effects. In JT-60U,
a pair of tangential array, which views the opposite direction, and a new type of detector,
which is free from the leakage magnetic field. The typical ambiguity is reduced within
2x10° m/sec (see section 6.2.1). The number of spatial channrel is increased up to 20. In
this paper, the characteristics of V in JT-60U plasma are described.

Figure 1 shows the Vi(r) with unidirectly injected NBI, where [p=2 MA, Bi=4 T,
fie=1.6x10" M~ Here the positive sign of ordinate means the co-directed rotation. In the
case of counter injection (shown with closed circles), the observed direction of V(r)
qualitatively agrees with the expected one from the direction of the momentum input.
However plasma doesn't rotate in the co-direction except in the central region even though
only co-directed NBI of the same power is injected (shown with open circles). So we
carried out the systematc investigation of Vi(r) on injected momentum input. Experiment
has been done with the following conditions : I,=2 MA, By=4 T, fe=1-1.8x10% m3 'p0
beam into H* plasma. The results are shown in Fig.2, where abscissa is net NBI power
and the ordinate is Vy; Fig.2(a) is for the central region and Fig.2(b) for the region at
around a/2; NBI system of JT-60U is characterized into four groups from the viewpoint of
injection angle i.e. up/down and co/ctr, which is discriminated by different symbols in this
figure. It should be noted that Vy is ctr-directed when net NBI power is zero, and V;
doesn't readily rotate in co-direction, whereas it directed easily to ctr-direction. This
character remains if I and By are inverted as shown in Fig.3. The one candidate to drive
this counter-directed rotation is the negative potential due to the ambipolar electric field
which originates from the ripple-loss of ions. There is some indirect evidence in favor of
this view : Ohmic rotation is ~Ax10* m/sec in ctr-direction, which is measured with short
pulse (100 msec) of diagnostic NBI only, but it is not so large as that inferred when the net
power is zero in Fig.2 and 3 (2'4><104 M/SEC) : Detail time evolution of Vy just after the
NBI injection (co : ctr =3 : 2) shows that ctr-rotation in the edge region first occurs.
However it is doubtful whether ripple loss mechanism can fully explain this peculiar
rotation profile because 1) this tendency is observed even with as a small plasma as that in
JT-60 where ctr-rotation is not recognized, 2) V; in the central region seems to be biased in
the ctr-direction, where the ripple loss is below 0.01 %. So there might be some unknown
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mechanisms e.g. charge separation, which occurs just after the ionization of neutral beam
due to the difference in gyro radii of ion and electron. Tangential NBI, which will be
operated in July 1992, will enable us to investigate systematically the effect of ripple loss.

Next we compare the V; measured by CXRS with the inferred one from the
frequency of MHD mode oscillation fMHD_ If the fluid flow and MHD mode are perfectly
frozen to each other and the toroidal mode number equal unity, the following relation is
satisfied,

V.= 2nRMHD (1)
, where R is the major radius. We must be careful about the former assumption because
jons are allowed to flow freely along the magnetic lines of force, whereas the MHD mode
is frozen to the magnetic field. Nevertheless, the estimate of poloidal rotation velocity Vp
from the difference of the two velocity of measured and estimated one by eq.(1) is
meaningful from the viewpoint of checking of the validity of neoclassical theory. Figure 4
shows such a comparison for a discharge free from sawtooth oscillations with Ip=1 MA,
Bi=4 T, qef=14.2, Ne = 2x10Y° m-3, 0dd mode oscillation with fMHD is observed around
r/a=0.14. Tts frequency changes from 4.45 to 2.5 kHz during t=6.8-7.8 sec and the
velocity estimated from eq.(1) is plotted with closed circles, where only the absolute value
of velocity is considered because the direction of mode rotation is not resolved in our soft
X-ray data. 'V at the same radius is plotted in the same figure (open circles). Vyis 2 times
largci' than that estimated from eq.(1). The two-fold difference in velocity is not so small
but this difference can be supplemented by the rotation in the ion-diamagnetic direction with
the frequency fp of 2 kHz. Vp estimated from the following relation, where m=1 is
assumed, is only 3 km/sec,
Vp=2nrf/m (2)
. where m is the mode number of poloidal rotation. The similar result is obtained with a
discharge with sawtooth and m=1 oscillations and is shown in Fig.5, where Ip=3 MA,
Bi=4 T, qefr=4.1, n; = 3x10% m'3_ Investigation to check whether the above poloidal
rotation is consistent with the neoclassical theory is in progress.
1] Y. Koide, et al, in Review of JT-60 Experimental Results from June to October, 1988,
JAERI-M 89-033 (1989).
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3.10 Energy Confinement in Ohmically Heated Plasmas in JT-60U
Hiroshi SHIRAI, Tomonori TAKIZUKA, Masafumi AZUMI

Abstract. Plasma parameter dependence (density, plasma current, toroidal field and
isotope mass) of Ohmically heated JT-60U plasmas are studied. Maximum 1
of 710 msec is obtained in deuterium plasma. The ration of deuterium g to
hydrogen 1g 1s about 1.1 in a high elongated configuration and 1.2~1.3ina
standard configuration. Strong dependence of 1 on toroidal field, or safety
factor, is obtained. '

Energy Confinement time of Ohmically heated plasmas is calculated as follows;

16 = Waia / { [pVies - Waie ) M
where W, is stored energy measured by diamagnetic loop and Vi is resistive
component of one turn voltage, respectively. Dot on the variable denoted time derivative
of that variable. Let Ve be the surface voltage. The resistive loop voltage, Vies, is
described as

Vres = Vsurface - Ip L;/ 2, 2)
where L; is the self inductance of plasma current ring, which is expresses as
Li =uoR [ In{8R/a)+ 1 /2 -2 ] where I; is internal inductance; [; = Baz/Be(a)2 . Asa
result, equation (2) is written as follows;

Vies = Vsurface - ﬂiRIp(MA)/ 10 3)

We calculate both hydrogen and deuterium plasmas in the standard and the high
elongated configurations. As for hydrogen plasmas, we deal with the plasmas of I, =
MA and B, =4 T for the standard configuration and I; =1 ~ 3 MA, B, =4 T for the high
elongated configuration. As for deuterium plasmas, we deal with the plasmas of Ip =2 ~
3.3 MA, B, =25 ~4 T for the standard configurationand [; =1 ~3MA, B, =35~4T
for the high elongated configuration.

Figure 1 shows the density dependence of T in hydrogen (closed symbol) and
deuterium (open symbol) plasmas of I =2 MA and B, =4 T in the standard
configuration. Data of hydrogen plasma are gathered in April. Data of deuterium are
gathered in July several weeks after the beginning of deuterium experiment. The wall
temperature of both data is around 300 degree Celsius. Assuming the electron density
profile as some power of parabolic shape; ne(r) = n,(0) { 1 - 12)™, and using two
channels of interferometer data, the line averaged electron density, n,, is inferred. In this
calculation, Shafranov shift of magnetic surface is taken into account. Although thisisa
very rough estimation of density profile, the value of density peaking coefficient m is
close to that of JT-60 plasmas. The m value decreases as the increase of n, like the JT-60
cases.

The maximum 7g of 2 MA hydrogen and deuterium plasmas in the standard
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configuration is 490 msec and 660 msec, respectively. Improvement of T by isotope

mass difference is approximately expressed as 1g (Deuterium) = (1.2~1.3) TE

(Hydrogen).
In the figure, we show the neo Alcator scaling of tg [1]
1g(sec) = R% a qey T X 1072 4)

by solid line. In this case it is roughly expressed as Tg(sec) = 0.47 X 109 1, .
Unfortunately, there is no low density data for both hydrogen and deuterium. We cannot
conclude whether the T of JT-60U Ohmic data in the standard configuration obey the neo
Alcator scaling.

Figure 2 shows the density dependence of TE in hydrogen (closed symbol) and
deuterium (open symbol) plasmas in the high elongated configuration. Circle, rectangular
and triangle indicate the plasmas with I of 1 MA, 2 MA and 3 MA, respectively.
Toroidal field is 4 T. Data of hydrogen plasmas are gathered in June and October. Data
of deuterium are gathered after August. The wall temperature of both data is around 150
degree Celsius. The maximum Tg of hydrogen plasmas is 670 msec (2MA plasma). The
maximum g of deuterium plasmas is 710 msec (1MA plasma). The saturation of 1
occurs at the very low density region (ne ~ 1 X 10!? m-3). Comparison of hydrogen and
deuterium data shows that a confinement improvement with of isotope mass is 1.11n the
high elongated configuration. The diamagnetic loop data shows that there is nearly no
difference in the measured stored energy between deuterium plasmas and hydrogen
plasmas in 1 MA and 2 MA plasmas. Slightly lower resistive loop voltage of deuterium
plasmas comparing to that of hydrogen plasmas makes this small difference in 17g.

The solid line, the broken line and the dotted line in the figure show the neo Alcator
scaling of 1 MA, 2MA and 3MA plasmas in high elongated configurations, respectively.
Experimental data scatter around these lines for IMA and 2MA deuterium data.
Unfortunately, there are no low density data for both hydrogen and deuterium plasmas.
We cannot conclude whether the JT-60U Ohrmic data in the high elongated configuration
obey the neo Alcator scaling.

As is mentioned above, the improvement factor of TE by mass difference is different
between the standard configuration and the high elongated configuration. However, it
must be kept in mind that hydrogen data in the standard configuration are obtained at the
very beginning of JT-60U experiments. Thatis to say, these hydrogen data are not well
optimized, especially from the view point of wall conditioning. In order to confirm the
difference in the degree of TE improvernent by mass between the standard configurations
and high elongated configurations, we must obtain more hydrogen data in the standard
- configuration,

In ASDEX, 13 of ohmically heated deuterium plasmas is Y2 (~ 1.4) times higher
than that of hydrogen plasmas in the Tg saturation region (n > 2.5%101% m-3) [2], which
is different from JT-60U cases. Although the H/D ratio of JT-60U plasmas shown in
Figure 1 and 2 is about 0.3 for these deuterium plasmas, that is they are not pure
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deuterium plasmas, this is not the substantial explanation of small improvement factor of
1 by isotope mass difference in JT-60U plasmas. We must survey the density and
temperature profiles of hydrogen and deuterium plasmas in detail in order to clarify the
mass effect.

Figure 3 shows the density dependence of TE in deuterium plasmas with different
toroidal field of 4T (rectangular) and 2.5T (rectangular with cross) in standard
configurations. The wall temperature of both data is around 300 degree Celsius. The
solid line and the broken line show the neo Alcator scaling of 4T and 2.5T plasmas in the
standard configuration, respectively.

It is clear that 7E strongly depends on toroidal field ( or maybe on safety factor q ),
which is different from previous analysis results of JT-60 data [3]. It can be assumed that
the drift wave turbulence dominates the energy transport of ohmically heated plasmas in
JT-60U. This remains to be done in the future work. The stored energy of 4T plasmas is
larger than that of 2.5T plasmas. The resistive loop voltage of 4T plasmas is smaller than
that of 2.5T plasmas. These facts indicate that the electron temperature of 4T plasmas is
higher than that of 2.5T plasmas both in the core and the edge regions. Unfortunately,
since the electron temperature data measured by ECE is not available for the low toroidal
field plasmas, we cannot compare the electron temperature at the present time.

[1] R. J. Goldston, Plasma Phys. and Controlled Nucl. Fusion Research, 26 (1984) 87
{2] F. Wagneret al., 16th EPS (1989,Venice) Part I, P. 195
[3] M. Kikuchi, Private Communication
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Figure 1  The density dependence of 1g in hydrogen (closed symbol) and deuterium
plasma (open symbol) in standard configuration. Plasma current and toroidal
field are 2 MA and 4 T, respectively. The solid line shows the neo Alcator
scaling of 1E.
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3.11 Electron Temperature Profile and Ion Energy Confinement
in Ohmically Heated Plasma in JT-60U

N.Isei, M.Kikuchi and T.Nishitani

1. Electron Temperature Profile

Characteristics of electron temperature profiles for ohmically heated plasmas in JT-60U
have been investigated using the data on ECE measurements by Fourier transform
spectroscopy[1].

Waltz et al. show that the profile peaking parameter of electron temperature is quantified
between q(a) and q(a)?/3 assuming Spitzer conductivity and q(0)=1; the peaking parameter is
defined as the peak electron temperature value normalized by the volume-averaged
value,usually written as Te(0)/<Te>[2].

Figure 1 shows the peaking parameter of the electron temperature profile as a function
of the g" value , the same as the cylindrical q value at the edge. It is found from this result that
Waltz's proposal does not apply to ohmically heated plasmas in JT-60U. The similar
observations have been also obtained in JT-60[3].

2. Ion Temperature Profile from the Neutron Yield
Ion temperature profile in ohmically heated deuterium plasmas in JT-60U is evaluated
from the neutron yield[4][5] as follows. Assuming the profile of ion energy confinement time
(tg;) 1s flat,we can write
3/2n-1T-1_

TEI e 2 1&1

where qcj is electron-ion energy equipartition term and Teq is electron-ion equipartition time. In

=3 neTe'Ti

the above equation, the electron temperature profile from ECE is used and the electron density
profile is evaluated from the line average density measurement of the twe-channel FIR
interferometer, assuming to have the form ne=ngn(1-p2)®,where p is the normalized flux surface

radius in the midplane and neq is the density on axis, and Zegr is obtained from the visible

bremsstrahlung measurement, assuming to have a flat profile.
Such tg; value that the neutron yield calculated from which is consistent with the

measured one, is determined by iterative calculation. Then Tj profile is calculated from the 15;
Figure 2 shows a comparison between the calculated and the measured neutron yield. It can be
seen that the solutions are exist, which satisfy a good agreement between the calculated and the
measured neutron yield for various values of the neutron yield.

Figure 3 shows Tj profile by the above evaluation method and T, profile by ECE

measurements and Thomson scattering measurements.
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3. Comparison of the Stored Energy

A check on the validity of the above assumptions and the accuracy of the measurements
can be obtained by comparing the kinetic total stored energy (Win) with the diamagnetically
measured energy content (Wgia). This comparison is shown in Figure 4. The agreement
between the two evaluations of the total energy contents is good, but Waia 1s larger about 10%
than Wiin.

_ In order to improve the accuracy of the evaluation, it is required to examine internal
consistency of the measured Te, Zefr and Vigep values. Figure 5 shows comparison of
measured resistive loop voltages and calculated ones from the neoclassical theory. As is clear
from the figure, the experimental loop voltage is systematically smaller than the neoclassical
prediction. This result indicates the necessity of investigating the validity of the measured Te
and Zefr values.

4. Ton Energy Confinement Time

Figure 6 shows the density dependence of the 1g;j and central ion temperature (Tig) by
the above evaluation method and central electron temperature (Te0), Zeft, electron total stored
energy (We) and kinetic total stored energy (We+W1i). The 1 values of about 300 msec to 800
msec are obtained, although the density dependence of 1g; is not clear. The Teq/Tio value

decreases from about 3 to 1 as the increase of Tig.

5. Conclusion

Ion temperature profile in ohmically heated denterium plasmas has been evaluated from
the neutron yield. The validity of the evaluation was confirmed by comparing Win and Wia.
Then 1g; values of about 300 msec to 800 msec are obtained. But the experimental resistive
loop voltages are not consistent with calculated ones from the neoclassical theory.

An investigation of this cause remains to be done for the future subject.

REFERENCES:

[1] M. Sato et al., Section 12.2, in this review.

[2] R.E.Waltz et al., Nucl. Fusion 26(1986)1729.

[3] S. Ishida et al., Kakuyugo Kenkyu Vol.65 Supplement (1991) 211.
[4] T. Nishitani et al., Section 9.1, in this review.

[5] T. Iguchi et al., Section 9.9, in this review.
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3.12 Radiation Loss in Ohmic Discharges in JT-60U
N.Hosogane

1. Introduction

The radiation loss plays an important role in the transport of tokamak plasmas. To
obtain improved confinement modes such as H-mode or VH-mode, it is necessary to
suppress the main radiation loss at a low level. While, from the view points of the
reduction of the heat flux to the divertor tiles, it is essential to establish the enhanced
divertor radiation through the divertor function. Thus, it is important to understand the
characteristics of the radiation loss. In this paper, the characteristics of the radiation loss
in ohmic discharges in JT-60U is presented. The characteristics of the radiation loss in

NB heating discharges is presented inref.1).

2. Measurement System

Figure 1 shows the arrangement of measurement systems for radiation loss. Two
bolometer systems with a 16 channel array are arranged to cover the main and divertor
region of tokamak plasma. The time response of the system limited by the low pass filter
is 10 msec, and the sampling time is 4 msec. The spatial resolution is 0.1-0.12 m at
R=3.0 m in the main plasma region, and is about 0.07m in the divertor region (ch.28-
32). The absolute value of the radiation loss power was calibrated by regarding the
radiation loss of detached chmic plasmas as 100% radiation. The relative sensitivites of
the sensors were determined with the He-Ne laser.

3. Profiles and Calculations of Radiation Loss Power

Figure 2 shows the profile of the radiation loss power in the ohmic discharge with
the standard configuration(x=1.4) shown in Fig.1. The thick solid line stands for the
chord integrated radiation loss measured by the bolometer arrays. The channel number 1-
16 and 17-32 correspond to the bolometer arrays viewing the upper half and lower half of
the plasma column, respectively. The separatrix hit points at the divertor are located
around the ¢h.29 and ch.30. It is seen that there are strong radiation loss power in the
region centering around ch.29. The strong radiation loss power comes from the divertor
region including the separatrix hit points and the scrape-off layer near the X-point. The
radiative region is wide compared with the distance between the two separatrix hit points
on the divertor plates. The spread of the radiative region is considered to be due the
particle recycling around the X-point, which probably causes the weak up-down
asymmetry in the profile of the radiation loss power. According to this understanding of
the radiation profiles, the radiation loss from the main plasma region Prpg™ain is calculated
with only an upper array (ch.1-16), assuming that the radiating power density in the main
plasma is up-down symmetry. The radiation loss from the divertor region Prygdiv is
calculated as a sum of the radiation at the legs of separatrix in the divertor region and the
radiation from the scrape-off layer in the lower half region of the main plasma. The latter
is defined as the residual radiation obtained by subtracting the signals of upper array from
the signals of the corresponding channel in the lower array. The dotted line and thin solid
line in Fig.2 respectively show the contributions from the main and divertor radiations
calculated in this way.

- 100 —
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4. Global Characteristics of Radiation Loss in Ohmic Plasmas

Figure 3 shows the radiation loss of deuterium ohmic discharges as a function of
ohmic power. The radiation loss powers are obtained in the ohmic phase of the NB
heating experiment for both high elongation(x=1.6) and standard(k=1.4) divertor
plasmas. It is seen that the total radiation loss power increases with the ochmic power, and
reach 1.7 MW for Ip=3 MA. The scattered data points are due to the density dependence.

Figure 4 shows the density dependence of the fraction of the total and main
radiation power losses, Pra¢/PoH and Pp,g™ain, for the ohmic power. With increase in
electron density, the main radiation loss increases from 15% to 30% and the divertor
radiation loss increases up to about 40%. The total radiation loss reaches about 70% of
the input power except for the case of Ip=1 MA. Also, it is found in Fig.4 that both the
main and the divertor radiation losses depend on the plasma current and toroidal magnetic
field. As the plasma current is raised from 1 MA to 3 MA, the curves of the radiation loss
shift to the higher density region. For the same plasma current (Ip=2 MA), the radiation |
loss for the case of 2.5T shifts to the higher density region compared with the case of 4T.
These results are understood by the fact that both the edge electron temperature and the
divertor electron temperature become low as the plasma current is lowered or the safety
factor is raised. This is consistent with the understanding of the density limit in the Hugill

diagram.

5. Discussion

There is an idea?) that the density Jimit is related with the connection length Rq,
where q is safety factor and R is major radius. If the connection length is long, the
electron temperatures in the divertor region can be low. As a result, the radiation becomes
so large that the thermal instability can grow at the divertor, which leads to the density
limit. From this physical picture, the radiation loss is expected to depend on the
parameter of neqR, including the electron density dependence. This idea is tested for not
only divertor radiation but also main radiation. Figure 5 shows the main and divertor
radiation loss as a function of the parameter negR. The result is favorable. All the curves
of the radiation losses which lie at the different positions in Fig.4 seem to lie on the same
curve in a rough sense. It is interesting that the main radiation also obeys the parameter
neqR.

6. Summary

The global characteristic of the radiation loss in the ohmic discharges is
investigated. The main radiation loss is 15-30%, and the divertor radiation loss is up to
40%. Both the radiation losses increase with electron density. It is also found that both
the radiation loss depend on the plasma current and toroidal magnetic field. From the
parameter dependence obtained, it is suggested that the radiation loss is related with the
connection length Rq.

The author wish to thank Dr.K.Ushigusa for the preparation of the FBI code for
calculation of the radiation loss power.

1) N.Hosogane, 'Radiation Loss in NB Heating Discharges in JT-60U', in this review.
2) K.Borrasa, Nucl. Fusion 31(1991)1035

—101—



JAERI-M 92—073

FIR Interferometer

1 1105 ™ T TT T[T TS T [T T T T[T TT T TT T yryrery
Visible Spectrometer —_— - ! ! ! ! :
| (38 ¢ch) NE s X measured signal 4
- ‘g— 8107 [ main radiation ]
=B i divertor radiation e
8 = L f ]
UpperBolometer oy @ 6 10
Array {16 ¢h) o = - 1
17 14 [T - O L 4
18 15 75 : - 3 £ n - -
19 16 p= : s 2 [ ower Bolometer 4 10°
: Array (16 ch) T g i ]
g2 | |
O 5210 ] \ ]
g - -
01 00 [t “-'-".-::"'.‘;'.‘1- . W 1.‘
2%
27 0 5 10 15 20 25 30 35
% dodim Channel No.
Fig.1 Measurement system Fig.2 A typical profile of chord integrated
radiation loss power.
g 3 [ T T 1T I T T 1 T I T T T T T 1 T T $ T T T T i
= T @ 1MAA4T ; )
S
. 2o [ A 2MAAT h
g - & 2MA25ST ]
o - @ 3MAA4T .
o. 2 \
v L ' i
8 L . n ]
. | 1 R s e P S . > ]
- L ]
§ I dlvertor ]
E 0.5 e e g S S UEQTJ .................. .
-g i ! main ]
m 0 [ S S T SR U T B [ NS | S T T N S S '
0 0.5 1 1.5 2 2.5

L (MW)

Fig.3 Radiation loss power as a function of
chmic power

=102~



/F’OH

rad

JAERI-M 92-073

¢ 1MA AT

A 2MA 4T
1 I | & 2mA2sT

- m  3MAAT

i . ]

0.8

: | |
0.6 | . oM Hp. N -
0.4 [ |
0.2 | o0 B

0 L J £l L bl 1 L 1 ! 1 1 L b L L 1 2 1 L 1 i 1 L 1 1
0o 0.5 1 15 2 2.5 3

n_(U2) (10’ 'md

Fig.4 Density dependence of the radiation losses

® 1MA.4T
A 2MAAT
1 m ’ 2MA.25T T T T 1 LR
i E 3MAA4T ° i
0.8 [ ]
s : °
4 s 4 A ‘A. A
0.6 A t“‘l ......
: ’f¥ L O :
0.4 ftaakeo _
Ogﬁﬂé A .
]
0.2 - wﬁ‘%aﬁ ............ ﬁ?%as .................................. .
0 i 1 1 L L L 1 1 ]
0 10 20 30 40
nRq

Fig.5 Radiation losses plotted as a function of neRqeff.

—103—




JAERI-M 92-073

4 High Bp Confinement

4.1 Overview of High Poloidal-Beta Experiments in JT-60U
S. Ishida, S. Tsuji, M. Kikuchi, Y. Koide, T. Nishitani, H. Nakamura and JT -60 Team

1. Introduction

In nuclear fusion research, the high B, regime in tokamak operation is potentially of interest
as it may offer an alternative route to the development of an ignition device in which the
requirement for external sources of non-inductive current-drive is very much reduced[1,2]. In JT-
60, high B, regime has been extensively explored by significantly reducing the plasma current
below 1 MA, in which highly bootstrapped discharges with Igps/Ip up to ~0.8 have been
demonstrated and a lower limit of the Troyon factor has been revealed as a fast 3 collapse at $p~3,
which was named a "Bp collapse" [3]. Succeeding to the JT-60 high Bp experiments, the purpose
of the high i, experiments in JT-60U is to demonstrate the basic feasibility of a high 8, tokamak
reactor under a standard reactor-relevant configuration in a large tokamak as addressing to a
number of critical issues for steady state operation.

In JT-60U, the experiments for the high By research has been programmed so as to suit the
plans for additional installations of auxiliary heating devices. At this first period of the JT-60U
operation, objectives of the initial high 3, experiment are set: (1) optimization of a high {3 plasma
in terms of hot-ion mode features, neutron yields and enhanced confinement; (2) overall survey of
the operational regimes and J limits.

2. Experimental Arrangements and Discharge Optimization

In the same way as the high By, operation in JT-60, optimization of the high Bp discharges
in JT-60U was accomplished with the central neutral beam injection into low density target plasma
with a small volume under the first wall
sufficiently conditioned to suppress the
recycling. The target plasma was
produced with a highly elongated

configuration shifted as possible as

inward for obtaining the central beam
deposition, because the plasmas with the
nominal "standard" and "high elongation"

configurations are situated significantly

off-axis against the present beam lines. A
typical equilibrium configuration at
Bpdiz~2.5 is shown with the beam

injection lines in Fig.2.1.
Helium GDC (glow discharge

. : g i
cleaning) is newly applied in IT-60U, Fig2.1 High By equilibrium and beamn lines
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which is a powerful tool for wall conditioning as well as helium TDC (Taylor discharge cleaning).
The divertor function is also effective for the maintenance of the suppressed recycling condition.
Thus, the target plasma with the reduced recycling could be easily obtained in the divertor
configuration. Although vertical instability became a problem 1o sustain the high Bp discharges
because of the lower capability of the stability for the high ciongation configuration, it was able to
be suppressed up to deia~2.5 by regulation of the stability gains for feedback control.

Under the above experimental arrangements, the plasma current scans have been conducted
in deuterium beam injection experiments into low density deuterium plasmas in the range of
Ip=0.8-2.0 MA. The main parameters are: B=4 T, Rp~3.1m, a~0.75 m, k=b/a~1.6, the volume
of the plasma Vp~50 m3, the equivalent cylindrical safety factor q*=5(1+x2)a2By/(2RpI[MA])~4-
10, PNp~15-22 MW (injection power to torus) and the beam energy of E,~80-95 keV. The total
experimental ime of about 4 days (63 shots) has been spent for the series of the experiment.

3. Poloidal-Beta Enhanced Confinement :
In the high Bp experiments, an enhanced confinement regime for high [p plasmas has been

discovered. The enhancement factor evaluated from the diamagnetic stored energy against the L-
mode ITER-89 power law is shown as a function of the £fpdia value in Fig.3.1. Significant

enhancement in confinement is observed to be about triple times as compared to the L-mode scaling
(see Section 4.4). From the fact that the enhancement factor increases with the Bp value as shown

in this figure, this regime is here called the "poloidal-beta enhanced confinement” (PEC) regime.
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Fig 3.1 Enhancement factor as a function of €f,%3

In the PEC regime, grassy ELMs have been normally observed during the beam injection.
On some occasions, a short ELM free-phase appeared during the ELMs, when the stored energy
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was increased under the constant beam power. So, the grassy ELMs seem to cause the slight
confinement degradation as enhancing the recycling. From the point that the line-density signal at
r/fa~0.5 is observed to be slightly decreased during the ELM free-phase, it appears to be somewhat
different from the normal H-mode in which the density significantly increases in the ELM-free
phase.

The PEC mode plasma appears to be optimized as the ELMs are completely suppressed
during the beam injection. In this case, the wall recycling was significantly suppressed in
comparison with other similar discharges as the Ho emission at the edge was maintained at lower
levels (see Section 4.7). In Fig.3.2, the main waveforms are shown of an ELM-free PEC mode
plasma obtained for Iy=1.1 MA and the injection power PNp=21 MW (the absorption power
Pahs=17 MW). In this discharge, the following parameters are achieved; the fusion neutron rate
Sp=1.3x1016 n/s, the ion temperature T;CXRS(r/a=0.16)=22 keV, the electron temperature
T.ECE(r/a=0.18)=6.6 keV, the line-electron density fig(r/a=0.6)=1.4x1019 m-3, the diamagnetic
stored energy Wgaia=3.8 MJ. The discharge encounters the Py collapse at the peak value of
Bpdia=2.5 and the Troyon factor g=Pdi2[%]aBy/I;[MA]=2.0 (see Section 4.3). The electron and
ion temperature profiles at t~7.85 s are shown in Fig.3.3, clearly indicating a typical hot ion mode
feature as T;~3T, near the center. The internal MHD activity on the soft X-ray emission (PIN-diode
array) and the electron cyclotron emission (grating polychromator) was very small or not detectable
before the By collapse. This shot records the highest values of Qpp and ne(0)tediaTi(0) in JT-60U
to be 0.8x10-3 and ~3x1020 [m-3skeV], respectively, of which plasma performance corresponds to
QpTt~0.2 (see Section 4.6). A key to attain the ELM-free PEC mode is the suppression of the
recycling before the beam injection.
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4. High Neutron Yield and Fusion Amplification Factor
The PEC mode plasma is a so-called two-component plasma made up of thermal and beam

components of ions in which the total neutron yield is significantly amplified by the non-
Maxwellian ions through beam-beam and beam-thermal reactions. The two-component tokamak
operation provides an attractive route to the achievement of a criterion in terms of the fusion
amplification factor, Qpr~1, in which the requirement for auxiliary heating devices is very much
reduced than in a conventional approach based on Maxwellian plasmas. In the aspects for the
attainment of the thermonuclear-ignition condition, the two component approach may be also
important for optimization of an initial ignition operation in which a natural evolution from the
cold-target reactor to the conventional thermonuclear reactor is required.
Since on-axis beam injection allows

the beam ions to be efficiently produced 14 , . : '
in the center where the T, value is 12 [ [¢1611MA .
peaked, the on-axis heating is a key [ | & 1.21.4MA I ]
e . 10f |D1517MA 3
technique in increasing the total neutron & X 2.0MA ]
yield by the beam contributions. In the - 8 o ]
PEC regime, the measured neutron © 6 "{ o X
. . . ~. DX x
emission rate Sy is shown as a function o 4
. . . 4r X 3
of the Wgja¢ in Fig.4.1, showing the . o Bon
- . D
approximate linear dependences 2r ¥ o ;
O
particularly for the Iy~1 MA discharges, ol ]
S e 0o 2 4 6 8 10 12 14 18
which implies that the neutron yield is wdlaz (MJ2)

dominated by the beam contributions. .
Fig.4.1 S, as a function of W4iq?

5, Summary and Future Plans

The original objectives of the experiment in this operation period have been accomplished
with the discovery of the PEC regime and the attainments of high fusion products and fusion
amplification factors in the ELM-free PEC mode in which the L-mode enhancement factor closely
approaches ~3. As a next step of the experiment, long-pulse heating and tangential beam injection
experiments are planed in which the critical issues for the steady state operation such as effects of
current-profile relaxation and beam-driven currents on B limits, impurity accumulation and fuel
dilution will be highlighted. The performance of high Pp discharges is expected to be further
improved by operating in the higher current region with increasing the beam power.
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4.2 Equilibrium Analysis of High $, Plasmas in JT-60U
S. Tsuji, K. Ushigusa, Y. Neyatani, S. Ishida

1. Introduction

The high By regime has been attained by means of nearly perpendicular beam injection
into deuterium plasmas in JT-60U [1]. It is important to evaluate poloidal beta values accurately
to investigate confinement properties and to correlate with MHD activity {2]. This paper
describes the MHD equilibrium analysis on JT-60U. We obtain the perpendicular component
of Bp from diamagnetic measurement. It is possible to evaluate the equilibrium Pp, which is the
average of parallel and perpendicular components, by least-squares minimization techniques to
reproduce magnetic data measured outside the elongated plasma [3,4]. Thus the plasma
pressure anisotropy can be investigated from the MHD equilibrium analysis. In the case of
discharges with isotropic plasma pressure, the B values evaluated independently can be cross-
checked to estimate systematic errors in the two methods.

2. Magnetic Diagnostics

Fifteen one-turn loops and a poloidal set of 17 pairs of pick-up coils have been installed
instde the vacuum vessel to measure poloidal fluxes and tangential and normal components of
poloidal magnetic fields. The accuracy of the iy evaluation can be improved from the previous
analysis with 6 pairs of pick-up coils and no flux loops on JT-60 [5].

Diamagnetic loops are are wound along a vessel connecting ring. The details of the
diamagnetic measurement are described in a separate paper [6].

3. MHD Equilibrium Analysis

Now we have the flux loops, poloidal flux data can be used as constraints for the MHD
equilibrium calculation. Accordingly results from a fast boundary identification (FBI) code
which approximates the plasma current as six filaments [7] are required no longer to make the
free boundary problem as fixed one. The Grad-Shafranov equation is solved using the fast
Buneman method and the Picard iteration scheme. The plasma current density profile is
assumed as

i) =jo {Bp" R/Rp+(1-Bp" )Rp/R}F(T) (1)
F(P)=1+a§+y¥2Z-(l+a+y)y3 2)
V= (W - Waxis ) / ( Wsur - Waxis ) (3)

The edge current density is put to be zero since the effects of the SOL current on the MHD
equilibrium was found to be negligible from Langmuir probe measurements at divertor plates.
The functional form of f (¥ ) was adopted by the Doublet III group [4]. Two of the unknown
parameters, jo and «, are determined by specifying Ip and qq. The rest two parameters, Bp* and
Y. and resulting 3p®d = ( |3p” + Bpl ) /2 and &; are scanned to minimize deviations of the
calculated poloidal fluxes and magnetic fields from measurements;
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x% = A2 + Ao + Av?
=3 \pical - i€xP) 2062+ X ( Bpical . Bpiexp Y2/0m2 + I,cal) 2 4)

where of; and op; are the estimated standard deviation reflecting the measurement uncertainty at
sensor i. At the moment, only the tangential probe data are used for %b2. The third term on a
virtual current is added to accelerate the minimization procedure. The measured external coil
currents are used to calculate the vacuum field. Besides a unknown current of the passive
horizontal field coil, four additional fields (even and odd components of dipole and quadrupole
of analytic vacuum fluxes) are included by least-squares fit to the measured poloidal fluxes at
the flux loops. This procedure facilitates the free boundary calculation. The virtual current in
Eq.(4) is chosen to be the even component of the dipole flux. This flux produces a uniform
vertical field so that the scan of unrealistic equilibrium with incorrect Bpeq + &; / 2 values 1s
avoided owing to the last term. The constant { is chosen to make ¥v2 comparable to xZ.

Figure 1 shows an example of the minimization for a time slice of a high [p discharge at
geff ~ 9.3 (E13753, 7.9 s) which produced the maximum neutron emission rate in 1991. The
values of ¥2 are plotted as a function of &; with assumed Bp®d. The constrained value of qg is
two since no sawtooth was observed. When the assumed Bp®? is appropriate the three dip
points almost agree with one another and hence a minimum of %2 is achieved as shown in Fig.
1(b). The minimum %2 and resulting B°4 and &; are plotted in Fig. 2 as a function of go. The
minimized Bp°4 and #; are insensitive to the qg assumption. Although the qo values which give
the minima in % and yp2 do not agree with each other, qg is considered to be in a range of 2.0
+ 0.4 from the variation of 2. Thus B,°d is estimated to be 2.12 + 0.02. The reconstructed
magnetic surfaces are plotted in Fig. 3 with qp = 1.6 and 2.0. The shape of the outer most flux
surface is almost the same. However the plasma column shifts slightly upward with lowering
qo. Figure 4 compares the reconstructed profiles of the safety factor, current density and plasma
pressure along the horizontal plane which passes the magnetic axis. The position of the current
density peak shifts outward with increasing qo.

4. Discussion

The poloidal beta estimated from the diamagnetic measurement on the time slice analyzed
in the previous section is deia = Bpl = 2.5. The true beta is expressed as Pp = ( Bp” +2 BpL )
/3= dela +2 Bp™) /3 = 2.25 taking into account the pressure anisotropy [8]. The data
analysis on several high By shots indicates that Bp‘ha differs from Bp by up to 15%. Thus the
plasma pressure anisotropy in JT-60U is not so strong as that of the high B, regime in JT-60
[5]. The parameterization of the pressure anisotropy and the estimation of the systematic errors
are under way.

Using a 129 x 129 grid, an adequate minimization in (Bp®4, &; ) space with the simplex
method can be obtained in five to eight minutes of CPU time on the FACOM M-780/105. The
non-linear optimization is not fast enough for routine data analysis. Hence a linearized
minimization interleaved with the equilibrium iterations is under development following the
scheme devised by Lao et al {4].

The use of the toroidal flux value measured with the diamagnetic loop as an additional
constraint to the MHD equilibrium problem has been reported to provide a more precise
evaluation of gg [9]. However our present analysis indicates that the reconstructed toroidal flux
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varies only weakly on qg. The plasma modification of the toroidal field coming mainly from the
central region of the plasma depends not only on qg but also on the assumption of current
density profile shapes. Incidentally the discrepancy in estimating qg between the magnetic flux
data and magnetic field data as seen in Fig. 2(a) may arise from the incorrect assumption of the
current density. Independent specifications of the pressure and paramagnetic functions of the
current density is left as future work for more realistic reconstructions.

5. Summary

The poloidal beta values of high Bp discharges are evaluated from the diamagnetic
measurement and MHD equilibrium analysis on JT-60U. Not depending on the assumed qp,
Bp®d and &; are well separated with x = 1.6. The highest B value achieved is calculated to be
2.25. The high [Bp plasmas in JT-60U are less anisotropic than those in JT-60.
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4.3 Beta Limits and Poloidal-Beta Collapses in High B, Plasmas

S. Ishida, S. Tsuji, Y. Kamada and T. Ozeki

1. Introduction
While the discharges in the high B, regime can be sustained with much lower driven currents

than are generally considered necessary, the stability of the high pressure plasmas under a large
bootstrap current fraction is crucially important to determine whether the high 3, reactor scenario is
workable, Presently, the Troyon limit with a Troyon factor of ~3.5 is widely believed or accepted
as an operating [ limit as it has been long adopted in the reference designs of a tokamak reactor.
However, it may be dangerous to apply it toward a new regime such as the high Py regime because
of the view that the broadened or hollowed current profiles due to a large bootstrap current fraction
lead to lower limits of the Troyon factor.

In the high By regime, the discharges are free from sawtooth activity which restricts the
central q value to be around unity. Large increase in the p due to the beam injection causes a slow
current relaxation, which allows the toroidal equilibria to be significantly altered during auxiliary
heating. In JT-60U, the [ limit study directs much attention to the confirmation of J limits in the
high 3, regime including the current relaxation effects. The final goal of this study is to control the
f limit by a current profile modulation with substantial beam-driven currents for steady state

operation.

2. High B, Regimes in JT-60U and JT-60
The operational 3 regimes in high p experiments are compared between JT-60 and JT-60U
with the diagram of Bpdia as a function of Bydi2 as shown in Fig.2.1; the JT-60U data are closed

circles and the JT-60 data are open squires. In JT-60U, the achieved toroidal and poloidal betas are
Bdia=0.73 % and PBpdia=

0.8 [T T T T T T T T
0.7 F . i 2.5, respectively. As shown
. . JT-60U in this figure, the prominent
0.6 T . : i  improvement in confinement
= 05 . 4 ! |  obtained in JT-60U reduces
:" 04 L ‘&.’ " 3 an optimum operational g*
S . ; 4 1 value 1o q*~6 which is
<< 03} £ ’
. 1  much lower than in the JT-
0.2 a3 1 60 case of g*~10; where g*
r Ciy o oo ﬂ@: . . . .
0.1 F 4  is an equivalent cylindrical
ob oo, 3 safety factor defined as =
0 1 2 3 4 5 6 5a2By(1+x2)/(2RpI[MAD.

Fig.2.1 Bdia as a function of B, for high Py experiments.
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3. Beta Limits
A fast B collapse dubbed as the By collapse has been first revealed in JT-60 under a large

bootstrap current fraction up to ~80 %, and is associated with the B limit substantially below the
Troyon limit. A hollow current profile evolution in the high B, regime plays an essential role on the
MHD stability. The experimental evidence of the fBp collapse has a significant impact against the
reactor scenario, since it may suggest that the large bootstrap current fraction and the high
normalized B tend to be contradictory in tokamak operation to each other.

Various attempts to extend the B values have been carried out in tokamaks and have
encountered a variety of S-limiting phenomena: for instance, soft B collapses for high Bt
experiments in PBX-M, DIII-D and JET; Bp saturation for high Bp experiments in ASDEX and
PBX-M:; a disruptive B-limit at B,~2 for supershot experiments in TFTR. Pressure-driven high-n
ballooning modes, resistive ballooning modes or external kink modes have been dealt with to
explain the B lmits. Most recently, high Bp experiments in TFTR and DITI-D have almost reached
equilibrium limits at €Bp ~1.5 and 1.8, respectively. Nevertheless, the By, collapse observed in JT-
60 is clearly different from any other B-limiting phenomenon reported before and may not be
explained by those MHD modes.

Figure 3.1 shows the Troyon factor as a function of efp for high By experiments in JT-60
and JT-60U which are indicated with open circles and open squires, respectively. The Pp
normalized by the aspect ratio, £fp, may be preferable to the simple Pp value since it is associated
with equilibrium limits, ballooning instabilities and other toroidicity-related high-B MHD activities.

2.5 T T 1 T T
o 20t yr-s0U ° [3 collapses ’
e F 4
= g \ . q]Bg]
< 15} °m . 57 1
En. S ‘5%3 o ]
= 10 ggg & e ]
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Fig.3.1 Troyon factor as a function of €B,4@ for high B, experiments in JT-60U and JT-60.

The Troyon factor defined as g=3,312[%]/(I;[MA]/aBp was achieved to be 2.0 at ePpdia~0.6 (or
Bpdia~2.5) in JT-60U. As shown with their closed symbols in this figure, the high Pp plasmas in
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JT-60U have encountered the fast [} collapses in a highest €Bp and Troyon factor regime, which
has the same features as the 3p collapses found in JT-60 as discussed in the next section. The
plasma pressure is almost isotropic as Bpdia/Byequ~1.1 (see Section 4.2). While the B, collapse has
been discovered from the specific circumstances in JT-60, it is now considered to provide a
possible limit for general high B, operation under a large bootstrap current fraction. Furthermore,
the B limit boundary determined by the Bp collapses would be asymptotically connected with the
conventional Troyon limit in the low 3, regime.

4. Poloidal-Beta Collapses

The By collapse observed in JT-60 was a non-disruptive B limiting phenomenon, probably
because qg was well above 1, thus eliminating the m=1/n=1 mode. Significant reduction of the
stored energy by 20-30 % was followed by the collapse. The MHD feature was characterized by a
large-amplitude partial relaxation with a fast growth time of ~100 ps. The MHD observations were
consistent with the ideal n=1 kink/ballooning stability analysis for the hollow current profile
showing that an m=3/n=1 mode is dominant near the magnetic pitch minimum.

As shown in Fig.2.1 of Section 3.4.1, a B collapse in JT-60U occurred at ~0.9 s after the
beam injection and limited the increase in the stored energy, the B values, ion and electron
temperatures and neutron yield. For the same discharge, the temporal evolution of the electron
temperature at r/a~0.2 is shown in Fig.4.1, which is obtained from the electron cyclotron emission

measurement using the grating poly- E13753
chromator with a sampling time of 20 s. . r
The expanded time trace shows the very __E__ g I
fast collapse time of ~100 ys with some g, 4r
mode rotating. After that, the temperature 3¢ Bl
7.

gradually decreases for t~7.90-7.97 s, ¢ 72 74 76 78180 82 84
suggesting the incomplete reconnection
near the center during the Pp collapse. 7 F———r—————————r—

Location of the B collapse within

the plasma can be estimated form the soft

X-ray arrays with 64 channels as shown
in Fig.4.2(a), showing the lines of sight

{keV)
o

P T I I T I OO O

for the soft X-ray measurements. From

ECE
&

the bottom array with a digitizing time of = '
40 ps, the soft X-ray profiles are 5 - _
obtained during the Pp collapse as shown -
in Fig.4.2(b): at t=7.90740 s (At=0: just 7_90(‘) it '?.90'5 — ,7.9101 Lt '7.§|5
before the By collapse), t=7.90748 s TIME (s)

(At=80 ps)and t=7.90752 s (At=120 ps).  Fig4.l Evolution of electron temperature at ria~0.2.
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Figure 4.2(c) shows the profiles of the soft X-ray fluctuation level 80 us and120 ps after the Bp
collapse. It should be noted that, in Fig.4.2, the effects of neutrons on the soft X-ray signals
before and after the By collapse are eliminated by subtracting the background noise level due to the
neutrons from the raw signal for each channel. From the results, it is found that the chord
invefsion radius is located at r/a~0.37 where the flattening of the pressure initially takes place,
leaving the central part of the soft X-ray emission profile during the collapse. Thus, the Bp colla;;sc
observed in JT-60U is also characterized by a large-amplitude partial collapse as observed in JT-

60. 100 [
: (b)
E13753 12795 3 8o t=7.90740s E
— i d ]
CHI0 = (a) - > 60f 1=7.90748s N
(D=- e [ t=7.90752s :
x .
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] e b ]
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Fig4.2 Soft X-ray arrays and the measured profiles of soft X-ray emission and fluctuation levels
at the B, collapse.

5. Summary and Future Directions
In JT-60U, the Pp collapses have been observed as a B limit for the plasmas with high

Troyon factor (g~2), high poloidal beta (Bpdia~2.5) and high enhancement factor (tgdiz/Tgl~3).
The MHD features are quite similar to the JT-60 Bp collapses except that the occurrence timing
during the beam injection in JT-60U is earlier than in JT-60. The dependence of the P limit on the
current profile demonstrated in JT-60 and JT-60U gives hope that it will be possible to operate at
high Troyon factor in future devices equipped with mechanisms for current profile control. The
slow current relaxation during auxiliary heating must affect the B limit since the stability depends
on the details of the current and pressure profiles. Thus, a long-pulse heating experiment is
indispensable to investigate whether the plasma can be stable in a steady state. The effects of beam-
driven currents by tangential injection on the [3 limit will be studied in the next experimental period
of JT-60U for the future P limit control experiment with negative-ion based beam injection.
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4.4 Enhanced Confinement in high Bp plasma in JT-60U
M. Kikuchi, S. Ishida, Y. Koide, T. Nishitani, S. Tsuji

Enhanced confinement is observed in a series of high Bp discharges. The high Bp
enhanced confinement is produced via intense NB heating to the low target density
(nePH=0.3-0.8x1019m-3) , small volume (Vp~50m3), low current (1-1.5MA) plasmas.
Higher confinement enhancement factor is obtained at higher Bp / Ti up to 2.9 times ITER
power law. Best g is larger than those of 4MA L mode discharges and TFTR supershots

1. Introduction

Confinement optimization in high Pp regime is particularly important for the
realization of the steady state tokamak reactor based on the bootstrap current [1]. One-of
key issues in this regime is whether existence of large bootstrap current degrades energy
confinement. In such a regime, radial excursion of the trapped particle is large {dry, ~ Scm,
drpeam~20cm) and the parallel viscous force plays an important role in the particle flow on
the flux surface. Moreover, electrons and ions are deeply in the collisionless regime,
collisionalities of which are typically ~0.1 and ~0.01, respectively. In such a regime, one
may aware of the anomalous transport due to trapped particle instability. In the old JT-60
hydrogen experiments, confinement enhancement factor of ~1.5 has been obtained at low
current (Ip=0.5-0.7MA) via intense NB heating (~20MW) into the small volume (~30m3)
lower X point discharges [2]. Similar to this experiment, we have studied the low density
hot ion enhanced confinement regime (PEC mode) in deuterium discharges in JT-60U.

2. Energy confinement at high Bp

Present experiments are made in the 4 T
elongated divertor configuration at Bi=4T. o o VP=48-58m3
Fig.1 shows the confinement enhancement ?_J 3 : * Vp=62-84m3‘£
factor over ITER-P scaling as a function of —:‘” o b ]
plasma current. Open and closed circles 5 !
show small volume and full size ED data. * 1 —r :
Confinement optimization is focussed on low 8 ]
current (1-1.1MA) at small plasma volume 0 0 - 111 — é l 3|- - ; 0 5
where the sawtooth activity is suppressed ( I, (MA)

but is a i i HD _.
ut is accompanied by continuous M Fig.1 Confinement enhancement factor as a
modes in most cases). This mode of function of plasma current Ip,.

operation is characterized by the high T; and
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large neutron yield up to 1.3x1016/s. Fig.2
shows energy confinement time for low Ip
regime as a function of the net heating power
compared with ITER power law. The energy
confinement time of 0.27s at Ppei=14MW 1is
demonstrated much better than that of TFTR
supershot [3]. The confinement time of 2-3
times tgITER-P is obtained. Such an
enhancement factor is obtained for a wide
range of heating power, 10-20MW. Power
degradation of the energy confinement is secn
in most discharges in contrast to the TFTR
supershot. Fig. 3 shows the confinement
enhancement factor (H factor) as a function
of net heating power. For IMA plasmas, H
factor varies depending on the optimization
But the H factor for 1.IMA and
1.2MA plasmas is relatively constant as a

level.

function of the net heating power showing
the existence of the power degradation,
except for a few best PEC shots (E13752,
13753) in which very low target density
~3x1012m3 has been obtained by a reduction
of the recycling and continuous MHD modes
have been suppressed. These best PEC shots
have better confinement time than 4MA L
mode discharges. Fig. 4 shows a
comparison of the standard 1MA L mode and
1.1MA best PEC mode discharges (PNBI
W dia, Ne, Neutron emission Sy, divertor and
main Dy, intensities are shown). PEC mode
appears during the intense NB heating for
low target density plasma with a reduced
recycling in the divertor region. For higher
plasma current (1.5-1.6MA), H factor is low,
also insensitive to the heating power,
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3 o, o
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- F 0] 9 Q)O @3 a| L
S . © 1ous §o0NPog
% fRt O LiMAG T O 3
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s e 1.0MA e ]
F ITER-PH 1.1MA 3
[E a 1.2MA
0‘ L P SRR I R U TS T S T T S S
0 5 10 15 20

P, -dW/dt (MW)

Fig. 2 Energy confinement time tE of PEC
modes as a function of net heating power.
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Fig. 3 Confinement enhancement factor as a

function of the net heating power.
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Appearance of the hot ion mode with
- Tj~ 3Te is associated with this enhanced

confinement mode. Fig.5 shows typical

temperature profile of Te and Tj, and the edge

temperature is not quite high suggesting
confinement improvement mainly comes
from the central region. The central ion
temperature is plotted as a function of plasma
current Ip and safety factor gefr in Fig. 6 and
7. Appearance of the hot ion mode may be
related to the sawtooth stabilization at high q
operation and the lower density operation at
lower plasma current. Systematic study to
identify the regime of the hot ion mode is
required to clarify the cause of this

improvement.
25 T T T T T 1 T T
v Ti(JT-60L)
20 [ . o Ti(JT-60) -
3 L . .
,Ex" 15 ° il! . |
£ AP
S’— e[ 80 o g.:.'oi - . 7
§2 . g' . . .
e . 0o 2
5 B Bg & . l.o L] . : !o .ool 7
gt '@'Lﬁ A o
| 1 1 I 1 i 1 1
®o 1 2 3 4
| (MA)
Fig. 6 Maximum Tj(0) as a function of
plasma current for JT-60 and JT-60U.
2. Correlation of the enhanced

confinement with plasma parameters
One of key interests of the high Pp

mode is whether the enhanced confinement is
attainable at high Bp where a large fraction of
the plasma current is carried by the bootstrap
current. Fig. 8 shows the confinement

enhancement factor as a function of the

E13753,t=7.85

25 —— ————7——
: ' " 11 MA, 40T, 20 MW
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= F <«—__ TCXRS ]
E 15 } ii Tl 7
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10 e .
}_"- -
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Fig. 5 Typical ion and electron temperature
profiles for PEC mode.
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Fig. 7 Maximum Tj{0) as a function of safety
factor for JT-60 and JT-60U.
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Fig. 8 Confinement enhancement factor as a
function of poloidal beta value.
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poloidal beta for various plasma current.
Higher H factor is obtained at high poloidal
beta, relavant for the steady state tokamak
reactor concept. But it should be careful to
say tg/tgTER-P~Bp which is the definition of
the H factor itself and results in an energy
balance equation like dW/dt = Ppe - W/Tg =
const.(with respect to W) and has no steady
state solution. Fig. 9 shows the H factor as a
function of the maximum ion temperature.
This figure may suggest thermal diffusivity %
has favourable dependence on Tj as
suggested by TFTR supershot. But it should

be carefully examined, as in the case of Bp

dependence.

3. Summary

: BRI
. g
P . CFLF 3
g2t DD o E
o 2 ]
— o .l‘ 3
= w1 E oadilc) © 3
e E .
: n=1-2.6x10"°m ? ;

0 :] FETETES AN RS ST S S S T S N A
0 5 10 15 20 25
T (0) (keV)

Fig. 9 Confinement enhancement factor as a
function of central ion temperature.

Energy confinement properties of high Bp enhanced confinement regime (PEC) is
investigated in JT-60U. Confinement enhancement factor up to 2.9 over the ITER power
law is obtained. This enhanced confinement is obtained in small volume plasma (<50m3)
and low target density plasmas, similar to the TFTR supershot. And there are some
differences and similarities. PEC mode has power degradation similar to L&H modes, in
contrast to the supershot. Absolute value of supershot g is 120-170ms, insensitive to
and heating power which casts a fear on the feasibility in the higher current future
machines. Attainment of better confinement time (absolute value up to 270ms) in PEC
mode is thus important if it is same kind of improved confinement. Confinement

improvement mainly comes from the central part and further improvement should be

pursued in combination with the H mode.
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4.5 Ton Temperature and Rotation Characteristics
in Hot-Ion Mode in JT-60U

Y. Koide, S. Ishida, A. Sakasai, N. Asakura and M. Kikuchi

Hot-ion mode has been continuously studied in JT-60U with deuterium as working
gas since we had found it in high BP regime with JT-60 hydrogen plasma [1]. (Here
'hot-ion mode’ is defined as the following : The central ion temperature (T,} is decoupled
from electron temperature (T,) and is raised above ~10 keV. Comparing with JT-60 hot-ion
mode, the maximum central jon temperature is doubled to above 20 keV (See section
3.4.1), and more detail profiles are obtained with new CXRS diagnostic with the improved
spatial resolution (See section 6.2.1). This paper deals with the characteristic evolution of
T,(r) and V (1) in hot-ion mode.

Figure 1(a) shows the example of measured profile of T,(r) with I =1.IMA, B =4
T, q,~8.3, NB power of 18 MW. Sawtooth activity doesn't appear in this range of q_,, and
injection power. As seen in this figure, T,(r) is peaked in the central region and T (0)
reaches 14 keV. The high T, and its high peakedness are characteristics of hot-ion mode.
T,(0) is plotted as a function of q_, in Fig.2(a). This q,, scan, in fact, is equivalent to I, scan
(IF:I.I-?; MA) because B, is fixed at 4 T in this data set. Data free from sawtcoth oscillation
are selected because it seems that hot-ion mode doesn't coexist with sawtooth oscillation.
T,(0) increases slowly with q.,. The peaking parameter T,(0)/<T,> weakly increases or is
roughly constant with q_, as shown in Fig.2(b). The maximum value of T,(0)/<T>=6 1s
higher than that in JT-60 hot-ion mode, where T,(0)/<T> is below 4.5 in the range of
q.,=4-16. The close relation of T,(0)/<T,> with that of electron density recognized in JT-60
hot-ion mode but it cannot be discussed on JT-60U data with small plasma volume due to
the lack of the central density measurement.

The measurement of V {r) (Fig.1(b)) shows that plasma is rotating in the counter-
direction with the high speed of ~ 1x10° m/sec_Thjs feature of counter-directed rotation is
commonly observed even if the net momentum input is co-directed irrespective of hot-ion
or non hot-ion discharges. This peculiar behavior is discussed in section 6.2.1. The special
feature of V (1) in hot-ion mode is observed in the central region, r<0.2 m, as seen in this
figure. It should be noted that the region is almost coincides with the peaking region of T,,
the key factor on the location of peaking region is not clear. Although the peaking region
has been studied from the viewpoint of the relation with the rational surfaces inferred from
MHD mode of m=1-3 in JT-60 [2], the same method is not applicable because only m=1
oscillation appears in JT-60U at present , which may be partly because q_, is not scanned

to the range above 10.
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As mentioned above, T, and V, peaks in the similar region. However their evolution
is not necessarily simultaneous. Figure 3 shows the mutual evolution of T (0) and V (0).
The period of 400 msec from the start of NB injection to the timing when the T,(0) takes its
maximum is plotted (the period of every 50 msec is marked with closed circles). In the first
period of 200 msec, T,(0) and V (0) grow together. In the following 100 msec, V (0) takes
its maximum. Even after V (0) entered in the decreasing phase, T (0) is still in the growing
phase. Because the net momentum input is thought to be co-directed, the tendency in V (0)
of returning back to co-direction might be attributed to the improvement in the momentum
confinement. (As a matter of fact, the measurement of n (r) evolution is required for
conclusive discussions). From the viewpoint of the momentum balance in a steady state,
the change in V suggests the change in the radial electric field (E)) (Strict treatment requires
the informations of poloidal rotation (V) and pressure gradient.). There is a possibility that
the relation of E_ and confinement is systematically understood, combining with the discussion
of edge E, in H-mode.

Next we show the MHD activities in the central and edge regions, which prevents
hot-ion mode to grow. Figure 4 compares two discharges with the similar controllable
parameters of I =1.1-1.2 MA, B=4 T, NBI of 18 MW but with difference in the attained
plasma performance. Figure 4(a) shows the evolution of the best shot, where the maximum
neutron emission rate (S,) of 1;3X1016 n/SEC and the highest T,(0) of 20 keV is obtained at
t=7.85 sec . From the start of NBI heating at t=7 sec, plasma stored energy (W, ) and S,
(Fig.4(a)) increase monotonically till the event of §_ collapse at t=7.85 sec (ﬁzzl_3x1019 m'3)_

T.(0) also increases in like manner although it seems to be slowly oscillating in radial

direction around t=7.5-7.9 sec. Toroidal rotation velocity is saturated at t=7.5 sec around

1x10° m/sec i counter direction. On the contrary in the case of Fig.5(b), §_, W, T.(®)
saturate after t=7.6 sec (n_e:1.8><1019 m'3)_ This timing is almost simultaneous with the
appearance of oscillations observed in the soft X-ray (Fig.5(d)) and D_/H, in divertor
region (Fig.5(e)). T,(0) is kept saturated after t=7.7 sec when the central MHD decreases.

So hot-ion mode, which improvement is mainly in the central region, is largely affected by

the peripheral condition.

[1] S. Ishida, et al, in_ Proceedings of the Thirteenth International Conference on Plasma
Physics and Controlled Nuclear Fusion Research, Washigton, D.C., United States of
America, 1990.

[2] Y. Koide, et al, The Role of Integer-mode Rational Surface on Peaked Profile

~ Formation in Toroidal Rotation Velocity and Ion Temperature, JAERI-M 91-041

(1991).
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FIG. 3 Correlative evolution of T;(0) V{0) during hot-ion mode.
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4.6 Neutron Production and Q Value Evaluation in High Bp Plasmas
T. Nishitani, §. Ishida, M. Kikuchi, S. Miura and M. Azumi

1. Introduction

The fusion power multiplication Qpp of the D-D plasma has been used to evaluate the
plasma performance as well as the energy confinement time Te. It has different dependence or
sensitivity on certain plasma parameters. For example, it is more sensitive to the deuterium dilution
through Zegr of the H/D ratio. In the high Bp regime, the fastion component generated by the beam
injection has an important role on the enhancement of the confinement and the fusion reactivity.
The Qpp or the fusion reactivity is more sensitive to the fast ion component than the e or the
stored energy, so that the Qpp is a suitable parameter to evaluate the plasma performance in the the
high Bp regime. Whereas, the fusion power multiplication Qpr extrapolated from the D-D plasma
to the D-T one is more attractive than the Lawson parameter to criticize the breakeven condition.
Here the measured Qpp and the QpT analysis of the high p plasmas are presented. The neutron
yield characteristics of the NB heated discharges including high Bp ones is presented section 9.2.
2. High Neutron Yield by the high Bp plasmas.

We obtained the high neutron emission rate, two shots of 1.1- 1.3 x 1016 n/s and several
shots of 7- 8 x 1015 n/s, in the high Bp plasmas with almost same plasma condition. Figure 1
shows the neutron emission rates of a couple of the typical Bp discharges. The best neutron

emission rate, 1.3 x 1016 n/s, was obtained in E013753, and 7 x 10!5 n/s was obtained in

E013750.
Pug 20 - e ey T e I
(MW) 19 E013750 g413753
O lllll\|I111!||Ill‘1||||!|111|!f[EllllIl!!J’Fl!Il
NEL , [ E013750
15 -
(10 mj) 1 E013753
0 | L I 1 1 I 1
= 137
s, 1 E013753
16
(10 'n/s) E013750
0 A N
HaDiv 4
(A.U)
7.0 7.2 7.4 7.6 78 8.0

Time {S)

Fig. I Time evolutions of NB power, line electron density, neutron emission rate and Ho intensity in the divertor
region for discharges E013750 and E013753.
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Both discharges have same Ip of 1.1 MA, and almost same NB power of 21-22 MW and the
equilibrium configuration. The electron density of E013753 is approximately two thirds of that of
E013750. The Ha intensity of E013753 is approximately one third of that of E013750, which is
consistent with the difference of the electron density because the Hot intensity is proportional to the
square of the electron density. The neutron emission rate S, of E013750 is grater than that of
E013753 before 7.6 sec., but is saturated associated with the growth of the ELM fluctuation
appeared in the Ha intensity. The S, of EO13753 increases steeply after 7.6 sec. according with
the increase of the ion temperature which indicates that the ion heating regime is performed where
the critical energy Ec (= 19 Te¢) is higher than beam energy Ep so that the NB is heating ion
directory. The increase of the Sy, is terminated by the Bp collapse (see Section 4.3).
3. Qpp of the high Pp plasmas.

In the D-D plasma, dominant fusion reactions are follows; (1)d+d —» t (1.0MeV) +p
(3.0 MeV)and (2)d+d — 3He (0.8 MeV) + n (2.5 MeV). The reaction blanch (1) and (2) have
almost same reactivity in the interesting energy range for a fusion study. A unit neutron yield
corresponds to the fusion output power of (4.0 + 3.3) MeV = 1.2 x 10-12 J. Therefor the D-D

fusion power multiplication Qpp is defined as follows;

P .
Qpp = Fusion

PInpuL
_12x1072 8§,
7 PInput (1)
where Sy, is the neutron emission rate and the Prnpyt is the PoH + PnB for NB heated discharges.

The is the net NB power injected to the plasma with correction of the re-ionization loss in the

injection ports and the shinethrough. Figure 2 shows the Qpp obtained in the NB heated

discharges as a function of the heating power. The Qpp increases with the heating power.
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Fig.2 Qpp of the NB heated discharges as a function of the heating power.
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The maximum of 8.9 x 104 is obtained in the best neutron yield discharge E013753. The Qpp of
the discharges with the Pnp of 15-20 MW is scattered in the range 1.0 x 10 to 5 x 104 except a
couple of the best neutron yield discharges. Those Qpps are larger than twice of other ones but
consistent with the those of TFTR supershot [1,2], Qpp = 7.0 X 104 to 1 x 10-3 for Png of 15-20
MW, which indicates that those two discharges are similar to the supershot of TFTR.

3. Neutron Production Analysis and Projection of D-T Plasma Performance.

The neutron production analysis and the projection of the D-T plasma performance have
been carried out for the best neutron yield discharge by using a steady-state 1.5 D tokamak code
with a multi-pencil-beam model is used beam of beam deposition. The confined beam-ion
distribution function is calculated by a steady-state Fokker-Planck solution in the code.

The ion temperature profile measured with the CXRS and the electron temperature profile
with the ECE shown in Fig. 3.2 of Section 4.1 are used in the calculation. The Thomson scattering
measurement is not available for this equilibrium configuration because the FIR beam is passing
only the plasma edge region. A couple of sight line of the FIR interferometer have almost same
tangent radii for the configuration so that the electron density profile could not be estimated.
Therefor the electron density profile is assumed to be parabolic as ne0 [1 - (1/a)2]™, and the power
m is determined to reproduce the stored energy and the neutron emission rate within their
measurement uncertainties, where anisotoropy corrected stored energy as W = (Wgja + 2 Wip) /3.8
used. In this calculation, the deuterium enrichness D/(D + H) is 0.85, Zeff is 3, and the impurity 18
assumed to be carbon. Figure 3 shows the stored energy and the neutron emission rated as a
function of the power m, where the linc electron density of U1 pass is foxed to be measured value.
The power m of 1.4 has good agreement with both the stored energy and the neutron emission
rate. Thus, the electron density profile of (4.8 x 1019) [1 - (v/a)2]14 m-3 is obtained.

4-2 -[ T T I T T T I T T T I T T T 1 L} L) i 1!8 _TT T l T 1 T ] T LI ] T T L) T i_
L (a) (.t (b) 1
4 N S— W (MJ) 7] " [ —e—- Sneut (E18) .
- 1 18 3
38 5% error 71 @1.5 F 10% ERROR E
= - 1 - [ p
= - 1 & 3
~— 3.6 |- . 1.4 | .
- i i E ]
- - 1.3 f 3
3.4 | 1 & F ;
- 1 1.2 F 3
3.2 b - E ]
’ ] 1.1 F 3
q ] 9 ]
3 [ 11 P* [ & Y P S S S N BTN ¥ .‘ (IR Y l" 1.3 UL U U O T ST T W
1 1.2 1.4 1.6 1.8 2 1 1.2 1.4 1.6 1.8 2

m m

Fig.3 Calculated (a) stored energy and (b) neutron emission rated as function of power m in the parabolic electron
density profile ng0 [1 - (r/2)2)m.
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The calculated neutron emission profile is shown in Fig.4. The calculation indicates that
for the discharge with the highest Qpp, 27 % of the neutron yield is due to thermal-thermal
reactions, 53 % due to beam-thermal and 20 % due to beam-beam reactions. The thermal-thermal
component has a peaked profile due to the high ion temperature in the core region. The profiles of
beam-thermal and beam-beam reactivities are slightly hollow provably because the beam lines do
not pass just the plasma center.

The performance of equivalent D-T discharge was simulated by assuming DO beam
injecting and 50/50 D/T target plasma.using same temperatures and electron density profile, Zeff,
beam power, and other parameters as a comparable D-D discharge. The neutron emission profile
extrapolated to D-T plasma is shown in Fig.5. The total neutron emission rate is expected to be 1.4
% 1017 n/s in the equivalent D-T discharge, which corresponds to Qpr value of ~ 0.20. Here QpT
is defined by QDT = Prusion(TYPinput= 2.8 X 10-12 Sp/Pinpue. In this case the thermal-thermal
reactions contribute 37 % while the beam-thermal beam-beam reactions are 63 % of the total
neutron yield. The ratio of Qp1/Qpp is 225 which is near the results of TFTR Qp1/QpD ~ 180 -
200 [1], but much smaller than JET results ~300 [3].
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2 i =, 1 @ N Sigr=12x1018
£ 9 Sap=26x1019 E i ]
:41014 - 5 Stor= 1.3 x 101§ 050 orel .
g | %x-_-&\ '.'-_‘ .: g ) L o~\ -
= .7 LSRN | -= C-. T
> X K-.. {15
=z & T E % L '-;51.:,_. 4

0100 PRI T T A 5 A 0.0 1 0o —=—— | T T T G SR 3
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 c.8 1
r/a r/a

Fig.4 Neutron emission profile calculated for the Fig. 5 Neutron emission profile extrapolated
shot EQ13753. from the comparable D-D shot.
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4.7 Recycling and H/D Ratio in High Bp Discharges in JT-60U

Hiroo Nakamura, Shinichi Ishida, Akira Sakasai

1. Introduction

Controle of hydrogenic particle recycling is one of key issues in present plasma
device to improve energy confinement characteristics. In JT-60U, the maximum values of
enhancement factor of energy confinement time (2.9) and neutron production rate (1.3 x1016
s-1) have been attained in high Pp experiments. In this paper, recycling characteristics in the
high Bp discharge is described. Also, hydrogen/deuterium ratio is described.

2. Recycling characteristics in high Pp discharges

In the shots with the highest plasma performance, the electron density of target
plasma is relatively low. However, for precise discussion on the particle recycling, much
work is needed to measure particle confinement time and recycling cocfficient. Therefore,
global characteristics of the particle recycling is evaluated using the line integral electron
density. Figure 1 shows typical wave forms of the line integral electron density during initial
ohmic heating phase and NB heating phase. In standard divertor operation of JT-60U,
plasma shape is changed from limiter configuration to divertor one at t = 2 5. During the
divertor phase, decay of the line integral electron density is observed. This decay 1s
considered to be caused by wall pumping of graphite divertor plate. In a shot No.13753 with
the highest neutron production rate, line integral electron density just before NB

3 heating is also low. Dischrarge of shot
"é‘ B 13754 No. 13754 is a repeat shot of No.
S
2 2 F,J/”"""‘f \ 13753. Line integral electron density
X 17 13753 of the shot 13754 is relatively high
z | due to increase of wall recycling.
0 L e 1 L Figure 2 shows relation between the
0.0 1.0 2.0 3.0 . ) .
Time(s) line integral electron density at2sand
a? 8 ) one just before NB injection. Good
§ o 1375 4ﬂ’“WM__«,_-.---«-W-" ) correlation between these values 1s
T P e el ] observed.
= 4 L~ ~""13753 Pne (21 MW)
Q fff—h::"‘:vf:‘i Y e
1 | 1 ] 1 1 1 ! |
'07.0 75 8.0
Time(s)

Fig.1 Temporal behaviors of the line
integral electron density in high Bp

discharges.
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Figure 3 shows that trend of the neutron production rate and the decay time of the
line integral electron density at t =2 s on a day when the highest neutron production rate was
obtained. The decay time is defined by ne/(-dne/dt) and used to compare recycling
characteristics. Plasma current is 1 MA and neutral beam heating power is about 2IMW.
Shot No.13753 show highest neutron production rate. During lunch time during 12am to
1pm, He GDC was done. In a first shot after the He GDC (E13751), the neutron production
rate is 8x1015 s-1. In this shot, the electron density was not obtained. Before a shot of
E13752, He TDC was done. Density decay time is 1.2 5. This value is relatively low
comparing standard value. Before a shot of E13753, He TDC was also done. Interval time
between shot E13752 and shot E13753 is about 2 hrs. During such a long interval time,
vacuum pumping is also effective for degassing of graphite tile. In the both discharges of
E13752 and E13753, high neutron production has been obtained. However, a shot of
E13754 does not show high neutron production rate. In this shot, decay time of the line
integral electron density increases up to 3 s. In the repeat shots of E13755 and E13756, the
neutron production rates decrease around 8x1015 s-1. In these shots, the decay times are not

obtained because the electron densities

2010 ] ® t red. However, wall

| e Dekay Titne were not measured. However, wa
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Fig.3 Trend of the neutron production rate and
the decay time of electron density.
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Fig.4 Typical wave forms of high p

& 3 Line Integral Electron Density ‘}_3_7_’._51_"_____,,_’._.__.:
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o |
Y integral electron density,divertor Ho/Do
't and soft X-ray intensity are shown in
g Fig.4. At t=7.9 s of shot E13753, fip
oL collaps occrred. Above 1.5x1015 cm-2 10
~1 2x1015 em-2, fluctuation similar to ELMs
;?_c‘, i is observed in divertor Ho/Da signal, In
[a] ror ol - .
70 75 8o @ shot of E13753, soft X-ray in center
Time (s) region end to increases from t=7.4 s

until the Bp collaps. On the other hand,

in case of shot E13754, significant
increase of the soft X-ray in the central region is not observed. Fluctuation similar to ELMs
is observed from t = 7.5 s. Therefore, low recycling condition to obtain low density target
plasma is necessary to suppress these fluctuations. However, further study on effect of

recycling on plasma characteristics is necessary.

3. Hydrogen/Deuterium ratio in high Bp discharges

During the deuterium discharge, hydrogen dilution was observed. As preceding
plasma discharges, ratio of hydrogen increases gradually. Moreover, beam heated discharges
show higher hydrogen dilution than ohmically heated discharges. These characteristics
implies that source of hydrogen is graphite tile. For example, typical value of H/(H+D) is
20% in September 1991. To increase DD neutron production rate, extensive reduction of the
hydrogen dilution is necessary.

4. Summary

Highest performance of enhanced confinement and neutron production rate in JT-60U
has been obtained in the discharges with lowest recycling. Decay time of the electron density
at transition from limiter configuration to divertor one is about 1.2 s although the decay times
in the standard shots are a few second. Study on correlation between recycling and plasma
pafametcrs is also necessary in future study.
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4.8 Bootstrap Current in High ffp Discharge

M. Matsuoka, M. Azumi, S. Ishida, Y. Kamada, M. Kikuchi,
H. Kubo, M. Kuriyama, M. Nemoto and H. Takeuchi

1. Introduction

The amount of bootstrap current in tokamaks have been well confirmed to agree
with the prediction by the neoclassical theory in such an experiment performed in JT-60,
where up to 80% of the total plasma current was driven by the bootstrap current [1]. On
the basis of these experimental facts, steady state tokamak demonstration reactor SSTR
with bootstrap fraction of 75% was proposed [2). However, few observations on the
profile of bootstrap current and temporal evolutions relating to this current are reported.
In JT-60U, efforts are focused to obtain these data with the enhancement of the parameter
regime. In this report, preliminary experiment on bootstrap current made in this period is

described.
2. Typical Results

Figure 1 shows temporal evolutions of a poloidal beta Bp and an estimated
bootstrap current /bs when deuterium beams of 16 MW absorbed power were injected
into deuterium plasma with 1.1 MA plasma current. Ibs was estimated with 1.5 D
transport analysis code using an electron temperature profile from ECE, an ion
temperature profile from CXRS, two line-integrated electron densities from
interferometers, and Zeff from visible bremsstrahlung. An ion temperature profile before
and after beam injection was assumed to be equal to that just after beam initiation and that
of an electron temperature, respectively, since no data were available in these time spans.
An electron density profile was fitted by 0.5 power of parabola as two line-integrated
electron densities agree with measured values. Zeff of this shot was not measured but
was assumed to be 3.5, which was deduced from a series of data of the shots before and
after the shot. The plasma surface voltage and the plasma stored energy calculated with
these profile data agreed well with the measured values. Beam driven current was
estimated to be less than several kilo amperes and can be ignored since beam were
injected to quasi-perpendicular directions. As seen in Fig. 1, a bootstrap current was
maximized at t=7.9 sec and was about 820 kA ( 75% of total plasma current). This
bootstrap current is about a factor of two higher than that observed in JT-60. A poloidal
beta at that timing was about 2.0. A volumed averaged electron temperature <Te> was
4.9 keV. The other discharge parameters at the timing were: <ne>=2.6x1019 m-3,

—131-



JAERI-M 92073

<Ti>=10.0 keV, Rpq;=3.05 m, Rpnin=0.63 m, ellipticity=1.88. The plasma
configuration was a single null diverter with a toroidal field of 4 T.

Figure 2 shows a temporal evolution of the profile of bootstrap current in the
same shot. The current density is higher at the outer side of the plasma and exceeds the
joule current density. In fact, the plasma surface voltage was maintained negative
throughout beam injection. The total current profile seemed, however, almost
unchanged. Though sawtooth activity was not observed in joule heating phase due to
high q operation, the safety factor at the plasma center should be nearly unity at beam
initiation since joule phase lasted for seven seconds. After beam initiation, sawtooth-like
MHD activity with small inversion radius (p~0.05 ) was observed at every 0.25 seconds.
This activity was not an usual sawtooth since the crash time was very long. The
inversion radius was unchanged with time. Around the inversion radius, high frequency
oscillation with odd poloidal mode number was observed. These observations indicate
the total current profile did not vary in the time scale of Fig. 2 and consequently rational
surface with safety factor of unity did not move at all.

3. Summary

Bootstrap current in JT-60U reached about 800 kA (75% of the total plasma
current), which is about a factor of two higher than that obtained in JT-60. As usual in
high q operation, the plasma energy confinement time was as good as two times of the
ITER-89 L-mode power law. For further improvement of the plasma confinement
characteristics, combined current drive experiments with LH and NB are planned.

References

(1) M. Kikuchi et al., Nuclear Fusion 90 (1990) 343.
(2) Y. Seki et al., 13th JAEA Meeting, Washington, 1990, IAEA-CN-53/G-1-2,
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5 Transport Studies
5.1 Transport Analysis of Ohmically Heated Plasmas in JT-60U
Hiroshi SHIRAI, Toshio HIRAYAMA, Masafumi AZUMI

Abstract. In ohmically heated plasmas, the neutron emission rate and the stored energy
easily change with density peakedness factor, effective charge number and ion
thermal diffusivity. No direct measurement of ion temperature and ambiguity
of diagnostics data, especially density profile data, make the transport analysis
very difficult.

In this section, we evaluate the plasma parameter dependence of neutron emission
rate and stored energy in ohmically heated, deuterium plasmas in JT-60U as the first step
of transport analysis. Assuming the electron density profile as some power of parabolic
shape; ng(r) = n.(0) ( 1-12 )m, and using two channels of interferometer data, the line
averaged electron density, n., is inferred taking into account of Shafranov shift of
magnetic axis. We use Electron Cyclotron Emission (ECE) data for the electron
temperature, which is calibrated by Thomson scattering data. Effective charge number,
Zes1, 1s calculated by visible Bremsstrahlung data.

Since we do not have direct measurement of ion temperature data in ohmically
heated plasmas, we must assume ion thermal diffusivity, ;. We often adopt neoclassical
diffusivity proposed by Chang & Hinton, x(fH [1], as Xi. The profile of X; His almost
spatially constant in the bulk plasma but its value increases rapidly toward plasma center
like ; = 8‘1'5, where € =1/ R 15 inverse aspect ratio. This feature of xiCH profile may
cause the suppression of central ion temperature and give rise to the underestimation of
neutron emission rate.

In order to check the validity of adoption of XFH as Xi, we compare the neutron
emission rate calculated by some multiple of X?H with that calculated by spatially constant
%i. We adopt shot E13807 (plasma current 2 MA, toroidal field 4 T, high elongated
configuration, t = 9.75 sec) for this calculation. The measured neutron emission rate and
the stored energy of this shot are 1.68 x 102 s-1 and 0.73 MJ, respectively. The H/D
ratio of this shot is about 0.3. We modify the calculated neutron emission rate (thermal-
thermal reaction) by multiplying 0.59 (= 1/1.3?) because the calculation code deals with
pure deuterium plasmas.

The calculation result shows that both Xi models shows considerably good
agreement of neutron emission rate (Fig.1). The central T; values calculated by both Xi
models turn out to be almost the same. In this shot, both five times of xFH and constant
i = 1 mZsec’! well reproduces the neutron emission rate and stored energy which are
measured experimentally. Since the neoclassicai diffusivity has q dependence, we must
adjust the multiplication factor of x?H when we analyze the plasma of different current
range. In this section, we assume spatially constant X;.

Now, there are lots of ambiguity factor about the profile data. The ambiguity of the
electron density profile affects the stored energy and also affects neutron emission rate
through the ion density profile. The ambiguity in the Zess value affects the ion density
population and affects the stored energy and neutron emission rate. For these reason, we
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must check the dependence of stored energy and neutron emission rate on the density
profile peakedness factor, the Z.g value and the Xi value at first. We select shot E13807
again for these sensitivity check.

Figure 2 shows the dependences of stored energy and neutron emission rate on the
density peakedness factor m. Originally, the calculated m value by using the
interferometer data at Ul and U2 port is 0.32. When we change this peakedness factor,
we use only the density data at U1 port. The line averaged electron density increases as m
value. The Z.s value is set 2.1 by visible Bremsstrahlung data. We assume spatially
constant Xi of 1 m2sec-!. Both stored energy and neutron emission rate increases as the
peaking factor. Especially, the neutron emission rate is very sensitive to m; in other
words, very sensitive to the density in the plasma core region. We need whole electron
density profile data in order to evaluate accurately the neutron emission rate of ohmically
heated plasmas.

Figure 3 is the Z.g value dependence of stored energy and neutron emission rate.
The density profile is given as (1- 12)%%? We assume spatially constant Xi of 1 m?sec.
The decrease of neutron emission rate as the increase of Zg value is remarkable, because
the ion density is diluted as ny/ne = (Z-Zegf) / (Z-1), where Z is the charge number of
impurity. The decrease of stored energy as the increase of Zeg value is not so large.

Figure 4 is the dependences of stored energy and neutron emission rate on the ion
thermal diffusivity. We assume spatially constant Xi. The cases of 0.1, 0.2, 0.5, 1.0,
and 1.5 m2sec-! are compared. The Zr value is set 2.1. The density profile 1s given as
(1- 202 Tris very interesting that the decrease of stored energy due to the increase of
i value is very small. On the other hand, the neutron emission rate decreases rapidly as
the increase of Xi value. The small changes of ion temperature in the plasma core region
greatly affects neutron emission rate.

As is apparent from these sensitivity check, the shortage of data, especially the
electron density profile in the plasma central region, makes the transport analysis very
difficult. At the present time, we cannot evaluate e profile of ohmically heated plasma by
using electron and ion power balance equation. In order to make reliable transport
analysis, we need absolute value of central electron density and ion temperature, at least.

[1] C. S. Chang, F. L. Hinton, Phys. Fluids, 29 (1987) 3314
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Figure 2 The dependence of stored energy and neutron emission rate on the density
peakedness factor m in shot E13807. The Zeg value is set 2.1. We assume
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Figure 4 The dependence of stored energy and neutron emission rate on the ion thermal
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profile is given as (1- 12) 32 The Zr value is set 2.1.
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5.2 Transport Analysis of Neutral Beam Heated Plasmas in JT-60U
Hiroshi SHIRAI, Toshio HIRAYAMA, Masafumi AZUMI

Abstract. Plasma parameter dependence (plasma current, absorption power and toroidal
field) of electron and ion thermal diffusivities in the neutral beam heated JT-
60U L-mode plasmas are studied. As plasma current increases Xi decrease.
As absorption power increase Xiincreases. On the other hand, the Xe value is
nearly insensitive to plasma current nor absorption power. This indicates that
the ion thermal transport dominates the energy transport. The Xeff value is
almost insensitive to toroidal field.

In this section, we evaluate transport characteristics of neutral beam heated JT-60U
L-mode plasmas. Plasma current, absorption power and toroidal field dependences of
electron and jon thermal diffusivities, Xe and X, are estimated. As for the high 1on
temperature plasmas, we will discuss in the following section. The definition of Xe, and

Xi are shown as follows;

I
-3 T T+ L J(-and+Peq+POH+P§BI)rdI

2 {13 Jo
Xe(r)= - (1)
. 3T
or
3 i r ~
BT+ —1 | (-Peox <Peg+Prpr)rdr
i) = — ANLE @
o 9L
or

where T, Prag, Peq, Pex, Pon, Pprand Pl represent the ion particle flux, the radiation
loss, the equi-partition energy exchange between electrons and ions, the charge exchange
loss, Ohmic heating power, respectively. Since Prq is disregarded in this calculation, the
Xe and Xi value in the peripheral region is not correct. Bracket is the average over a

magnetic surface. I is defined as follows.

r
N@=Te@=—7lo| drr(S+Sm) ®)
«(1v1?) Jg
where S and Sy are a local particle source due to the recycling at the wall and a fastion
birth profile of neutral beam, respectively. '
In high density plasmas, it is very hard to estimate Peq correctly. In such plasma, we
evaluate effective thermal diffusivity, Xeft, instead of Xe or Xi.

T .
2 J I % I | J(-Pnd—ch+P0H+P§mI+Pﬁm)rdr
) = r{Iv47 )0 @)
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_neaTe_ni%
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First, we study the plasma current dependence of transport. We select plasmas
whose absorption power is around 17 MW and toroidal field is 4 T. Line averaged
electron density increases with plasma current (e = 2.5 ~ 5.2 x 10! m-3), Figure 1(a)
shows the plasma current dependence of stored energy component; W, is the electron
stored energy, W; is the ion stored energy and Wy, is the unthermalized beam component.
We do not include 2 MA case in this figure, because there is not an appropriate 2 MA shot
with the same absorption power range. We can see that W, and W; increase plasma
current, Figure 1(b) shows the Xe and Xi value at half of minor radius. Xe value does not
change for different plasma current. On the other hand, the decrease of Xi as the increase
of plasma current is remarkable.

Figure 2(a) shows the absorption power dependence of stored energy component.
Plasma current and toroidal field of these shots are 3 MA and 4 T, respectively. Line
averaged electron density increases with absorption power (Ne = 2.6 ~ 3.6 X 1019 m-3).
W., W; and Wy, increases as the absorption power. The Xe value at half of minor radius
is almost insensitive to the absorption power (Fig.2(b)). On the other hand, the Xi value
increases drastically with the absorption power. This trend was also observed in JT-60
plasmas (hydrogen plasmas) [1]. We can assert that the energy transport in the L-mode
plasma is dominated by ion conduction loss.

Figure 3(a) shows the toroidal field dependence of W, W; and Wy, with plasma
current of 3 MA and absorption power of 17 MW. Each stored energy component is
independent of toroidal field. Since the line averaged electron density is fairly high for
these three shot: Tie = 5.4 x 10" m™3 for 3 T shot, fle = 4.9 x 10!° m-3 for 3.5 T shot and
N, = 3.6 X 101° m-3 for 4 T shot, it is hard to estimate both electron and ion energy flows
due to the large equi-partition loss channel. Instead of studying the characteristics of Xe
and Xi, we examine the toroidal field dependence of Xeff profile (Fig.3(b)). We can see
that the dependence of Xeff value on the toroidal field is very weak. This is consistent
with the weak toroidal field dependence of energy confinement time in the I[TER power
law; Tg = B2,

It is very interesting results that energy confinement time of neutral beam heated
plasma is nearly independent of toroidal filed, while the T of ohmically heated plasmas
strongly depends on toroidal field. There must be transition in absorption power or
density regime at which the toroidal field effect on the energy confinement changes. We
must study this by making experiments with low density and law absorption power NBI
plasmas.

We cannot compare the transport of hydrogen beam injected hydrogen plasma with
that of deuterium beam injected deuterium plasma. This remains to be done for the future

subject.

(1] T.Hirayama, H. Shirai, M. Yagi, K. Shimizu, Y. Koide, M. Kikuchi, M. Azumi,
Nucl. Fusion 32 (1992) §9.
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5.3 Transport Analysis of Hot Ion Mode in JT-60U
Hiroshi SHIRAI, Toshio HIRAYAMA, Masafumi AZUMI

Abstract. The electron and ion thermal diffusivities of hot ion plasmas in JT-60U are
calculated by using power balance equations. Lack of density profile data
makes the estimation of thermal diffusivity very difficult, because the neutron
emission rate easily changes with density peakedness factor aﬁd effective
charge number. We cannot make clear conclusion on the plasma current
dependence of Xe and X of hot ion plasmas at the present time.

In this section, we analyze the electron and ion thermal diffusivity, X and X, of
high ion plasmas in JT-60U. We select plasmas whose central ion temperature is around
10 keV and more. We also make sure that diagnostics data such as two channels of
interferometer data, ECE data and CXRS data are completed in these shots. The plasma
current of analyzed hot ion plasmas are 1.1 MA, 2 MA and 3 MA. The 1.1 MA high Tj
plasma is obtained with the condition of small volume (~ 50 m3 ) and small minor radius
which allows the central neutral beam deposition. The high T; plasmas of 2 and 3 MA are
obtained in the high elongated configuration (~ 75 m3 ).

The characteristics of high T plasmas in JT-60 were that not only the T; profile but
also the density profile is highly central peaked pedestal one [1]. We can also expect such
central peaked density profile iri JT-60U hot ion plasmas. However, it is impossible to
know the entire density profile because there is no density data in the central region. In
this case, the assumption that the electron density profile is expressed by some power of
parabolic shape; ne(r) = n.(0) ( 1-12 )m is entirely misleading. Actually, the obtained
density peakedness factors m of hot ion plasmas are 0.1 ~ 0.6, at most 1.1. This value
means very flat density profile, which is entirely different from high T; plasmas of JT-60.
With this very flat density profile, calculated stored energy and neutron emission rate
becomes much lower than measured values.

We use Electron Cyclotron Emission (ECE) data which are normalized by Thomson
scattering data for electron temperature profile and use Charge Exchange Recombination
Spectroscopy (CXRS) data for ion temperature profile. Effective charge number, Zg, is
calculated by visible Bremsstrahlung data.

Before calculating Xe and X by using the electron and ion power balance equations,
we check the dependence of stored energy and neutron emission rate on the density
profile peakedness factor and Z.g value just as we executed in the transport analysis of
ohmically heated plasma. We select shot E13777 (plasma current 1.1 MA, high elongated
configuration, t = 7.7 sec) for these sensitivity check. The stored energy and the neutron
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rate is 2.26 MJ and 3.89 x 1013 s-1. The H/D ratio of this shot is about 0.3. We modify
the calculated neutron emission rate by multiplying 0.59 (= 1/ 1.32) to thermal-thermal
reaction and 0.77 (= 1/1.3) to beam-thermal reaction because the calculaton code deals
with pure deuterium plasmas.

Figure 1 shows the dependences of stored energy and neutron emission rate on the
density peakedness factor m. The calculated m by using interferometer data of both U1
and U2 port is 1.11. When changing the peakedness factor, we use only the density data
at Ul port. The Zg value is fixed 3. Both stored energy and neutron emission rate
increases as m value.

Figure 2 shows the dependences of stored energy and neutron emission rate on Zege
value. The density profile is assumed to be parabolic. The decrease of neutron emission
rate with increasing of Zeg value is remarkable because of the sudden decrease of ion
density. On the other hand, the decrease of stored energy is not so large.

As is apparent from these sensitivity check, the shortage of data, especially the
electron density profile in the plasma central region, makes the transport analysis quite
difficult. The following local transport analysis is subject to many ambiguity of
measurement, although the stored energy and neutron emissicr. rate are adjusted to the
measured value as much as possible by modifying the density peakedness factor m, Zeg
value.

The definition of ¥e and ¥ is the same as are shown in the previous section. We
select three plasmas in the high elongated configuration with different plasma current; 1.1
MA (shot E13777, t = 7.7 sec), 2 MA (shot E13735, t = 7.3 sec) and 3 MA (shot
E13732, t = 6.85 sec). We modify density profile considering the stored energy and the
neutron emission rate by measurement.

Figure 3 shows the X and % profiles of these shots. They are obtained on the
assumption of parabolic shape of density profile and Zgr value of 3. The %; value at the
plasma central region becomes very small like JT-60 high Tj plasmas. The i value of
1.1 MA plasma is lower than that of 2 MA or 3 MA plasma. However, we cannot take
this result as it is because there is large difference in the plasma volume and there are lots
of assumption to determine the profile data. In order to make clear the plasma current
dependence of e and ¥ in the high T plasmas, we need absolute value of central electron

density and electron temperature, at least.

 [11 S.Ishida, M. Kikuchi, T. Hirayama, et al., in Plasma Physics and Controlled
Nuclear Fusion Research 1990 ( Proc. 13th Int. Conf. Washington D.C., 1990 ),
Vol. 1, TAEA, Vienna (1991) 195
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Figure 3  The profile of e and X; with different plasma curreng; 1.1 MA (shot E13777,

t=17.7 sec), 2 MA (shot E13785, t = 7.3 sec) and 3 MA (shot E13732, t=

6.85 sec) in the high elongated configuration.
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5.4 Transport Analysis Based on the Drift Wave Theory.

M. Yagi and M. Azumi

1. Introduction

The anomalous energy transports in a tokamak are considered to be caused by
microturbulences of electrostatic drift wave type, and the linear stability and nonlinear
state of these instabilities have been extensively studied from the theoretical points of
view. The validity of these theories is usually tested by the comparison with
experimental results at some specific radial points or by the transport code simulation. In
this paper, we try different approaches to test drift wave theories by using the
experimental data of JT-60 L mode discharges. We consider trapped particle turbulences
for the electron anomalous energy transport and jon temperature gradient turbulences (Mi
mode turbulences ) for anomalous ion energy transport, respectively. We discuss
electron and jon transports separately in the following, although the interaction between

these two transport processes may be important.

2. Electron Transport Analysis

The anomalous thermal conductivity due to trapped electron turbulences has the
different dependence on the electron temperature, depending on the regime of electron
collisionality parameter, Veil€®+, so that it may be one of good measures for testing the
validity of theoretical models to check whether the global electron energy confinement
time has the different dependence on the collisionatity regime. We have evaluated the ratio
of radial widths, where dissipative trapped electron ( DTE ) modes and collisionless
trapped electron ( CTE ) modes are unstable; A =weTe/ (Wete + WpTe ). In JT-60 L-
mode discharges, the collisionality parameter is almost always in the banana regime and it
decreases with increasing plasma current. Figure 1 shows the electron energy
confinement time T versus the parameter 1 both for divertor and limiter discharges,
where closed circle and triangle correspond to the divertor and limiter ones, respectively.
The radial width werg of collisionless trapped electron regime is wider for the divertor
discharges, higher plasma current and lower input power. Although 1 changes in the wide
range for discharge conditions, the data points of energy confinement time are scattered
- only in the bounded range and it is difficult to see the some correlation between the
parameter | and the energy confinement time Tg. In Fig. 2, the radial profiles of thermal
conductivity Xe based on the mixing length theory of trapped electron modes are
compared with those evaluated from experimental data for both configurations of limiter
(solid line) and divertor ( dashed line ). The regions of CTE and DTE modes are also
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plotted in the figure. The mixing length theory gives roughly the value of the same order
as experimental analysis but its tendency is opposite to the experimental one; that is, the
wider CTE region gives the lower Xe .

3. Ion Transport Analysis

Next, we consider the ion energy transport. Shirai et al. have tested the mixing
length theory of 7)j mode turbulence on JT-60 plasmas[1]. They have concluded that T;
mode turbulence is the good candidate of ion energy transport anomaly in the main region
of the plasma, except central and peripheral regions. To confirm this conclusion in more
quantitative sense, we perform the nonlinear simulation of T mode turbulence by using
Hong/Horton model [1] and evaluate the absolute value of the thermal conductivity Xi to
compare with experimentally analyzed one. We perform the simulation for both cases of
slab and toroidal T}j mode. Figure 3 shows the example of the simulation results for both
cases. In this figure, the shaded region corresponds to the experimentally analyzed Xi,
while the solid line does to %i of Domingues-Walts model. Closed circles and triangles
correspond to Xi evaluated from nonlinear simulations by using the plasma parameters at
each point and those evaluated from the mixing length model by using the simulation
results, respectively. For the slab T)j mode model, Xi of the mixing length model and
simulation result are crucially different. And those values are also quite different from
experimental values. The difference between the mixing length model and the nonlinear
simulation is because the shear parameter of JT-60 is very small and the mode width of
slabm; mode eigenfunction, which is inversely proportional to the shear parameter, is
broad. In this weak shear limit, the model equations should be modified. On the other
hand, For the toroidal T mode model, Xi of the mixing length model and nonlinear
simulation are of the same order and both show fairly good agreement with experimental
values in the half way region of the plasma. In the peripheral region, T)j mode models
give Xi decreasing toward the plasma surface and can not explain the anomaly in this
region. Experimentally observed transport anomaly in the peripheral region may attribute
other edge turbulences, which are the future subject of anomalous transport analysis.

References

[1] H. Shirai, T. Hirayama, M. Azumi, JAERI-M 91-018 (1991).
[2] B. G. Hong and W. Horton, Phys. Fluids B 2 (1990) 978.
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5.5 Perturbative Heat Transport Experiments in JT-60U

J.C.M. de Haas, K. Nagashima, T. Hirayama, and K. Hirai

L. Introduction

In the next few years, transport analysis at JT-60U will be performed using different per-
turbations, diagnostics and analysis techniques. The perturbations that could be used are saw-
teeth, (regular) Elms, gas puffs, modulated gas puffs, switch on and switch off of additional
heating, modulated additional heating, and L to H mode transitions. In principle any diagnostic
on which a perturbation can be seen can be used. Fast diagnostics with a good time resolution
are preferable but, depending on the kind of perturbation and the analysis tools available, other
diagnostics could be used as well. The analysis can be done using different methods, depending
on the type of perturbation and the kind of diagnostic: Fourier transforms, Laplace transtorms,
fitting of transport modeling to experimental data, and system analysis of step and or impulse
responses.

Some experimental data concerning transient processes and perturbations at JT-60U have
been analyzed to obtain information about heat (and density) transport in the plasma. The diag-
nostics at JT60-U, especially those with good spatial and temporal resolution, are still under
development. Using the present diagnostics capabilities, data has been analyzed to test different
techniques. In the future more extensive measurements are planned in which systematic com-
parisons with power balance analysis will be made. In this paper descriptions are given of the
development of analysis tools and the experiments performed so far.

II. Sawtooth induced perturbations

Sawteeth induced perturbations have been looked at for a number of ohmic shots and beam
heated shots for which power balance analysis has been performed {1,2]. The sawteeth induce
both temperature (HP=heat pulse) and density (density pulse = DP) perturbations which are
moving out from the so-called mixing radius which is determined by the q = 1 surface. The
only diagnostics until now with enough spatial and temporal resolution to see these perturba-
tions are the Soft X-Ray (SXR) arrays. The disadvantages of this diagnostic are that the signals
depend on both the temperature and the density, and that the signals are line integrated emissivi-
ties, not local values. The signals still could be used for e.g. a heat pulse analysis in case the
perturbation seen on the SXR signals is mainly caused by the perturbation in the electron tem-
perature [3]. Because the HP is generated near the center of the discharge and its amplitude is
largest there, the perturbation of the line integrated data tends to be dominated by the perturba-
tion at the flux surface tangent to the line of sight of the channel. The characteristic shape ofa
heat pulse perturbation is a relatively quick rise to 2 maximum value and then a relatively slow
decrease back to the original value. The perturbation at a specific spatial location can be charac-
terized by the time between the sawtooth crash and the maximum perturbation (ttp = time-to-
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peak). A plot of the ttp versus spatial location gives information about the transport in the
plasma. Because the analysis is done just outside the mixing radius, the spatial location of the
analysis depends on the plasma current and the magnetic field.

The shots considered have plasma currents between 1 and 3 MA and magnetic fields be-
tween 3 and 4 T. Only shots with I > 2 MA have large mixing radii and therefore large enough
amplitudes to be seen on the SXR data. In the ohmic shots the amplitudes are still small and
therefore the signal to noise level is small. The situation can be improved by averaging over a
number of sawteeth but software to do this is not yet available. The neutral beam heated signals
have larger amplitudes but the time between sawteeth is very large. This means that the analysis
has to be done on the perturbation caused by one single crash. A problem is that, due to the
neutral beam heating, the density is rising and the resulting rise in the background of the SXR
signal should be subtracted. Because the data acquisition of the SXR cameras is set-up to look
at very fast phenomena, there is a lot of high frequency noise which can be filtered out by the
application of a smoothing procedure. An accurate determination of the location of the channels
with respect to the plasma equilibrium as provided by SELENE still has to be made. The loca-
tions can roughly be determined with respect to the outermost flux surface, as determined by
FBIU. The best analysis method available at the moment is using both the heat and the density
pulse, including coupling between the two [4]. Despite the fact that it can only be applied for a
limited number of discharges, development of such an analysis is planned for JT-60U in 1992,
because it should yield important experimental information about transport.

II1. Modulated Gas Puff Experiments

Gas puff modulation experiments have been done in Ohmic JT60-U plasmas in hydrogen
and are described elsewhere in this paper [5]. A valve regulating the introduction of hydrogen
into the vacuum vessel just below the outboard midplane, was used. The modulation was sinu-
soidal with frequencies between 1 and 8 Hz. The H,, signal locking at the x-point is used as a
reference for the introduction of particles into the plasma. The perturbation of the density can
clearly be seen on the interferometer data and therefore also a modulation of the SXR signal was
expected. However, the SXR data does not show a modulation at the same frequency as the gas
puff. This means that at least one of the two other quantities which determine the SXR emis-
sion, namely the electron temperature and the impurity content, are modulated. The SXR does
clearly show the sawtooth activity at a frequency of about 35 Hz which is much faster than the
modulation. The electron temperature has been measured using the Fourier Transform
Spectrometer (FTS) system which normally has a time resolution which is to low for perturba-
tive transport studies. In this case the modulation frequencies are very low and FT'S data has
been used. The sawtooth activity is considered to be adding only random noise to the data.

A code has been developed to fit a harmonic oscillation on a linear background to any diag-
nostic signal [6]. The perturbation induced by the gas puff causes the temperature to go down
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while the density goes up. The fit to the FTS data is very good indicating that the gas puff in-
duces two different perturbations namely a harmonic oscillation and a change which is linear in
time. The fitting gives four experimentally determined parameters, namely the amplitude and the
phase of the modulation, the change in time of the background signal and the background signal
itself. The results for the phases are shown in Fig. 1 covering values of r/a between 0.2 and
0.75 for the FTS, the phase of the H signal at the edge and the phases of both interferometer
channels at the tangent flux surfaces. The phases are defined with respect to the gas valve signal
and negative values indicate a phase lag. The perturbation seen on the FTS is plotted with a 180
degrees phases lag. It is clearly moving inward from the edge, started by the source as given by
the H, signal at the x-point. The interferometer data shows that the temperature and the density
perturbation are about 180 degrees out of phase, explaining why there is hardly any perturba-
tion visible on the SXR data. The slope of the phase for the FTS data corresponds with a elec-
tron heat diffusivity of 1.6 m2/s assuming there are no perturbed sources or coupling with the
electron density perturbation [7]. Both these assumptions are questionable. The data shown
here was taken in a ohmic shot and a change in the local ohmic power caused by the temperature
perturbation can influence the result. Also there is a clear density perturbation and coupling ef-
fects should be taken into account [3]. Note that the value for the heat diffusivity is very close to
that for the particle diffusivity [5]. Besides the phase of the modulation, one can also use the
amplitude. To avoid uncertainties in the absolute calibration of the FTS, the relative amplitudes
with respect to the background signal are plotted in Fig. 2. The relative amplitude of the tem-
perature perturbation is 1% at 1/a = 0.3 and 2 % at r/a = 0.8 while this is 7% for the H, signal.
Also the interferometer perturbation has the same magnitude. For comparison the relative
change per second of the background signal is given in the same figure, together with the ratio
of both data. For 1/a > 0.5 the ratio is constant but for r/a < 0.5 the linear perturbation decreases
very fast with respect to the harmonic perturbation. One should realize that this does not mean
that the data is inconsistent. It is possibly the result of the different natures of both perturbations
and might well be described by one transport model. As far as is known, this is the first com-
parison between two different perturbative methods at the same time in one discharge.

V. Conclusions

Different perturbative transport experiments are planned at JT-60U. These should give im-
portant information about transport due to the large variety in both the quantities that can be
perturbed and the kind of perturbations that can be applied. The developments of analysis tools
to execute a perturbed transport program has been started and should match the increasing avail-
ability of experimental data over the coming years. Some preliminary results are shown in this
paper, including the comparison between two different perturbative methods at the same time in

one discharge.
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5.6 Gas Puff Modulation Experiment in JT-60U

K. Nagashima, A. Sakasai

1. Introduction
Using the steady state phase of ohmic heating plasma, gas puff modulation experiment

was performed. In this experiment, the injection of working gas was oscillated in the form
of sinusoidal and it results in that electron density and the other plasma parameters were
modulated in the sinusoidal form with the same frequency. The motivation of this
experiment is to estimate the particle diffusivity from the dependence of modulation
quantity on the oscillation frequency. The injected gas is ionized in the peripheral region of
plasma and becomes the particle source for electron density. As the source profile is highly
peaked in the peripheral region, the particle penctrates into the inner region with the
characteristic time which is dominated by the transport process. Therefore, the transport
coefficient can be estimated from the perturbation level and phase relation of modulation

quantity.

2. Experimental Result

The experiment was performed using the ohmic heating discharges with plasma current
of 2.5 MA, toroidal magnetic field of 4.0 T, major and minor radii of 3.28 and 0.90 m,
plasma ellipticity of 1.58, effective safty factor of 4.5, and the line averaged electron
density of 1.8-4.0x101% m3, using the hydrogen working gas. (But the ratio of H/(H+D)
was about 0.6-0.8 in these discharges, because the deuterium absorbed in the first wall was
not fully removed.) The modulation frequency of gas puff was scanned from 1 to 7 Hz
with the same injected quantity. However, as there is finite conductance between the gas
puff valve and the vacuum chamber of JT-60U, it is thought that the supplied gas to the
plasma depends on the modulation frequency.

The perturbation quantities of electron density and H-alpha intensity were measured
using the FIR interferometers and the H-alpha monitor using interferometric filter. In this
experiment, we used H-alpha intensity as the particle source signal. The bulk electron
density (not modulated quantity) was not constant throught the scanning of modulation
frequency. As the H-alpha intensity is mainly dependent on the peripheral electron density
and neutral particle density, the effect of the difference of bulk electron density must be
subtracted from H-alpha intensity to use as the particle source signal. To do this, H-alpha
intensities were divided by the values of line averaged electron densities, because the bulk
density profiles were almost same in these experiments. The perturbation levels and relative
phases of electron density and H-alpha intensity were analyzed using the FFT procedure.

In Fig.1, the perturbation level of line integrated electron density divided by the
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normalized H-alpha intensity is plotted as a function of the modulation frequency. The open
and solid circles represent the measured values obtained from the outer and inner viewing
chords of U-1 and U-2 ports, which are arranged at the radii normalized by minor radius of
0.68 and 0.30, respectively. In the figure, perturbation levels decrease with the modulation
frequency and become a half value at the frequency of about 5 Hz (U-1) and 3 Hz (U-2).
‘The relative phase between electron density and H-alpha intensity is shown in Fig.2. The
clear difference of the dependence on the modulation frcquen.cy can be seen between the
two different chords. The relative phase of inner chord (U-2) is larger than the one of outer
chord (U-1) in the low frequency region, but this relation becomes opposite in the high
frequency region. In these experimental results, it should be noted that the measured

electron densities are the chord integrated values.

3. Analysis

The dynamics of plasma density is described using the particle diffusion equation with
any source profile!). Using this equation, modulation of electron density can be calculated
numerically. If it is assumed that the source profile is a delta function at the most external
magnetic surface, the analytical solution can be obtained easily?). However, in the
modulation experiment of JT-60U, the electron density was measured as a chord integrated
value and it include the effect of source profile. In this analysis, we assumed that the half
width of the particle source profile is 5 cm from the outermost magnetic surface. Using the
appropriate particle diffusion coefficient, we calculated the dependence of density
perturbation on the modulation frequency, including the effect of chord integration. The
calculated results are shown in Fig.3 and 4, which are the cases of measurement chord at
1/a=0.68 and 0.30 (a is minor radius), respectively. From the conparison between Fig.1
and Fig.3, 4, the particle diffusion coefficient can be estimated and it result in that D/a? is
about 0.5 sec-l. Considering the ellipticity is 1.58 in the above discharges, the diffusion

coefficient is inferred to be 0.6 m%/sec.
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Fig.1 Measured Electron density
perturbation divided by the
normalized H-alpha as a function of
the modulation frequency. Open and
solid circles represent the values of
U-1 and U-2 ports.

Fig.2 Relative phase between electron
density and H-alpha intensity as a
function of the modulation frequency.
Open and solid circles are same in
Fig.1.

Fig.3 Calculated density perturbation
at the radius of r/fa=0.68 (U-1) as a
function of the modulation frequency.
The plots represent the four cases of
D/a?=0.25, 0.5, 1.0 and 2.0 sec’!
from upper line in the graph.

Fig.4 Calculated density perturbation
at the radius of r1/a=0.31 (U-2) as a
function of the modulation frequency.
The plots represent the four cases of
.D/a?=0.25 0.5, 1.0 and 2.0 sec'!
from upper line in the graph.
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6. MHD
6.1 Characteristic MHD Regions in JT-60U
Y.Kamada, H.Ninomiya, S.W.Wolfe, S.Ishida and R.Yoshino

1. Introduction

The macroscopic MHD activities affect the tokamak confinement in many of
characteristic discharge regions such as L-mode, improved L-mode, H-mode, high-Ti-mode
and high-Bp mode etc. Discharge regions of these modes can be characterized by values of
safety factor q, internal inductance 1, B and pressure gradient. While, these physical values are
the fundamental values determining the MHD stability. If these values are close to the stability
limit, MHD instabilities play principal roles in the energy and particle confinement by disruptive
(major or minor) events. If the instability is not disruptive, in turn, some of the MHD activities
can affect confinement by the enhancement of diffusivity or repetitive release of kinetic energy.
Generally, in order to realize the good confinement with high fusion reaction rate, profiles of the
plasma parameters should be optimized to improve the transport properties and, at the same
time, they should be selected to avoid disruption, to suppress the central MHD activity, to
control the edge MHD including ELM activity. The purposes of the MHD studies in JT-60U
are i) to identify the characteristic MHD activities in the discharge regions and ii) to clarify the
relation between MHD and confinement in the tokamak system. In particular, the latter point is
our final goal, for which safety factor and internal inductance play very important roles.

Many types of MHD behavior have been reported in the history of tokamak research [1].
However, unfortunately, there is no systematic foundation of MHD activities and the relation to
global/local confinement including wide range of plasma parameters. Many of previous papers
reported only some fragments of the MHD characteristics. What is important here is to study the
dependence of MHD characteristics using the constructed MHD database and not to focus on the
characteristics of some individual fragments. This type of database can suggest us the direction
of tokamak study toward the fusion reactor. Without the fundamental database, for example, we
cannot evaluate the effects of "MHD suppression” by the effects of hot ions, local change in the
pressure and current density (by using NB, IC, ECH and LHCD) etc.

The energy confinement observed in many tokamaks seems to be degraded by
decreasing edge safety factor [2]. Some evidence of improvement of confinement with
increasing }j has been also reported [3]. For identification of these effects, we have to separate
the macroscopic instability and micro-turbulence. In other words, for the precise analyses of
micro turbulence, the study on macro instabilities is indispensable.

For the first step of this study, this review paper reports the results of initial experiment
in JT-60U. In this subsection, we introduce the MHD database and discuss the characteristic
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MHD regions. Based on this discussion, more detailed study are reported in the following
subsections ( 6.2-6.6). Roles of current profile and ELM:s on confinement are given in Sec.3.5
and Sec.3.6, respectively. Detailed discussions of high-Bp discharges are presented in Sec.4.

Change of MHD by LHCD is reported in Sec.11.

2. Examples of MHD effects on Confinement in JT-60 and JT-60U
Examples of disruptive event observed in JT-60 and JT-60U are:
i) high I; disruptions including high density disruptions,
i1) major or minor disruption at lower lj usually observed during the plasma current ramp-up,
iif) low-q disruption and
iv) Bp-collapse observed in high-q and low-li region. The important aspect of the Bp-collapse is
that the collapse is not followed by major disruption.

The non-disruptive degradation in transport 1s caused by sawtooth and m=1 related
activitics, ELMs and balloon limit. The results of the ballooning analyses in ref.[4] suggests
that the ideal ballooning limit is a soft limit which only saturates the pressure gradient. The
effects of ELMs on confinement is discussed in Sec.3.6. The effects of the central MHD
activities is particularly apparent when the discharge has a peaked pressure profile (pellet
injected discharges, high Ti discharges.) For the achievement of high-Ti and/or high-Bp
discharges, avoidance of the central MHD is indispensable ( see Sec.4). According to ref.[5]
which reported characteristics of the central MHD activities for pellet fuelled plasmas, reduction
in the sawtooth frequency has a strong relationship with enhanced confinement and peakedness
of the electron density profile, where the contribution of the sawtooth activity to the global
energy confinement increases systematically with decreasing q(a). An analytical treatment {6]
also teported that the sawtooth activity can change T especially for low-q discharges.
However, it is impossible to discuss the general role of sawtooth on confinement without the
basic scaling of rjpy (the sawtooth inversion radius) and 1 (sawtooth period). In this aspect,
Ref.[7] tried to discuss the relationship between Ts; and Tg including the effects of ELMs which

can change Tg through the change in the current distribution.

3. MHD regions in JT-60U

Toward the final goal mentioned above, we have constructed the MHD database. The
database includes ~300 discharges and ~1100 data sets. Regions of plasma parameters arc:
Ip=1-5MA, B=1.7-4T, gefr=2-15, Vp(plasma volume)=45-90m3. Using this database, Fig.1
shows the discharge regions on the li-q and Bp-Py diagrams. Figure 1(a) reviews the discharge
regions for Bp<1 discharges for the identification of current driven instabilities. From this
figure, we can clearly understand the characteristic MHD regions: Large closed circles indicates
the high-l; (high-ne) disruptions. Open circles and small closed circles correspond to

sawtoothing discharges and sawtooth free discharges, respectively. It can be observed that
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minima of li for appearance of sawteeth is characterized by a clear boundary (dotted line). The
open squares correspond to low-li locked mode ( major and minor disruptions) and low-q
disruptions. Figure 2 shows a schematic characterization of MHD regions for a fixed geff. In
the sawtoothing region, we can observe a boundary of profile consistency given by the dashed
line in Fig.1. Experimentally, if I, is kept constant, lj increases asymptotically toward the
boundary and cannot increase beyond this line. In other words, the boundary corresponds to
the fully penetrated current profiles. Open circles above this boundary in Fig.1 were obtained
during current ramp down. Along this boundary, the sawtooth inversion radius (rjpv) can be
written by rigy ~ a/qeff, where a is the minor radius ( Detailed discussions are given in Sec.6.3).
This profile consistency may be caused by sawtooth activity itself in low-q region where
sawtooth mixing radius is large (rmix~a/2) , and may be caused by some
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Fig.1: MHD Regions in JT-60U on (a) the li-q diagram and (b) the B,-B; diagram.
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Fig 2: Schematic characterization of MHD discharge regions with I; for a given qef.

transport effects in higher q region where effects of sawteeth or other MHD activities are small.
High density and high I; disruptions can be observed in the lower ]j region below the boundary
given by large closed circles in Fig.1. In those cases, detachment of plasma column are usually
observed before the MHD modes responsible to the major disruption evolves. The precise
calculation of g and li for the detached plasmas has not been completed yet.

The basic characterization of the current driven instabilities on the li-q diagram was
given by Cheng et al. [8] and, in many tokamaks, the l;-q diagram is used to express the
discharge conditions [ 9,10]. Generally, high-; disruption is believed to be caused by tearing
‘modes and low-1; locked modes are related to external kink activities or double tearing modes.

The identification of the locked mode is given in Sec.6.2.
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6.2 Locked Modes in JT-60U

S W Wolfe, Y Kamada, R Yoshino, N Hosogane, K Itami, K Ushigusa

1. Introduction

Plasma disruptions remain a fundamental problem in tokamak operation. In
their most benign form they cause momentary losses of confinement and performance
degradation, while at their worst, rapid termination of the discharge results, causing
large forces on the vacuum vessel. Therefore, from the standpoint of obtaining the best
plasma parameters and extending a machine's lifetime, controlling or avoiding
disruptions is a critical issue for a Next Step device. Since the large majority of
disruptions in today's large tokamaks are preceded by unstable coherent MHD modes
which grow in amplitude and phase-lock [1-3], the study of such "locked modes" is
essential for this purpose.

In JT-60U, locked modes have been observed under conditions when the
discharge is pushed to its limits of density, current, and ramp rate. Their behaviour and
effects on the discharge vary depending on these conditions, and these will be
described here, along with the consequent limitations on operation.

2. Detection

Locked modes are visible on many diagnostics, and if the mode has a rotating
phase before locking, detection is made simpler. The most useful diagnostics for this
study are shown schematically in Figure 1. The FIR interferometer measurement of
line-averaged electron density, although usually unable to resolve the mode directly,
often reveals related phenomena such as MARFE activity preceding the mode or
ensuing particle loss. The Hg emission is affected by the locked mode, and spectral
measurements made along lines of sight near the edge reveal these effects, although the
time resolution of 1 ms means that only slowly rotating modes are visible. Two PIN

diode arrays with 64 channels in total view the plasma cross-section through a 250 m
Be filter and give profiles of line-averaged soft x-ray emission every 40 s (lower

array) and 80 ps (upper array). If the edge plasma is sufficiently hot, the rotating mode
is clearly visible.

The most useful information, however, was obtained from the magnetic probe
systems. There is a Mirnov coil set measuring the time derivative of the field
component tangential to the vacuum vessel. It consists of a poloidal array of 22 probes
and a toroidal array with probes at six other positions around the torus. These are fast

probes, with an adjustable sampling time down to 2 ys, but usually over a restricted
time interval. There are also probes used for gross plasma control, and, because they
are integrated, they were useful for detecting locked modes which were not rotating.
They are arranged in three poloidal sets: two sets of 17 probes each measure field
tangential to the vessel with 1 ms resolution at two toroidal locations separated by 180°.
Another set of 16 probes measures the field normal to the vessel at 0.25 ms resolution.
The slow sampling is not a problem for detecting the locked mode. Using the magnetic
data, poloidal mode numbers m up to about six and toroidal mode numbers n up to
about three can be resolved.

To determine the poloidal structure of a mode which is not rotating, the
perturbation in an equilibrium magnetic field component is calculated as b() =

B(8)/Bo(0) - 1 where B(8) and B(0) are the perturbed and unperturbed field
components, respectively. If plasma equilibrium parameters such as shape, position,
and Shafranov shift do not change appreciably during the growth of the mode, then Bg
may be assumed to depend on current only, and its value inferred from that at the onset

of the mode. 5(8) is then plotted in polar form.
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3. Evolution of the Locked Mode

In JT-60U, as in other large tokamaks, locked modes appear during the current
rise and before major disruptions at high density or low surface safety factor. Each
type has certain distinguishing characteristics. A typical density limit disruption is
shown in Fig. 2a. This one occurs during a 1.2 MA hydrogen discharge with a
toroidal field of 3.8 T. The electron density increases until instability sets in and the
plasma terminates after a series of minor disruptions. Before these disruptions begin,
the Hy emission from the divertor drops and the soft x-ray emission gradualiy rises.
This indicates that the divertor is no longer functioning, and the plasma is essentially
detached from the divertor. (See Section 7.4 of this report for further discussion of
divertor plasma behaviour prior to disruption). The profiles which result are peaked
and unstable, because soon afterwards a rotating mode appears. It is most clearly seen
on the plasma position signals. This mode, on closer inspection, is seen to grow in
amplitude and slow in frequency until locking. From the polar plot, an m=4 structure
is clear. n was not measured in this case. It should be noted that m=2 or 3 with n=11s
more commonly observed in density limit disruptions.

Fig. 2b shows a locked mode occurring during the current rise. In contrast to
the density limit case, the plasma does not detach from the divertor prior to the onset of
the mode. In fact the mode appears soon after the divertor configuration is established
at about 2 s. The polar plot of the mode shows an m=35 structure; other cases of this
type have shown poloidal mode numbers from 3 upwards, and usually n=1. The
poloidal wavelength of the mode is seen to be smaller on the high-field side, as
expected. The minor disruptions which ensue do not lead to large energy losses from
the plasma, as evident in the soft x-ray signals. The discharge survives these
disruptions, and only terminates in a major disruption much later. This late disruption
may be related to the earlier activity, as discussed below.

Sometimes a locked mode is seen to grow without a rotating phase. An
example of this is shown in Fig. 2¢. Again, there is no detachment from the divertor.
The minor disruption which follows about 30 ms after the mode onset 1s quite severe,
as evident from the large drop in the central soft x-ray signal. Density drops
substantially throughout the whole process. m=3 is clear from the polar plot, and again
the plasma survives until a major disruption in the current ramp-down.

4. Limitation to Operation

The development of a locked mode and the subsequent disruptive events place
severe limitations on tokamak operation. These limits appear most clearly in a plot of
plasma internal inductance /; vs surface safety factor defr. Here, qeff is given by

5By 142 L*{ﬁr(“——(ﬁfiﬂf ﬂ [1.24-0.54x+0.3(x2+87}+0.138)]

Uefr™ %Ip(MA) 2 a,

where x and & are the plasma elongation and triangularity, and the other symbols are
standard. The equilibrium parameters are obtained from a fit to the magnetic and
diamagnetic data (see Section 2.4 of this report). The results are shown in Fig. 3 for a
selection of JT-60U discharges. The data were taken when the mode first became
visible on the magnetic signals.

The locked modes have appeared under a wide range of plasma conditions:
plasma currents from 1 to 4 MA, toroidal fields from 2 to 4 T, and line-averaged
densities in hydrogen or deuterium from 0.5 to 8x1019 m-3. Divertor configuration
was used. Most of the modes have occurred in Ohmic plasmas, but a few have
appeared during NB heating at powers up to 20 MW. Because of the rapidly changing
conditions just after NB switch-on and switch-off, locked modes occurring around
these times are not included.

The low inductance limit is encountered during the current rise. There is
usually a rotating phase before the mode locks, although there are some cases between
qeff of 4 and S where this was not detected. Since the data are quite sparse, it is
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difficult to resolve any structure in the low inductance boundary, such as the
theoretically expected "sawtooth” shape [4].

The high inductance boundary is encountered when the plasma detaches from
the divertor, either as a result of operation at the density limit or during the current
ramp-down. In these cases, the plasma boundary calculated from the equilibrium code
is sometimes a poor representation of the true boundary since the code assumes a well-
diverted configuration still exists. Therefore, qef is often overestimated, as evident for
some data points in the figure. There are also a few cases where detachment was not
observed, and the locked mode grew without rotation.

The points for which no mode rotation was observed generally appear at low
Qeff, With Qegr=3 being a probable condition for instability. In many cases the activity
has been preceded by a locked mode with rotation which has occurred in the current
rise. m/n for this earlier activity has been observed to match the gefr at the later
disruption, implying that the earlier locked mode saturates and persists until conditions
are such that loss of confinement is inevitable.

5. Discussion and Summary

Theory predicts that the tearing mode should determine the high inductance limit
in a tokamak while at low inductance either the surface kink mode or double tearing
mode should become unstable. More work is required to precisely determine the
instabilities responsible for locked modes in JT-60U, but some preliminary insights can
be obtained based on their topology and the resulting disruptive behaviour.

Rotating modes which lock in the current rise have been seen to have m=3/n=1
structure. Initial mode frequencies range from 0.1 to 1.5 kHz with growth rates of

about 50 s"1. m/n is usually less than gefy, indicating an internal mode. Such a locked
mode leads to minor disruptions (at least in the short term), and soft x-ray profiles
indicate only a small energy loss near the edge. These observations may be explained
by a broad current profile with large shear near the edge.

Modes which appear after detachment from the divertor, as in density limit
experiments, usually exhibit m=2 or 3 with n=1. Initial mode rotation ranges from 0.7

to 2.5 kHz, and the growth rate ranges from 50 to 500 s-l. Locking is usually
followed by a series of minor disruptions and discharge termination. m/n is less than
(eff, but, as mentioned, the Qefr measurement may not be reliable. Soft x-ray
observations show energy loss confined to the edge, at least for the minor disruption
immediately following the mode lock.

Disruptions which are preceded by a locked mode with no rotational phase are
severe and usually terminate the discharge. In these cases, m/n=qeff; indicating a
surface mode. For low gefy, soft x-ray observations have occasionally showed that
m=1 activity and sawtooth behaviour are also affected, indicating that mode coupling
may be important.

Error fields from the coil systems are generally believed to be important in
causing such instabilities. In JT-60U, locking occurs when bg at the wall is about
0.5%, corresponding to Bg of about 10 G, and the minor radial field fluctuation at the
wall is about 5 G. The error field from the Ohmic heating coil feeder has at least this
magnitude at some points within the vessel, so it could play a role. The possible
contribution of the divertor coil error field has been revealed in a study of the stable
operation region of JT-60U (see Section 2.11 of this report). It was found that the
height of the x-point above the divertor plates and the ratio of divertor coil current to
plasma current were critical parameters for determining whether certain discharges
would disrupt.

6. References

[1] Scoville, J T et al, Nuclear Fusion 31 (1991) 875.

[2] Ninomiya, H et al, Nuclear Fusion 28 (1988) 1275.

[31 Snipes, J et al, Nuclear Fusion 28 (1988) 1085.

[4] Cheng, C Z et al, Plasma Phys. & Contr. Fusion 29 (1987) 351.
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6.3 Sawtooth Characteristics and m=1 Activities

Y.Kamada

1. Introduction

This section treats the basic behavior of sawtooth activity such as inversion radius rigy,
mixing radius rmjx, sawtooth period Tgw to achieve the systematic understanding of sawtooth
instability itself and the effects of sawtooth on confinement. The sawtooth activity plays principal
roles in limiting the attainable central pressure and in determining the central transport properties.
In addition, sawteeth may have a beneficial effect by removing impurities, including He ash, from
the plasma center. Because of these importance, the studies on sawtooth have been carried out on
many tokamaks. However, the theoretical explanation consistent with the experimental
observations has not been completed [1]. For the trigger mechanism, the observed structure
exhibits complexity after the introduction of the three large tokamak devices, TFTR, JET and JT-
60, where the sawtooth can occur without observed precursor oscillations and the crash time of
sawtooth Tepash is much faster than the conventional prediction based on the fully reconnecting
structure of the magnetic field [2]. In JT-60, we have been studying the crash mechanisms,
According to ref.[3], for ]owcr—ﬁpl (Bp defined inside the g=1 surface) discharges, the sawtooth
crash behaves following the fully reconnecting style. Such sawteeth often have precursor m=1
oscillation and small or no successor oscillation. In contrast, for higher-Bp1, the crash tends to
follow incomplete reconnection and the successor oscillation becomes larger: With increasing Bp1
or steepening of the density (pressure) gradient in the core region, Tsy increases, the release of the
central kinetic energy by the sawtooth crash decreases and the sawtooth changes its
characteristics from reconnecting type to non-reconnecting type.

Concerning Tgyw, many works have been done to examine the methodology of the sawtooth
suppression with neutral beam (NB) heating, ion cyclotron (IC) heating (see Sec.10.4), lower
hybrid-current drive (LHCD; see Sec.11), electron cyclotron heating (ECH) and pellet injection
[4]. Tn previous works, the enhanced Tsw was discussed without a basic scaling of Tsw and the
sufficiently quantitative analyses of the sawtooth suppression were not completed. Although, the
scaling of 15w has been discussed in some works [5], there has been no systematic experimental
scaling of the sawtooth period in wide ranges of plasma parameters. Reference [6] reports this
kind of the systematic analyses of Tsyw on DIIID and the observation supports the results given this
section. Without the scaling, we cannot evaluate the effects of "sawtooth suppression” by the
effects of hot ions, local change in the pressure and current density.

For the first step of this study, this paper reports the results of initial experiment of JT-60U.

2. Sawtooth

In Sec.6.1, we clarified the discharge regions where sawtooth activity appears on the lj-q
diagram. In this section we discuss more detailed feature of sawtooth activity using qeff and l;.
Figure 1 shows the plot of ripy/a (the sawtooth inversion radius tjpy normalized by the plasma
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minor radius a ) versus 1/qegr. This figure covers
wide ranges of plasma parameters: Ip=1-5MA,
Bt=1.7-4T, Bp<l and Bn<1.5. The maximum
value of rjg/a is almost proportional to 1/qefr as
given by the dotted line. Here the important
finding is that the dotted line is almost identical to
the line of the profile consistency given in Fig.1in
Sec.6.1. This very clear proportionality of ripy/a
to 1/qeft suggest there exists a strong restriction of
current density distribution in the tokamak
system. In lower q region, sawtooth activity itself
may be the reason of this restriction. In turn, in
higher q region where the mixing radius of
sawtooth is small compared to minor radius, the
restriction may be caused by transport properties
which keep electron temperature profile constant.
In Fig.1, it is observed that there are many
sawteeth having smaller ripy/a than that given by
the dotted line. These sawteeth correspond to data
where the current profile has not been fully
penetrated. This observation can be understood
when ripy/a is plotted against 1; for fixed gefs-
values. In Fig.2, closed and open circles
correspond to data sets with qer=0.30-0.32 and
Qefe=0.24-0.26. Tt is also clear that 1iyv/a increases
with increasing li for a given qefr. In Fig.3, Iiny
and 1« normalized by a are plotted against J; for
Qef=0.24-0.25. It is also observed that Imix/a
increases with 1 and it should be noticed that the
maximum value of ryix reaches about half the
minor radius even for qeg=4. To evaluate the
effect of sawtooth on confinement, another
important parameter is the sawtooth period.
Figure 4 shows the observed sawtooth period Tsw
against W(MJ)/f,(1019m-3)V (m3) which is nearly
proportional to the volume averaged electron
temperature <Te>, where W, fi, and V are the

plasma stored energy measured by a diamagnetic
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loop, the line averaged electron density measured s00 Ip'=§MVA.[Bt'=3'-4rT,TV='79-?6:113' _
by a FIR interferometer (~1/3a off-axis) and the . /1
plasma volume, respectively. In Fig.4, data with 400 ' .f. / .
Ip=3MA, Bt=3.5-4T, V=70-76m3 are plotted. Tér 300 _ '//' _
The dependence of the sawtooth period is 3 . 2 e ]
1Tgw~<Te>3/2, This clear dependence is almostthe © =°° [ J?f" E
same as that obtained by Kamada et al. in DIIID 100 ~ A —
[6]. The scaling including JT-60U and DIID o boce®
results suggests that the sawtooth period is 0 0.004 ©0.008 0.012 0.016

. i cep : Wi{fie V) (MJ1D 19 )
explained by the resistive diffusion time of the

current profile. These observations (Figs.1-4)  Fig 4: Depéndence of Tsy on the volume
give the quantitative base to discuss the effect of averaged Te for Ip=3MA.

sawteeth on the global confinement.

3. m=1 Activity and Fishbone

In some discharges, nearly steady m=1 continucus oscillation without sawtooth is observed.
Figs.5(a)-(c) show the change of the central MHD behavior with increasing Bp. For lower Bp,
usual sawtooth activity accompanied by m=1 oscillation is observed. For medium fp, sawtooth
disappears but long continuous m=1 is observed. For high B, both sawtooth and m=1
continuous oscillation disappears and central MHD oscillation is dominated by higher m/n modes
and sometimes large amount of the central energy is released by Bp-collapse (see Sec.4.3) when
Bp—valuc reaches a limiting value (~2.5). In case of Fig.5(c), about 20% of the total stored energy
is released by very fast crash (~100us) of the central pressure profile. The important feature of the
Bp-collapse is that the collapse has never been followed by major disruption.
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Fig.6: (a) fishbone activity and (b) discharge region of
continuous m=1 and fishbone oscillations.

In JT-60U, fishbone type m=1 burst [7,8] is sometimes observed. Figure 6(a) is the
example of the soft-X ray signal of the center chord. During one burst, frequency of the
oscillation is larger in the early stage, then slows down. The typical frequency is ~3~4kHz which
is in the same frequency range as the precession frequency of the nearly perpendicular injected
NB particles with energy of ~100keV. Unfortunately in this year density profile cannot be
measured in the central region and we cannot evaluate the ion diamagnetic frequency. This type of
fishbone activity can be observed during sawtoothing phase. In some cases of sawtooth free
phase, fishbone activity is observed during usual continuous m=1 oscillation as shown in
Fig.6(a). In this type of discharge, it is difficult to distinguish fishbone and usual m=1 oscillation
because both activity observed is continuously connected. Figure 6(b) shows the region of
fishbone activity (open circles) and continuous m=1 oscillation without sawtooth (closed circles).
Small dots in this figure correspond to all the data included in the MHD data base. From this
figure, fishbone activity is observed when qeffpr>2~3%.
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6.4 Non-circular Tomographic Method Based on Fourier-Bessel Expansion
Considering Magnetic Surfaces

T. Kondoh, Y. Kamada and K. Nagashima

1. Introduction

Tomography techniques to determine local emissivity from line integral measurements have
been used in many devices. The Cormack inversion!-2 has been used to investigate
production mechanism of hot electrons in tandem mirror3 and MHD phenomena in
tokamaks or in stellarator. Nagayama modified the Cormack inversion by replacing the
Zernicke polynomials to the Bessel function in radial expansion.4 This method reduces
spurious noise in the edge and the number of radial expansion terms.

It has been required to consider noncircular shape of flux surfaces. Though, we require
an inversion method that is applicable to more complicated plasma shapes such as plasma in
JT-60U with divertor configuration.

We therefore modified the Fourier-Bessel expansion method that is taken into account the
shape of magnetic surfaces. This modified method of tomography has been carried out in
JT-60U plasma using soft x-ray detectors. We assume that plasma rotates along the

magnetic surfaces.

2. Tomographic method
We briefly review the tomographic method based on the Fourier-Bessel expansion. The
brightness, f(p,0), is a line integral of the emissivity along the viewing chord L(p,9).

fip.d) =1 g(r,B)dl (1)
Lip#)
Here, (p,$) represent the polar coordinates (Fig. 1), p is the chord radius, and ¢ is the angle
between the normal to the chord L and the axis given by 8 =0.

Next, the emissivity g(r,0) is expanded in the Fourier harmonics and Bessel function.
g(r,8) = 2 z [afﬁl cos m9 + a%! sin me] Jm(ll:l-r) (2)
m

where 8! anda$;! are the expansion coefficients. Iy, is m-th order Bessel function and

1+1
M. is (+1)th zero-value of the m-th order Bessel function. Then, the brightness f(p.9) is

reduced to
o)=Y, 3 [acl fp.d) + a8 £5Xp.0)] . 3)
m )
£l (p,0) =f cos mG-Jm(l:: Ly a %)
Upd)
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fol(p,0) is constant value. In the above mentioned methods, if the expression g(r,0) in
the entire regionin 0<r<1 and0< 0 < 2r is obtained, we can get source function
f(p,®) exactly. Nevertheless, we can get only discrete values of f(p;,;) these are line

integral data of detector i along the chord L(p;.$,).
The expansion coefficients, &l and afﬁl, are calculated by least squares method, that is,

minimizing S,
Ndetector { Mmax Lmax 2
s= > Y Y [agfelne) + as£5Xp,0p)] -y;) — miminum  (5)
i=1 m=0 1=0 .

where Yi is a line integral data along the chord L(p;,$), Ndetector is the number of the
detector, Mmax and Limax are the number of the expansion terms.

This reconstruction method requires the data from many different directions. Butitis
difficult and we can get only in the discrete point according to restricted port access or
technological problem.

This method is based on the expansion along coaxial circles and is suitable fora tokamak
having circular cross section. But JT-60U has more complicated cross-section. Now, we
consider the expression of magnetic surfaces. To simplify the calculation, we only use the

data of outermost -magnetic surface measured by magnetic probes. We approximate the

outermost magnetic surface by r = rmag(B) (Fig. 2) with an equation,

N
Tag(®) => [bfi cos nf +b% sin nd | _ (©)
n=0

Where D% and P are the expansion coefficients determined by a least squares method and
N is the number of the expansion terms.
Then, inner magnetic surfaces can be approximately expressed by following expansion,

N
r(x,8) =x-{b0 + k(x)-z [b'f1 cos nB +bS sin nd ] I (7

n=1

where x is a radius of the flux surface at 6 =0, and k{x) is a function for convenient
approximation of flux surfaces. In our experiment, we choose k(x)=x because the magnetic

surfaces become circular near the magnetic axis.
Next step, we expand the functions f(p,6) and g(r,6) along the flux surfaces r(x,0).

er8) =Y T [aci cos m6 + as! sin m6] I, (A x(r)) @®)
mo

fl(p.g) = [ cos mOJ_(x(r,8)) dl ©)
Lp#)
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where the function x(r) is the inversion function of r=r(x,9).

3. Experimental result

The viewing chord of x-ray imaging system using PIN photodiode is shown in Fig. 3(a).
Two detector arrays are carefully arranged at same toroidal location to cover the entire
poloidal cross-section. It is required to measure the radial profile of the plasma edge for
tomographic reconstruction. Each array has 32 detectors with spatial resolution of 3.5 cm at
the plasma center. The signals are digitized every 40 ps in the lower array and 80 ps in
upper array during 15 s, and time response of the system is about 40 ps. To introduce
higher expansion term Mmax in eq. (5), rotation frequency must be less than 1 kbiz.

Figure 3 (b) represents contour plot of time evolution. We assume uniform rotation along
the flux surfaces. Rotation frequency is calculated by maximum entropy method (MEM).
Fourier expansion terms from m = 0 to m = 2 and Bessel expansion terms froml=0to1=9
are taken into account. The number of terms is decided so as to minimize AIC (Akaike's
Information Criterion). The tomographic reconstruction of the emissivity is presented in
Fig. 4 that shows the m=1 structure rotating around the + point.

The following is the subject for a future study: (i) Sampling time of 40 yisec is too late to
analyze MHD phenomena like a sawtooth crash. (ii) Multiplexor of the system is not
simultaneous sampling between the channels. (iii) Detector arrays are installed only in the
horizontal port. Measurements from the other ports are required to reconstruct emissivity

without assuming uniform rotation.
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6.5 Energetic lon Behaviors during the Internal Disruption
M. Azumi, G. Kurita, K. Tani, M. Yagi

1. Introduction
The confinement of energetic ions is one of the most important subjects
in the fusion research. In an axisymmetric tokamak, energetic ions produced
by fusion reactions, neutral beam injection or RF heatings are well confined in
a quiescent plasma except spontaneous orbit loss near the peripheral region.
The micro-turbulence with k, ps;=1, where pg is the ion larmor radius
evaluated with the electron temperature, has also little effects on these ions.
However, the large scale perturbations may cause serious effects on the
confinement of the energetic ions. The nonaxisymmetric modification of the
magnitude of magnetic field, like toroidal and helical field ripples, is well
known as the loss process of energetic ions and has been extensively studied
with numerical simulations. The MHD activities also affect the energetic ion
orbits. The topological change of magnetic surface changes the passing
particle orbit, while the perturbed electric field has the effect on trapped
particles. Resonant interaction of energetic ions with MHD perturbations is
also the important process from both view-points of energetic ion loss and
kinetic MHD mode excitation. In order to have the understanding of this
process, the behavior of energetic ions should be studied consistently with
the temporal evolution of MHD modes.
fn this paper, we study the energetic ion behavior during the internal
disruption due to the m=1/n=1 resistive mode by using the MHD-particle
hybrid simulation code, which solves the time evolution of particle orbits and
MHD modes simultaneously, taking into account of the interaction between
energetic ions and MHD modes. And mechanisms for MHD modes to expel
jons are studied.

2. Simulation Model

The interactive behavior of energetic ions and MHD activities can be
studied by the combination of the drift kinetic equations of energetic ions and
‘the MHD equations including the anisotropic pressure tensor produced by
energetic ions. In a low beta tokamak plasma with large aspect ratio and finite
electric resistivity, the MHD activities are expressed by the following reduced
set of MHD equations:
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dU [y, 11- 1%, p+(pf+pl) /2] )
Y ry,01+n @)
d x2y,= 3
th Tp=0 (3)

where

B=BgVo+VoxVy ,hK V=X:VoxV

U=X2A,0¢,J=X2V, X2V, y ,X=R/Ro
Parameters yand n are the adiabatic constant and the electric conductivity,
respectively. The bracket denotes the Poisson bracket, consisting of the cross
product of the radial and poloidal angle derivatives. p is the plasma pressure
composed by electron and thermal ions, while pl, and pfl are the paralle! and
perpendicular component of energetic ion pressure, respectively. It is noted
that, under the assumption of the incompressible fluid motion, energetic ions
give their effect on the MHD perturbation only through the temporal evolution
of the averaged value of the anisotropic pressure, which is evaluated by using
the distribution function of energetic ions, Ff , as follows

p§/+p5_=mjd3v(v%/+vi/2)13f

Ft is determined by the drift kinetic equation
oF;¢

at +(V”+VE+VD)-VFf

t -v""E' R
W=vi/2+uB+2®
For simplicity, the collision term is neglected. The electric scalar potential @ is
related with the fluid steam function ¢ by the relation ¢ = @/ Bg. This driit
kinetic equation is solved by following guiding center orbits under temporal
evolution of electric and magnetic fields determined by the reduced MHD
equations (1-3). All quantities are normalized by the poloidal Alfven velocity
VpA=Ba/ﬂ,—lg_E,Ba=aB0/R0.

We employ the standard technique for solving the MHD equations; the
predictor-corrector time integrating scheme, the finite difference scheme in the
radial direction and the Fourier expansion in the poloidal and toroidal angle.
 The perturbed fields are fitted in the radial direction by the cubic spline method
and particle orbits are followed by the predictor corrector method in the flux
coordinate system, in which equilibrium field lines are straight lines.

ee (32, B A (4)
m*= g
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3. Simulation results

We consider the aIpha particle behavior during the internal disruption in
ITER tokamak. The Kadomtsev model is employed for simulating the MHD
dynamics and the disruption time is assumed to be around 200 usec, which
corresponds to the magnetic Reynold number of 105, orn = 10°5. The radial
grid number of 200 and 9 Fourier modes are employed in the following
simulation. The toroidal coupling of MHD modes is neglected in the following,
for simplicity, because it is not essential for the dynamics of Kadomtsev type
reconnection and our purpose is to study the direct effect of m=1 mode
gvolution on energetic ion dynamics. In this case, MHD modes has the helical
symmetry of { = 6 - ¢, where 6, ¢ and { are the poloidal, toroidal and helical
angle, respectively. We also neglect the rotation of MHD modes so that the
resonant interaction of energetic ions with m=1 modes can be neglected.
Typically 5000 alpha particles are followed to study the modification of particle
orbits in the typical ITER equilibrium.

Figures show typical examples of (a) the magnetic surface in the poloidal
plane of ¢=0, (b) particie positions in the three dimensional space and (c) their
projections to the poloidal plane. The equilibrium g-profile is chosen such that
the g=1 surface and the reconnection point are at r=0.5 and r~0.6,
respectively, and particles are initially located at ( r=0.2, 8=0) and uniformly in
the ¢ direction ( Fig. 1 ). Figure 2 shows the result for the untrapped alpha
particles just after the internal disruption. These particles follow the
topological change of magnetic surface and are expelled through the
reconnecting point in the same way as the fluid element. As the result,
- particles are redistributed in the region outside of the equilibrium g=1 surface
after the internal disruption. On the contrary, trapped alpha particles do not
follow the change of magnetic surface ( Fig.3 ). These particles are sufiered
both from the ExB drift and the toroidal precessional drift. The motion of the
banana center is expressed by ;

¢

<fj:§n>=]vE|cosq),<E>=vD(P

In the case of the trapped particle with low energy, the precessional drift vpg
can be neglected and the particle moves by the ExB drift in almost the same
poloidal plane as the initial position. We note that the turning point also moves
at the same velocity as the banana center because of the energy gain { or loss
) due to the electric field acceleration ( or deceleration ). As the result, some
particles, which move inside of the torus, are free from the frapping by the
magnetic field. On the other hand, energetic trapped particles are swinged in
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the major radius direction by the combination of ExB and Vpg drifts and their
orbits are randomized in the poloidal plane after the internal disruption except
the extremely high energy particles, for which the ExB drift is averaged out by
the Vpe drift. Figure 3 shows the trapped alpha particles are uniformly
distributed outside of the torus after the internal disruption.

4. summary

Behavior of alpha particles during the internal disruption in ITER
tokamak has been studied by using the MHD-particle hybrid code under
development, and the difference between behaviors of passing and trapped
alphas has been clarified. The behavior of energetic ions produced by parallel
/ perpendicular NBl and ICH heating in JT-60U is now studying by using the
same code and results will be reported elsewhere. In this paper, we have
made several assumptions for simplification. The toroidal mode coupling
produces the stochastic magnetic field and may randomize the energetic ion
orbits. The mode rotation can make the MHD mode resonant with energetic
ions. These problems are also under investigation with the improvement of
the hybrid code and results will be reported. (c)

(b)

Figure 1
Initial condition
{ before disruption )

Figure 2
Passing alphas
after the disruption

n
Eigure 3
" Trapped alphas & o
after the distuption = (a) magnetic surface at ¢ =0
g O (b) three dimensional plot
of particle positions

{c} projection of particle positions
1o the poloidal plane (r, 6}
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6.6 Ideal Ballooning Instability near the Separatrix in JT-60U
T. Ozeki, M. Azumi, and Y. Kamada

1. INTRODUCTION

In the H-mode plasmas in JT-60U, ELMs ( Edge Localized Mode ) are observed
in the wide rage of operations. In ELMs of JT-80U, large spikes of H, and the rapid
degradation of the edge pressure gradient are observed and the restriction of the increase
in the stored energy is appeared [1]. The ELM study in DIII-D shows that the most
plausible candidate of the giant ELM is the ideal ballooning instability[2]. Therefore,
in this section, we study the ideal ballooning mode near the separatrix in the JT-
60U divertor configuration. The detailed pressure gradient near the separatrix is not
observed, so that the maximally obtainable pressure gradient is numerically discussed

by using the up-down asymmetry equilibrium code MEUDAS.

2. BASIC CONSIDERATION OF BALLOONING MODE

The stability diagram of the ballooning mode is generally shown by the s-a diagram,
where s is the global shear defined by (r/q){d¢/dr) and « is the normalized pressure
gradients defined by —(2uoR¢?/B?)(dp/dr). Wesson and Sykes[3] described that « of
the first ballooning limit is approximately proportional to the g, i.e., s = Aa where 4
i1s 1.67 in the circular flux surface. From this result, the maximally allowable pressure
gradient can be estimated as follows,

db_ 15
dr ARg?*

(1)

Because the ballooning mode is localized mode, the limit pressure gradient near the
separatrix is determined the parameters near the separatrix, i.e., the shear s, the toroidal
field B, and the safety factor g. Equation (1) shows the high shear, the high B, and
the low ¢ are preferable for the stability of the ideal ballooning mode. Consequently,
the following results are obtained. 1) The high shear near the separatrix is correspond
to the low internal inductance £; or the low pedestal current. This is not acceptable for
the H-mode plasmas. 2) The high B, is good for ballooning mode but it might increase
the threshold power of the H-mode transition. 3) The low ¢ is preferable to both
the ballooning mode and the transition to H-mode. The constant A of Eq. (1) might
be changed by the configuration, for example, the elongation, the triangularity and
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the X-point. In the next section, therefore, we consider the more realistic equilibrium

numerically.

3. NUMERICAL ANALYSES

The MHD equilibria are obtained by solving the Grad-Shafranov equation for the
prescribed plasma shape and the profile data. To determine the two free functions, i.e.,
the plasma pressure dP/dy and the toroidal field function F (1), in this study, we use

the following function, p
'cﬁ x (1 — &) + k, (2)
<J-B>x(1-o){(1-9%)?} +o. (3)

where %5 = ('/’ ~azi)/(Pbun —qz;) is the normalized poloidal flux to 0 < 1,1; < 1. In the
following calculation, we use v of 10 and « of 0.1 to make a high pressure gradient near
the separatrix. The amount of ¢ represents the pedestal of the plasma current. As the
pedestal increases, the shear near the separatrix decreases. In the parameter survey of
the shear, we changed ¢ from —0.2 to 0.2. al is fixed to 1.0 and a2 1s determined to
adjust the go to 1.05.

The results are shown in Fig. 1 - Fig. 4. We choose the typical three configuration,
i.e., (a) the high elongation configuration, (b) the standard configuration, and (c) the cir-
cular configuration without X-point. Figure 1 shows the typical configuration for three
plasmas. The aspect ratio, R/a, in three configurations are 3.1m/0.75m, 3.4m/1.0m,
and 3.0m/1.0m for the high elongation, the standard and the circular configurations, re-
spectively. The elongation and the triangularity €/ are 1.67/0.1, 1.39/0.32 and 1.0/0.0,

respectively.

Ballooning stability analysis was carried out by solving the ordinary infinite n
ballooning equation [4]. The flux function shape and the pressure and current profiles,
which have been constructed by the equilibrium code, are used for stability analysis.
The marginal pressure gradient dp/di) is determined on each flux surface by fixing that
the growth rate be zero. Figure 2 shows the results of the ideal ballooning mode, where
the pressure gradient dp/dr is plotted for the minor radius r/a. Here, we use the value
of dp/dr for the pressure gradient, because this pressure gradient is a experimentally
observed value. The dp/dr is reduced as the minor radius r increase near the separatrix,

though the dp/dy ( or a ) increases as the minor radius.
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Figure 3 shows the marginal pressure gradients dp/dr at the 95% flux surface for
the high current (I, = 3MA) and the high toroidal field (Bt = 4.8T) with the safety
factor of ~ 3. In three configurations, the marginal pressure gradient increases with
the global shear as to be estimated from Eq. (1). The marginal pressure gradient also
increases on the low shear region. This is due to the effect of the negative local shear.
The marginal pressure gradient in the high elongation configuration is higher than that
in the standard configuration. This seems to be mainly effects of the decrease of the
major radius { from 3.4m to 3.1m ) and the increase of By (< 1/R ).

Figure 4 shows the marginal pressure gradients dp/dy-at the 95% flux surface for
the low current (I, = 1.6MA) and the low toroidal field (B: = 2.5T) with the safety
factor of ~ 3. The differences of the marginal pressure gradient is almost same as the
high field plasma. The values of the pressure gradient of B; (= 2.5T) is about four times
as less as the values of the high field plasma (= 4.87"). This is consistent to Eq. (1).

4. SUMMARY

The high elongation plasma can have a higher pressure gradient near the separatrix,
so that the high elongation seems to be preferable to suppress the ELMs in JT-60U. As
the shear decreases, the marginal pressure gradient becomes higher after the degrada-
tion. The pedestal current is preferable to make a higher ballooning limit. To ascertain
this conclusion, the detailed measurements of the edge pressure gradient and the current

profile near the separatrix are important.

A

,
{ o
3

Fig. 1 Configurations of (a) the high elongation, (b) the standard and (c)

the circular plasmas.
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7 Disruptions

7.1  Statistical Analysis of Disruptions
Y. Neyatani and N. Hosogane

1. INTRODUCTION

In tokamak devices, the maximum electromagnetic loads are induced during the disruptions
on the vacuum vessel, poloidal field coils etc. For the reason, it is important to evaluate
statistically the frequency and the discharge phase of the disruptions in order to continue the
plasma operations without catastrophic damages. In this paper, a statistical survey of the
disruptions is described in the JT-60 upgrade (JT-60U) operation. In the next section,
frequencies of the disruptions are described for each operational period. The decay rate of the
plasma current is discussed in the following section. The summary is described in the last

section.

2. FREQUENCY OF THE DISRUPTIONS

The experiment of the JT-60U was started at April 1991. The total shots of 1283 were
discharged during April to October. The first Deuterium operation of 706 shots was performed
from June to September. The average frequency of the disruptions is 19.7% of total discharge
during the operation as shown in Fig.1. In 1991, experiments divides three periods by its
operational gases. Figure 2a shows the histogram of the discharges in the first period from
April to June with Hydrogen gas. Many discharges were spend to obtain the condition of the
plasma initiation and have a most part of the discharges in this period. The frequency of the
disruptions is 16.4% which is relatively less than the average value. In the next period from
July to September, Deuterium was fueled as a operation gas. As a results of continued study of
the plasma initiation and the wall conditioning, a number of no build up shots reduced about a
half. The disruptions occurred 24.2% of the total shots (Fig.2b). The large frequency is mainly
due to increase the number of total good shot, not Deuterium operation. In the last period of
1991 experiments, Hydrogen was also utilized for the plasma operation in order to reduce
deuterium atoms adsorbed in the first wall. The frequency becomes 15.2% which is least value
during the three periods (Fig.2c).

The average frequency is less in the case of JT-60U than in the case of original JT-60 of
30% or less [Ref.1]. Some reasons of this reduction are described as follows; (1)The disruption
due to locked mode has been studied in the experiment of JT-60 and can be effectively avoided
to add the input power [Ref.2]. (2) The plasma TV was utilized in order to build up the plasma
current effectively by monitoring the location of the initial plasma and the impurity influx for
each shot. It is powerful diagnostics for the discharges successed. (3) The glow discharge
cleaning (GDC) [Ref.3] had large effect for the wall conditioning and reduced impurity
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concentration in the first wall. (4) The glowing plasma method [Ref.4] is also dramatically
reduced no build up discharges. For the reasons, the low frequency of the disruption is
atchieved, especially, in the last period. As several shots were distupted on purpose to check
the response of the plasma control in this period, the frequency of the unexpected disruptions
would be attributed 10% or less and the rate of the completed shots without troubles reached
74% or more.

The 48% of the disruptions took place in the flat top phase of the plasma current. This rate
is roughly comparable in the case of originai JT-60. The 31% and 21% took place in the ramp
up and ramp down phases respectively. This ratio is almost constant during the whole
experimental periods. The electron density just prior to the disruption is relatively low
(ne<3x1019 m-3) in the ramp up and down phases.

3. DECAY RATE OF PLASMA CURRENT

The electromagnetic force induced by the disruptions is increased with the decay rate of
plasma current. Hence, it is important to estimate the maximum decay rate for the design of the
next generation devices. Figure 3 shows the maximum decay rate of the disruptions with the flat
top, Ip ramp up and down phases. The maximum rate has 780 MA/s in the 4 MA disruption and
proportionally increases with plasma current. The fastest decay have IP/(dIP/dt)max ~ Sms. No
difference of the decay rate is obtained for each discharge phases. The disruption with low
density appears to have relatively large decay rate but the density dependence is not clear. The
difference of Deuterium and Hydrogen discharges is also not clear.

The eddy current in the vacuum vessel is arose the further force on the vacuum vessel by
the inductive voltage from the plasma current decay; Iv ~ (Lv/Rv)(le/dt), where Lv is the
effective inductance and Ry is the toroidal resistance of the vacuum vessel. The maximum value
of the eddy current reached approximately 50% of plasma current [Ref.5]. Figure 4 shows the
relation between the eddy current (Iv) and the plasma current decay (dIP/dt). The typical time of
the eddy current determined by Lv/Rv is approximately 1.9 to 4 ms. The range suggests the
distribution of the eddy current on the vessel differs for the disruptions due to plasma location,
shape, and plasma movement. The disruption conditions with low Lv/Rv suggests the low

electromagnetic loads conditions.

4. SUMMARY

The average frequency of the disruptions of 19.7% is surveyed at the JT-60U experiment
in 1991. This frequency has less than that of original JT-60. It is because that the plasma TV,
the glow discharge cleaning and the glowing plasma method are powerfully used to reduced the
disruptions and no build up discharges. Using these tools, the frequency of the disruption
reached 10% or less in the last experimental period.
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The fastest decay have IP/(dIP/dt)max ~ 5ms and it is almost constant with plasma current.
No difference is observed for some discharge phases and operational gases. The typical time of

the eddy current in the vacuum vessel is 1.9 to 4 ms.
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7.2 Profiles of Eddy Current and Electromagnetic Force on the
Vacuum Vessel in Major Disruption

K. Ushigusa, M. Matsukawa and Y. Neyatani

The toroidally symmetric eddy current and the electromagnetic force on the
vacuum vessel in major disruptions on JT-60U have been analyzed by using a magnetic
fitting code (see Sec. 2.4 ).

1. Vertically unstable discharge

Figure 1 shows an example of a vertically unstable discharge. By increasing the
poloidal beta during the neutral beam pulse, the vertical oscillation of the plasma
column grows and finally the discharge is terminated by a major disruption at t ~ 6.8s.
The bottom two traces in Fig. 1 show the amplitudes of Fourier components of the
fitted eddy current. The m = 1 component of the eddy current increases when the
vertical displacement velocity is large and this indicates the strong shell effect of the
vacuum vessel. The profiles of the eddy current during the plasma displacement are
also shown in Fig. 1, where outside and inside bars mean that the direction of the eddy
current is the same as and opposite to the plasma current, respectively. Figure 1 clearly
shows that the eddy current flows so that the electromagnetic force acts to prevent the
plasma displacement. The velocity of the vertical displacement is ~ 20m/s in this case.

" v a) 6.708 s b) 8. 713 s
2 11T T 2 > 18
b 'P'" v V] \llp'“‘" vi g .
b 'f\ Al
(m)o.g.... ﬁ . ”H“ S
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Br = 4T t (s) ‘
(M2) - |
04| E13658 lepmes

lep

(m)

L Zp

ip <0
¢) 6.768 s 1) 6.782 s

Fig.1 Eddy current on the vessel on the vertically unstable discharge
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Recently a poloidal current which flows in first wall (halo current) was observed
in some tokamaks during a vertical displacement event (VDE). We can not confirm the
halo current in a VDE because no diagnostic tool is available on JT-60U. We can say
only that there was no large difference in the magnetic probe signals located at two
different toroidal sections. A very simple modelling shows that the halo current can be
estimated[1] by

_ f(x,0) dz

o el

where f(k,5) is geometrical factor in the range of 0.65 (elliptical) to 1 (circular) which
depends on the ellipticity x and triangularity 3, and R, Byor, C and q are the major

radius, the toroidal field, the circumference of the plasma surface and the safety factor,
respectively. tsh, O and dz/dt are the thickness of the sheath where the halo current

I 0 (C/g)” (1)

flows, the conductivity of the sheath and the velocity of vertical displacement,
respectively. By using Eq.(1), experimentally observed halo currents have indicated
that the product of tg4G is ~ 1.5 x 104 ©-1 for a JET disruption and ~ 1x10% Q1 for
DII-D. When we employ tsr0 of 1.5 x 104 Q-1 and apply Eq.(1) to the case shown in
Fig.1, about 40kA of halo current may flow (E13658, t = 6.743, Btor = 4T, R =
3.1m, C = 6.4m, q = 6.9, { = 0.75, dz/dt = 20m/s).

2. Rapid major disruptions

Figure 2 shows the fastest disruption observed in this series of experiment (4MA

divertor discharge).
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Fig.2 Vessel current profile on the fastest major disruption
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The difference between outside and inside Rogowskii signals indicates that about IMA
of vessel current flows opposite to the plasma current just after the disruption event,
and then a vessel current of up to 1.4MA flows in the same direction as the plasma
current, The total toroidal eddy current estimated by the fitting code agrees fairly well
with the measured current. The velocity of plasma displacement is estimated to be
[dz/dtl < 130my/s and IdR/dtl < 80m/s. By using the fitted results, one can easily derive
the electromagnetic force on the vacuum vessel. Figure 3 shows time evolutions of the
integrated radial, and vertical force on the vessel, and the radial profile of
electromagnetic force. About 700 tons of radial force acts on the vessel in this case,
and this value is lower than the design limit (2000 tons). The integrated vertical force is
not as large as the horizontal force. Tt should be noted that the direction of the radial
force changes according to the direction of the vessel current. This may enhance the
large vibration of the vessel.

Figure 4 shows the disruption speed IdIp/dtl, the total eddy current Igp, and the
integrated horizontal and vertical force (F; and F;) against the plasma current just
before the disruption event. The characteristic time of the current decay is < 5ms. The
total vessel current increases with the initial plasma current Ipo and the ratio of Igp/Ipo
is roughly 0.38. The horizontal force may be scaled by Fr(ton) ~ 37.5 Ipo(MA)2. A
low current disruption tends to create an upward force on the vessel while higher

current produces a downward force. This may correlate with the direction of plasma

displacement.
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Solid circles (squares) in the bottom box in Fig. 4 represent discharges which have
terminated with downward (inward) displacement. From these data, we predict.a
disruption of a 6MA discharge to have a disruption speed of ~ 1200MA/s, total vessel
current of ~ 2.25MA and horizontal force on the vessel of ~ 1400 ton.

Figure 5 shows the increment of the plasma current just after a disruption event
and the disruption speeds against the initial plasma current. Solid and open squares in
Fig.5 show the current ramp-up rate and negative disruption speed, respectively. About
a 20% increase in the plasma current has been observed, and the current ramp up rate
has almost the same value as the following negative disruption speed at current quench.
The current jump at the disruption event comes from the change in the internal
inductance. If we assume flux conservation , the increase in the plasma current

becomes

ap = M Ll _ARA)-ARPY) L1,
=T pO- 1 - pO- 1
1 —z—uoRol-w Rpvo' RPOBpo iuoRolio (2)

where Rp, A, Pp, Ie and Lg are the major radius, the Shafranov lambda, the poloidal
beta, the eddy current of the vessel and the external inductance of the vessel. The suffix
"o" means the the value just before the distuption event. It was assumed that all thermal
energy is lost by the current jump (Afp = Bpo). Figure 6 shows the increment in the
plasma current against the first term of Eq.(2). The increment in the plasma current
increases linearly with a decrease in 1. Figure 6 suggests that about half of the internal

flux contributes to the increase in the plasma current just after the disruption event.
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7.3 Vibration of the Vacuum Vessel during Disruptions

Y. Neyatani, K. Ushigusa, M. Matsukawa and H. Ninomiya

1. INTRODUCTION

Disruption is the most serious problem for Tokamak operations. A large electromagnetic
force is generated by the eddy current on the vacuum vessel during disruptions. As the vacuum
vessel of the JT-60 Upgrade (JT-60U) is designed to endure the 1000 times 6MA disruptions
(2000 cycles of load) [Ref.1], it is important to preclude damage to the vessel by providing
limits on plasma operation. The some kind of diagnostics and a analysis code are prepared to

estimate the stress, the eddy current on the vessel and the plasma motions during disruptions.

2. DISRUPTION MEASUREMENT

The structural analysis predicts that the JT-60U vacuum vessel has high vibration frequency
of 60-100 Hz. Hence, the displacement sensors with laser are attached on the lower spacer of
TEC instead of the mechanical sensor as to measure the displacement of the vacuum vessel.
The triangulation is applied in order to measure the displacement of the target against the sensor
as shown in Fig.1. The frequency response of the sensor is 3 kHz and the range of
measurement is £10mm with the accuracy of 50 mm. The effect of the magnetic field is
confirmed by the toroidal field coil tests. The results shows the error due to the magnetic field
of 4 tesla is up to 50 mm.

The toroidal eddy current on the vacuum vessel is measured by subtracting the inside and
outside Rogowski coils. High speed visible TV is used for observation of the plasma motions.
The plasma motions are also evoluated by the FBI code including the eddy current on the
vacuum vessel [Ref.2]. This code is also estimated the distribution of the eddy current and the

electromagnetic force during the disruptions.

3. RESULTS AND DISCUSSIONS
(1) Vibration of the vacuum vessel

Figure 2 shows the vibration of the vacuum vessel during 4MA disruptions. In this case,
plasma was disrupted at 9.15 sec and the eddy current of 40% of the plasma current was
induced on the vacuum vessel. Plasma moved inward at the speed of 80m/sec during the
current decay. The radial electromagnetic force was reached 720 tons which was approximately
35% of the maximum design force. The vertical force was 120 tons. The vessel vibrated with
the frequency of 82 Hz and the amplitude of 0.3 mm. The frequency of the vibration is very
close to the calculated fundamental frequency of the vessel. The decay time of the vibration is
approximately 55-70 ms. At a point of the stress fatigue, it is equivalent 2 cycles of the
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electromagnetic loads. Figure 3 shows the maximum displacement of the vacuum vessel during
disruptions. The amplitude is within the limit of 2 mm which determined by the stress

restriction.

(2) Disruption behavior

Figure 4 shows the current decay rate during the major disruptions from July to October
1991. The maximum dIP/dt during disruptions is 780 MA/s which is 1.6 times of the
maximum decay rate of the original JT-60. The average dlp/dt is 430 MA/s. The fastest decays
have Ip/(dIp/dt)yax ~ 5 ms and is almost same of the original JT-60 [Ref.3] and JET
[Ref.4].

The maximum toroidal eddy current is up to 50% of the plasma current just prior to
disruptions as shown in Fig.5. This result is good fit to the eddy current analysis with the
vessel resistance of 0.16 mW. The plasma motions during disruptions are almost inward
direction. Downward motion is only observed in a case of high beta disruptions with the

vertical instabilities.

(3) Comparison to the structural analysis

The experimental results are compared the structural analysis to preclude the damage of the
vacuum vessel. The model of the structural analysis is the plasma current of 6MA, the decay
time of 10 ms and the plasma motions of downward during 10 ms. From the analysis, the
maximum stress of 30 kg/mm?2 is generated on the root of the lower large port and the
displacemnet of 2 mm is obtained at the top of the port. The real structure of the vacuum vessel
has different from the analysis model. The rigidity near the root of the port is 20% higher due
to the short welding pitch of the outer skin. The thichness of the port wall near the root is also
large, hence the geometrical moment of inertia is incerased 25%. After these consideriations,
the displacement of the port is expected 1.3 mm at the 6 MA disruption.

In the case of experimental 4 MA disruptions, the plasma moved inward direction with the
average decay time of 12 ms. The maximum stress of the disruption is 70% with moving
inward than with moving downward case. As the electromagnetic force is approximetery 35 %
of the maximum radial loads, the amplitude of the vibration is expected 0.32 mm with these
two effects. It is good fit to the experimental result. This shows that the measured vibration

will be properly indicated the maximum stress of the vacuum vessel during disruptions.

4. SUMMARY
The vibration of the JT-60U vacuum vessel is measured to confirm the stress of the vacuum

vessel during disruptions by laser sensors. The vibration frequency of the vacuum vessel is 82
Hz, which is very close to the calculated fundamental frequency of the vessel. The maximum
amplitude of the vibration is 0.3 mm during 4 MA disruption moving inward of 80 m/sec with
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the maximum current decay of 780 MA/sec. During the experiments from July to October
1991, the amplitude of the vibration is within the limit, and is good fit to the result of the

“structural analysis.
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7.4 Observation of Divertor Phenomena prior to
Density Limit Disruptions in JT-60U

N.Hosogane, N.Asakura, H.Kubo, K.Itami, A.Sakasai, K.Shimizu, H.Nakamura,
M.Shimada, Y.Neyatani, R.Yoshino, S.Wolfe, Y.Kamada and H.Ninomiya

1. Introduction

It is well known that the MARFE occurs before the density limit disruptions!»2). In the
divertor plasmas, the MARFE grows in the divertor region, and develops to the plasma
detachment, finally leading to the disruptions2.3), This is because the high recycling state with
large radiation loss is formed in the divertor through the divertor function. Therefore, to
understand the density limit of the divertor plasma, it is important to study the divertor
phenomena relating to the MAREE.

2. Measurement system

Figure 1 shows the arrangement of the measurement systems in the divertor region. A
38 channel visible spectrometer arranged to view the divertor plates from the above measures
spatial intensity profiles of Hg and visible impurity line CII, CIII and OH in the divertor region.
The lines of sight of the bolometer array is arranged to cross those of the spectrometer, which
provides the information for the spatial distribution in the direction of the height. The divertor
electron temperature measured with the Langmuir probe only at about 7 ¢cm (ch.15) outside of
the outboard side separatrix was available in this experiment, but was often unavailable due to
the breakdown in the high density regime,

3. Density Limit Discharge

The experiment was performed with hydrogen discharges, NB heating of about 7.5
MW, plasma current I, of 1.7 MA, toroidal magnetic field Bt of 2.5, 3 and 4 T( safety factor
Qett Of 3.4, 4.4 and 6.1, respectively) and electron density ne of (4-6.5)x1019m3. The
direction of gradB ion drift was toward the divertor.

Figure 2 shows the time evolution of the density limit discharge with geg=6.1. The
electron density is raised by the preprogramed gas puff so as to reach the density limit during
the NB heating pulse. It is seen that the MARFE occurs in both the ohmic and NB heating
phases when the divertor electron temperature falls to the level of 10 eV or less. The main and
divertor radiation losses before the start of the MARFE in the NB heating phase is about 20%
and 50%, respectively. The heat flow to the divertor at this time is about 20% of the absorbed
heating power.

4, Generation and development of the MARFE

Figure 3 shows the spatial intensity profiles of Hy radiation in the divertor region. The
separatrix hit points at the divertor plates and the X-point calculated by the MHD code lie on the
channels 7,33 and 18, respectively. It is clearly seen that in the NB heating phase, a new peak
grows between the two peaks(ch.6 and 30) corresponding to the high recycling places in the
divertor. The increase in Hg intensity indicates the build-up of the high density plasma due to
the development of the MARFE. The MARFE is found to grow at the place apart from the high
recycling places in the divertor.

‘The comparison between the spatial intensity profiles of the impurity lines and the
radiation loss profile which were measured through the different lines of sight as shown in
Fig.1 provides the detailed information of the trace of the MARFE in the proximity of the
divertor region. Figure 4 shows the spatial intensity profiles of CII lines. A sharp peak is also
found at the channel numbers 23-24 which just correspond to the generation place of the
MAREFE. The peak shifts to the channel 17 in the same way as the peak of Hg. Almost the
same behavior was observed for the line radiation CIII and OII of the impurities with higher
jonization energies. So that, this peak is considered to correspond to the most radiating place.
In the radiation loss profiles shown in Fig.5, the most radiating place before the start of the
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MARFE is located on the line of sight of ¢h.29 viewing just the above of the X-point. This
place shifts to the channel 28 as the MAREFE grows. The comparison between these behaviors
‘ndicates that the MARFE is generated at the surface of the main plasma to the outboard side of
the X-point as shown by the shadow area in Fig.1, and moves to the inside of the main plasma
in the course of its development. :
5. Temperatures before and after the occurence of the MARFE

Figure 6 shows the electron temperature at the outboard side separatrix Tediv plotted as
a function of the electron density of the main plasma nemain for the two discharges with the
same NB heating power of 7.5MW and different toroidal magnetic field of 3T and 4T. The
open and closed symbols respectively stand for the phases without and with the shift of the
radiating place to the proximity of the X-point in the intensity profiles of CII line. For the
discharge with BT=4T, the radiating place shifts to the proximity of the X-point when the
electron temperature falls to about 10 €V, and the MARFE occurs. After the strong gas puff
during the NB heating, the MARFE appears again. At this time, the electron temperature is
below 10 eV again. While, for the discharge with BT=3T, the divertor electron temperature
remains above 10 eV, so that the MARFE accompanied by the shift of the radiating place does
not occur before the additional gas puff during the NB heating.
6. Radiation loss

Since the MARFE is generated in the proximity of the X-point, the divertor radiation
loss is an important factor for the power balance. Figure 7 shows the divertor radiation loss
during the NB heating plotted as a function of the electron density of the main plasma for the
three discharges with B1=2.5T, 3T and 4T. Here, the divertor radiation loss is defined as a
sum of the radiation powers at the legs of the separatrix and near the X-point to the main
plasma, which can not be separated with the bolometer array shown in Fig.1. The open and
closed symbols respectively stand for the phases before and after the start of the build-up of the
H, intensity in the valley of the two peaks indicating the growth of the MAREFE. It is found that
the divertor radiation loss saturates at the same level of about 50%, and does not increase after
the start of the MARFE, In the high-q discharge where the growth of the MARFE is clearly
seen, this is observed as a phenomenon that the most radiating place moves to the inside as
shown in Fig.5 with the divertor radiation loss almost unchanged as a whole.
7. Particle recycling

The difference in the development of the MARFE for the case of B1=3T and 4T is also
seen in the the ion saturation current measured with the Lagngmuir probe shown in Fig.8
indicating the particle recycling in the divertor. The jon saturation current for the case of Br=4T
is larger than that for the case of By=3T. This means that for high-q discharges, the divertor
plasma easily reaches the high recycling state through the divertor function, resulting in the
decrease in divertor electron temperature to the level where the shift of the radiating place from
the divertor plates to the proximity of the X-point occurs. As a result of the build-up of the high
recycling state in the divertor, the neutral pressure around the lower half of the main plasma,
which was measured in the lower evacuating port, becomes low compared with the case of
B1=3T as shown in Fig.9. Viewed from the particle recycling around the main plasma, the
cooling effect to the plasma surface becomes large as the neutral pressure increases. This is
qualitatively consistent with the occurence of the density limit disruptions without the
development of the MARFE for low-q discharges.
8. Discussion _

In the discharge with Br=4T, in the mean time after the start of the NB heating, the
‘most radiating place still continues to exist in the proximity of the X-point without any sign of
the growth of the MARFE. This result probably means that the divertor electron temperature at
the high recycling place on the divertor is in the range below 10 eV where the radiating power
parameter L(T¢) sharply drops as the electron temperature decreases, and the most radiating
place remains near the X-point with higher electron temperature. However, since the power
balance for the thermal instability is not satisfied before the strong gas puff at 7.0 sec, the
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MAREFE does not occur during this period. This suggests that the MARFE occurs through the
two sequential events, the shift of the most radiating place to the proximity of the X-point and
the satisfaction of the power balance condition for the growth of the thermal instability.
9. Summary

In the density limit disruptions of divertor discharges, the MARFE is generated at the
surface of the main plasma to the outboard side of the X-point, and shifts to the inside of the
plasma in the course of its development. In the process of the occurence of the MARFE, the
most radiating place shifts from the high recycling place on the divertor plates to the proximity
of the X-point, and the MARFE successively grows at this place. The electron temperature at
the occurence of the MARFE is at a level of 10 eV or less for both the ohmic and NB heating
discharges. The divertor radiation loss saturates at about 50% before the start of the MARFE,
irrespective of the safety factor of the discharges, and remains unchanged after the start of it.
The qualitative property of the particle recycling observed may explain the difference in the
occurence of the MARFE for the high and low q discharges.

1) J.A.Wesson et al., Nucl. Fusion 29(1989)641

2) A.Stabler et al., 17th EPS Conf. Europhysics Abstract, Vol.1 p.395,1990

3) N.Hosogane and JT-60 Team, IAEA TCM on the Avoidance and Control of Tokamak
Disruptions, Culhum, Sep.10-12,1991 Et4z32
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8. Impurity and Divertor Characteristics
8.1 Recycling of Hydrogen and Deuterium in JT-60U

Hiroo Nakamura, Ryuuji Yoshino, Akira Sakasai
Michiya Shimada, Takashi Arai and Astushi Kaminaga

1. Introduction

Controle of hydrogen and deuterium recycling is crucial problem in present plasma
device to improve energy confinement characteristics. Recently, experiments with long
duration time have been done. To realize steady state discharge, understanding of the
recycling characteristics is important. Moreover, these studies are also important as a
simulation experiment of DT discharge. In this paper, we describe vacuum properties before

discharges and recycling characteristics during discharges in JT-60U.

2. Vacuum Characteristics before Discharges

In JT-60U, a baking temperature of vacuum vessel was varied in the range of 60 °C
to 300 °C. Figure 1 shows dependence of neutral particle pressure at vacuum pumping port
on the baking temperature. To remove an effect of plasma discharges on vacuum properties,
the neutral pressures on Monday morning at 7 am were used. Above 150 °C, the neutral
pressure increases as the baking temperature increase. Between 60 °C and 150 °C, no
significant change of the neutral pressure was observed. According to observation of these
residual gas data at 7am, main peak is m/e=2 (Hp) in spite of deuterium discharge phase.
Peak intensity of m/e =4 (D7) is a few % of
H; peak. Therefore, Fig.1 shows effectively

.. ; 10"
characteristics of Hp. According to 1/T =
plot of the neutral pressure, an activation ol o
. . . z O
energy is estimated to be 0.26eV. Thisvalue g§ )
. - N
is similar to an activation energy of hydrogen %é‘ 10 — — =
. . . . .. . sc O
diffusion in graphite. This implies that §§° 5 e
mechanism of hydrogen generation is thermal E
desorption. However, similar temperature 10

0 50 100 150 200 - 250 300

dependence is observed in TiC coated Mo Baking Temperature (°C)

wall experiments of JT-60. Therefore, further

study is necessary to conclude whether source Figure 1 Dependence of neutral pressure

of hydrogen is graphite or vacuum vessel. before discharges on baking temperature
in JT-60U vacuum pumping.
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3. Recycling Characteristics during Discharges

Effect of baking temperature on recycling characteristics during discharge was
studied. Change of electron density at transition from limiter configuration to divertor one is
compared. Above 150 ©C, decrease of the electron temperature was observed during divertor
configuration phase as shown in Fig.2. Decay time of the electron density is defined by
ne/(-dne/dt) and is less than several second. However, in operation with 60 °C of baking
temperature, an increase of the electron density was usually observed as shown in Fig.3.
Therefore, hot wall temperature operation above 150 ©C is necessary from a view point of

density controle.

Neutral Pressure In Pumping Port

Neutral Pressure and ne Decay Time Neutral Pressure and ne Decay Time
.
150 °C,Sept.5,1991 B 60°C,5ept.5,1991 -
. —_
10 | 3 100 i:— ‘; 10": 00009 > 3 100
4 = (=1 L 3
’g E? ET [ (Pressure ] @
: g gl | | =
E S £E ] &
™qg ¥ @ - 3]
W Gbe GOC 88 £ i E’EFBY: 104
- {Lunch) (Bupper) ze 8l : J/ J v Time )3 >
5 G52 &= r Gbey” GDG | Z
/’\" £ o® [between (Lunc GDC(Suppér) @
b - Qs = | shots ) 5
\ {,=T%)CTDC{TPC<' , g E DC TDC | TDC 1 e
PP IR BN X AL A AN IV, AU R AR SSRPY B i Loy .
13685 13690 13§95 13700 13705 13730 % Z TVy3705 13710 13715 13720 13725 13730 13735
Shot Nao. Shot Ne.
.ji%"“h/ %, [ &R
3 ! ) 5 g
2 i 2 32
¥ 31 e ¥
L>—--———7——u-!
.2 PR NN T (U YA G S S L a " [ -] rtar A i " .
9.@ Le 2.0 3.9 a. @ 5 Q.2 -8 2.9 3.9 E -]
TIMF € AILS ) ie TINE ¢ MILS Y ne?

Figure 2 Trend of the decay time of electron  Figure 3 Trend of the decay time of electron
temperature and neutral pressure before  temperature and neutral pressure before
discharge in 150 °C of baking operation. discharge in 60 °C of baking operation.
Typical wave forms of the line integral  Typical wave forms of the line integral
electron density and Ho/Dao are shown. electron density and Ho/Do are shown.

During the deuterium discharge, significant hydrogen dilution was observed. As
preceding plasma discharges, ratio of hydrogen increases gradually. Moreover, beam heated
discharges show higher hydrogen dilution than ohmically heated discharges. These results
implies that dominant source of hydrogen during plasma discharges is graphite tile. For
example, typical value of H/(H+D) is 20% to 40% in August 1991 as shown in Fig.4.

Reduction of the hydrogen dilution is necessary to improve plasma performance.
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T T Figure 4 Trend of ratio of D/(H+D)
° 0.8 _ 2 H o %On&%{ c" ; in typical expf.:rimcnts with deutc':n'um
g e jm?a. - __f%_ gas. Open circles show data in OH
= Lo T phase and closed circles in NB phase.
é 0.4 [ D . Bjﬁﬁjg’)ﬁg H and D intensities are obtained with
a ‘ -

0.2 _:dulyisﬂl - Auig. T AuG2 spectroscopy measurement.
~ L ; e -

0 i L '3 1 n 1
13400 13420 13440 13460
Shot Number

To obtain H-mode discharges with improved energy confinement, reduction of
recycling by wall conditioning is necessary. In JT-60U experiments, He GDC,He TDC, He
clean-up shot and plasma shot with disruption are applied. Figure 5 shows trend of the
density decay time and the line integral electron density att=2s. After a shot of E13935,
He clean-up shot and H-mode shot with disruption were performed. Decay time decreases
until E13945 where both wall conditionings were stopped. On the next day, similar reduction
of the decay time was observed with wall conditioning by only plasma shot with disruption.
Therefore, plasma shot with disruption is most effective for reduction of wall recycling.
Under the low recycling condition, quasi-steady state H-mode with continuous ELMs was

obtained reproducibly.
. H-mode Exp.,0ct.3,1991
O fne Integral Density |
_© 4.0 O\/‘OQ o, o
v = L7 X
£ % 3.0 il -, /
c 2 I3 i 4
= 11
o w® : 'Y ‘.ﬁg 3
2 5 ' 2 NT /
(=]
% £ 10 . A 'ele-o
é f ?ecay Time
£ 0.0 L1 :
4
13915 13925 13835 139845 13955

Shot No.,

Figure 5 Trend of the line integral electron density and its decay time att=2 s in H-mode
experiments. Att=2 s, plasma configuration is changed from limiter to divertor. During the
discharges of E13934 to E13946, helium conditioning discharge and H-mode discharge with

plasma disruption have been done.
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Particle exhaust in H-mode discharge is one of crucial problems. Figure 6 shows
dependence of the neutral pressures around the main plasma on the line integral electron
density in the quasi-steady state H-mode discharges with continuous ELMs. Closed circle
and open one show the neutral pressure around main plasma at lower pumping port and one
at upper pumping port, respectively. Neutral pressures of the H-mode with ELMs increases
in proportion to ne2 to ne3. This dependence is same as L-mode discharges observed in
previous JT-60 experiments. To obtain more reliable data on particle exhaust characteristics,
measurement of the neutral particle pressure near divertor region is necessary. Installation of

a fast mass analyzer is now under way.

107
Figure 6 Dependence of neutral pressures E]_(Y_; L
around the main plasma on the line integral 107 _J.
electron density in H-mode discharges ?) — ﬁ J
continuous ELMs. Closed circles show @ ; "g :
the neutral pressures near divertor region. o §
Open circles show the neutral pressures © 104 — G
above midplane. 3 o PupNB [
= i
® Plow,NB |-
-5 i i1 11
1 O i 1.1 i
2 5 10

nel, U2(x10"°cm?)

4. Summary

Effect of baking temperature on recycling characteristics was observed. In 60 °C
operation, the density controle is difficult. Above 150 °C of baking temperature, density
controle is easy. In residual gas analysis at 7 am, main peak is m/e=2 (Hp) in spite of
deuterium discharge phase. During plasma discharge, hydrogen dilution was observed.
Origin of hydrogen gas is graphite tiles. To reduce wall recycling, plasma shot with
disruption is effective. After the wall conditioning, quasi-steady state H-mode with ELMs
has been obtained. Dependence of neutral particle pressure on electron density is same as L-
mode discharges. This implies that particle exhaust capability of the ELMy H-mode is

promising.
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8.2 Behavior of Hydrogen-Deuterium Dilution

A. Sakasai, Y. Koide, H. Kubo and T. Sugie

1. Introduction :

Deuterium plasma confinement experiment started in the middle of July 1991 in JT-60U.
Initial issue was hydrogen-deuterium dilution in deuterium experiments. Knowing the hydrogen-
deuterium dilution ratio is important for confinement studies, for example, the effect of effective
mass on plasma confinement time. High neutron rate can be obtained in high temperature
plasma of pure deuterium. We observed the hydrogen-deuterium dilution ratio with spectroscopy
of Ha 656.28nm, Do 656.10nm, H Lya 121.567nm and D Lya 121.534nm.

He and Do, in main plasma are measured by 1.0m Czerny-Tumer spectrometer (dispersion
4.45nm/mm at 656.3nm) with same fiber optics of CXRS system viewing tangentially. Fig. 1(a)
shows spectra of Hoe , Da , C II 657.805nm and C II 658.288nm measured by the visible
spectrometer at the start of discharge, 0.1s, in OH plasma. Each spectrum had clearly two
Zeeman splitting lines because the small plasma was touching the inside first wall in this time -
where magnetic field was strong, Br~5.7T. It was found that only two ¢ components were
clearly observed and m component could not be observable because of tangential view. Fig.
1(b) shows H Lyo and D Lyo in divertor plasma are measured in fifth order by 1.2m normal

incidence spectrometer (dispersion 4.54nm/mm at 610nm).

2. Hydrogen-Deuterium Dilution

Fig. 2 shows typical spectra of Ha and Do in initial phase of deuterium OH experiment.
The dilution ratio of H/(H+D) was about 0.1 on the third day after start of deuterium OH
experiment to perform discharge conditioning and D2-Taylor Discharge Cleaning. Howeve the
dilution ratio went up on a large value H/(H+D)=0.65 after H2-TDC for 1.5 hour as shown in
Fig. 3. It was difficult to remove hydrogen and hydro-carbons absorbed once into the carbon
composite first wall by H2-TDC. Fig. 4 shows shot history of the dilution ratio in OH plasma
after after H2-TDC. He-TDC for 10 minutes between each shot enlarged slightly the dilution
ratio. It seems hydrogen and hydro-carbons were removed from the first wall and made easy to
remove to surface from inside by He-TDC. It was found that it decreased effectively by OH
discharge for 15s. Fig. 5 shows time evolutions of Ha and Da in initial phase of deuterium OH
experiment. The dilution ratio of H/(H+D) was about 0.65 at 1.0s and decreased to 0.5 at
10.0s. Amount of hydrogen in the first wall had certainly decreased during OH discharge.

The dilution ratio was effectively decreasing to perform D2-TDC as shown in Fig. 6.
However the dilution ratio of H/(H+D) was increasing shot by shot from 0.3 to 0.4 after 20~
30 shots per one day when D2-TDC was performed for 0.5 or 1 hour. For example, the dilution
ratio had decreased 0.6 to 0.3 after D2-TDC for one hour and from 0.4 to 0.2 after D2-TDC for
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half an hour. Finally, the dilution ratio was saturated to 0.1~0.2 after 500 shots of deuterium
experiment.

Fig. 7 shows time evolution of the dilution ratio during deuterium neutral beam injection.
The dilution ratio increased by 0.07 ~ 0.09 caused by wall plasma interaction in initial phase of
deuterium experiment. However the time evolution of H/(H+D) in NB heated plasma was not so
change when wall conditioning has been performed by He-TDC, OH and NB heated plasma.

While the dilution ratio of H/(H+D) by using charge exchange neutral particle flux of E//B CX
neutral particle analyzer was dynamically decreased 0.3 to 0.2 in NB heated plasma. This CX
neutral particle analyzer was viewing Deuteriurn Neutral Beam Line. So the charge exchange

neutral particle flux of deuterium has actively behaved during NBL

3. Summary |
The dilution ratio of H/(H+D) was measured with with spectroscopy of Ha. 656.28nm, Do

656.10nm, H Lyo 121.567nm and D Lyo 121.534nm. The dilution ratio had effectively
decreased to perform D2-TDC substituting hydrogen for deuterium. It had been certainly
decreasing by repetition of deuterium discharge but it was saturated to 0.1~0.2 after 500 shots of
deuterium experiment. It was difficult to remove completely hydrogen and hydro-carbons

absorbed into the carbon composite first wall. It is positively undesirable to performed H2-TDC

to reduce the dilution ratio.
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discharge, 0.1s, in OH plasma.
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8.3  Impurity Generation in the Divertor |

H. Kubo, K. Itami, N. Asakura, S. Numazawa, T. Sugie,
H. Nakamura, Y. Kawano, and M. Shimada

The influxes of carbon, deuterium, and oxygen in the divertor region have been
measured spectroscopically and the mechanism of carbon production is discussed. For
the first time, the measurement and the calculation for the carbon influx in the divertor

region are compared quantitatively.

1. Experimental Arrangement and Analysis Procedure

A schematic diagram of the cxpcrimeﬁtal set-up of the diagnostics for particle
influx measurement in the divertor region is shown in Fig. 1. Line intensities of Do and
C1II 6578 A were measured by a 0.5-m visible spectrometer with fiber optics. Spatial
distribution of line intensities of Do and O 11 4415, 4417 A were observed by a 38-
channel optical fiber array with interference filters. The electron temperature and the
electron density were observed by Langmuir probes[1].

Neutral particles are ionized in the divertor region. Under the condition of
negligible recombination, the neutral influx equals the ionization rate. The ionization
process 1s accompanied by the emission of spectral lines and the numbers of the
ionization events and of emitted photons are closely correlated. Therefore, the neutral
particle influx can be derived from the measured intensity of the neutral line emission. In
the region of low electron density, the relation between the neutral particle influx I' and

the line intensity I is basically given by the equation

XB (1),

where, respectively, S and X are the ionization and excitation rate coefficients, and B is
the branching ratio for the observed line. This equation is commonly used to derive
hydrogen influx from Ho measurement[2], and it can be also used for influx
measurement of low-charge-state impurities[3].

In this study, the influxes of deuterium, carbon, and oxygen were derived
respectively from the measured line intensities of Do, C II, O II by using the Eq. 1. The
equation is valid in the density region in question (nediv < 1 x 1019 m'3), because we
analyze the data for the ohmically heated discharges in this paper. The ionization events
per photon (S/XB) [3] at the electron temperature measured with the Langmuir probe was

used in the analysis .
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In this paper, we discuss the data for ohmically heated deuterium discharges with
the temperature of the vacuum vessel of 290 °C (E13357 - E13628). The data for the

divertor region near the outer strike point of the separatrix were analyzed.

2. Results and Discussion

In Fig. 2, the carbon influx relative to the deuterium influx (I'C/T'D) in the
divertor region and the carbon density relative to the deuterium density (nC/nD) in the
main plasma are shown against the electron density. The relative carbon influx in the
divertor region decreased from 9 % to 5 % as the electron density increased from 1.0 x
1019 m-3 to 1.8 x 1019 m-3. The relative carbon density in the main plasma also
decreased from 5 % to 2 % with increasing electron density. The ratio of the relative
density to the relative influx was about 0.6 and it secemed to decrease as the electron
density increased.

In a sputtering model, the relative carbon influx can be expressed as

out out ot

Ic=Yplp +Yolo +Yclc (2),

where, respectively, I'DOUt, [QOUt, and I'¢OUt are the fluxes of deuterium, oxygen, and
carbon ions onto the divertor plates. And YD, YO, and YC are sputtering yields of
carbon with deuterium, oxygen, and carbon ions[4]. As the sputtering with deuterium,
the chemical process is important and the yield depends not only on the incident energy of
the deuterium ions, but also on the surface temperature of the carbon plates and the ion
flux density. The sputtering yield with oxygen is always nearly unity. And the self-
sputtering yield depends on the energy of the carbon jons. The carbon influx was
calculated from Eq. 2 by using the influx of deuterium and oxygen obtained from the
measured ling intensities of Do and O II. The sheath acceleration energy was assumed to
be 3 x Tediv. It was assumed that all of the produced carbon returned to the divertor
plates with the charges of 4. It was also assumed that the recycling rates for deuterium
and oxygen were unity and the fluxes of deuterium and oxygen onto the divertor plates
equaled the measured influxes. The charge state of the oxygen ion incident on the divertor
plates is not important, because the dependence of the sputtering yield on the ion energy
is weak. .

In Fig. 3, the calculated carbon influx and the measured influx are shown against
. the electron density in the main plasma. The both influx show a decreasing trend with
increasing density, although the calculated influx is 2.5 times as large as the measured
influx. The discrepancy might be due to the error in the estimation of the influx from the
line intensity. The sputtered carbon might recycle rapidly near the divertor plates before
jonizing up to two times and emitting the observed line[5].

—-203—-



JAERI—M 92073

In the low density region ( ng = 0.8 x 1019 m-3y, the self-sputtering and the

sputtering by oxygen are more important than the sputtering by deuterium. The relative
carbon influx decreased for higher electron density because of the smaller self-sputtering
yield and the decrease of the relative oxygen density. In high density regime (ne = 1.8 x
1019 m-3), the contributions of the sputterings by deuterium, oxygen, and carbon were
about 25 %, 40 %, and 40 % of the carbon infiux, respectively.

For discharges with Tediv = 39 -45 ¢V, the relation between the relative carbon
influx and the relative oxygen influx is shown in Fig. 4. The relative carbon influx is a
linear function of the relative oxygen influx with a offset constant. This trend is explained
by Eq. 2. Thus, the sputtering with oxygen is an important process for the carbon
production.

3. Summary .

For the first time, the measurement and the calculation for the carbon influx in the
divertor region were compared quantitatively. The calculated influx was 2.5 times as
large as the measured influx. The relative carbon influx decreased for higher electron
density because of the smaller self-sputtering yield and the decrease of the relative oxygen
density. It was clearly shown that the chemical sputtering with oxygen was important.
For reduction of carbon influx, it is effective to decrease the oxygen density by wall
conditioning and to lower the electron temperature with the aid of the dense divertor. It
seemed that the carbon shielding rate was higher in the high density region.
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8.4 Transport Analysis of Divertor Plasma
K. SHIMIZU, K. ITAMI, H. KUBO, N. ASAKURA, M. SHIMADA

1. Introduction

It is very important to study the divertor transport experimentally and theoretically in order
to predict the particle and impurity control in future tokamaks. To systematically investigate
the parameter dependence of divertor plasmas, a simple divertor model has been developed.
The fluid equations along the magnetic field are solved with the boundary conditions of the
plasma parameter at the divertor plate (ng, Tq). Profiles of {ng, Tg) are measured by a
Langmuir probe array. The neutral particle transport is simulated in the MHD equilibrium with
a real wall geometry by a Monte Carlo code. The interaction between the plasma and neutral
particles is solved consistently using the iterative procedure. Using this model, the divertor

characteristics in JT-60U ohmic experiments has been investigated.

2. Simple divertor model
The steady state transport equations which describe the divertor plasma are simplified with
following assumptions:
* ion temperature is equal to electron temperature,
* the cross field transport effect is negligible,
* the electron heat conduction is the dominant loss in the energy transport.
The simplified transport equations along the field lines are given as follows,

Vi (nVy) =S, (1)
Vi (nmiV%) + Yy (20T) = S, @)
Viay=Vy(-xVyT)=Sg 3)

where Sy, Sp and Sg  are the particle, momentum, and energy source due to the interaction
with the recycling neutrals; n, and T are the density and temperature; V; is the flow velocity

parallel to the field lines; Mi is the ion mass; K/ = Kp T2 is the classical E}CCUOH heat
diffusivity along the field lines. The differential operator definitions of Virand V7 should be

referred to reference 1. The particle flux parallel to the field lines, fy = nV; and the electron
heat conduction parallel to the field lines, q; are calculated by the integration of eq. (1) and (3),
respectively. The energy loss term Sg due to electron ionization is expressed by

SE =- Ejon Sn (4)
where Ejoy, is the ionization potential. We take the radiation loss of impurities effectively by
the enhancement of E;,, by a factor of 3 ~ 4. The electron temperature profile along the field
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lines is expressed by

&4
TIR(E) = T2 + 1~ dt
® =Ty +3 %), S )
where 1 is the distance along the field line. We further assume that the momentum source term
is negligible ( Sp-= 0) and vy << C; for simplicity. Under these assumptions, equation (2) is
simplified to the condition of constant pressure.

n=2n4Tg/T (6)
The density and temperature are calculated in each flux tube for given source terms (Sn, Sg ),
The source term Sy, is evaluated by the 2-D Monte Carlo code [2]. The interaction between the
plasma and neutral particles are iteratively solved. The convergence towards the steady state
solution is very fast, because the plasma parameters at the plate (ng, Td) are fixed as the

boundary condition.

3. Calculation results

We investigate the divertor transport in the ohmic experiments (I,=2MA, Br=35T
fi, = 0.8 ~ 3.0 x 10!% m-3 ) using our simple divertor model. Typical radial profiles of ng and
T, measure by a Langmuir probe array are shown for the high temperaturc case ( shotno #
12953 ) and the low temperature case { shot no # 12956 ) in Fig. 1 (a) and Fig. 2 (a),
respectively. These data are displayed by the closed symbols at the position corresponding to
the radial distance from the separatrix surface at the entrance. The numerical simulations has
been carried out for the outside divertor plasma, which is divided into 8§ flux tubes. The
broken line denotes the smoothed profile which is used as the input data and the solid line
denotes the calculated profile at the entrance. Figure 1(b) shows the profiles of the density and
temperature in the flux tube close to the separatrix surface for the high temperature case. These
profiles are those projected on the poloidal cross section.  z is the poloidal coordinate. } The
temperature gradient along the field line is extremely small due to the high thermal
conductivity. For the low temperature case, the distribution of plasma parameters along the
field line close to the separatrix surface is shown in Fig. 2 (l_:)). The temperature gradient and
the high density near the divertor plate are obtained due to the low temperature. The total
particle flux, T (0) and heat flux, Q (0) at the entranced ( z=0) are 2.5 x 10?251 and 0.49
MW, respectively. About 40 ~ 50 % of joule input power (~ 1 MW ) is lost by the radiation
Joss in the main plasma. Then Q (0) is consistent with the experimental data. The flux
multiplication factor is about 2. But the low temperature at the divertor (Tq~10¢eV) is
realized because of a low heat flux and a large particle flux.

In order to check the validity of our model, comparison of the Hg-intensity with the
measurement has been carried out. The Hy monitor viewing the divertor plate consists of 38
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channels , as shown in Fig. 3. The closed symbols are measured intensities and the solid line '
is the calculated profile. They are in good agreement except for the chord passing near the X-
point (R =3.0m). This discrepancy is due to the Hy radiation in the main plasma. The
agreement in general implies that our simple model is reasonable.

The particle confinement time in the main plasma is estimated normaily by the integration of
H-radiation intcnsify in the whole plasma [3]. But the Hq radiation near the X-point in the
main plasma can not be differentiated from the Ha measurement data of the chords viewing the
divertor plate with high accuracy. Bywusing our simple model, the particle confinement time in
the main plasma, including the vicinity of the X-point, can be evaluated from the total
ionization source inside the separatrix surface. The results of the particle confinement time
evaluated are summarized in Table 1. The total particle flux to divertor plates, including the
inside plate, I (Lg) increases with density in the main plasma. The neutral particle flux back
flow into the main plasma , I'p (M) shows a tendency to saturate. The particle confinement
time including the divertor region, Tp (D) are nearly constant ( 45 ~ 50 msec ). On the other
hand, the particle confinement time in the main plasma, Tp M) = V {ng) / To(M), increases from
71 msec to 108 msec with increase of main plasma density. This density dependence of T, (M)
is generally observed in the low density regime [4].

The cross field diffusion coefficients, { D;, % ) in the scrape off layer are usually evaluated
from the e-folding length of the measured profiles of density and temperature [5]. These
measurements by Langmuir probes are not easy in large tokamaks because of high edge
temperature. We evaluate the cross field diffusivity X averaged in the scrape off layer from
the electron temperature and the cross field heat flux at the entrance, which are obtained in our
calculations. The heat diffusivity evaluated is almost constant and is ~ 3 m?/s for the density

range investigated, as shown in Table 1.

4. Summary

The particle confinement time in the main plasma and the heat diffusivity in the scrape off
layer are evaluated for JT-60U ohmic plasma using the Langmuir probe data. As the plasma
density increases the particle confinement time increases and the heat diffusivity is almost
constant ( ~ 3 m2 /s ) in the low density region.
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8.5 Impurity Profiles and Transport Characteristics

A. Sakasai, Y. Koide, H. Kubo, T. Sugie, T. Hirayama and M. Shimada

1. Introduction

Impurity profiles are measured with Charge Exchange Recombination Spectroscopy (CXRS)
and transport of impurities is analyzed in JT-60U. Tangential viewing CXRS system provides
radial impurity profiles of fully stripped carbon and oxygen. CXR emission of C VI 529.0nm
and O VIII 606.8nm is led to 0.5m and 1.0m Czerny-Turner spectrometers by 100m pure quartz
optical fibers. We use two type detectors. One is image intensified CCD arrays (767H x 450V
pixels) to obtain multi-chord spectra (Each instrument has 24 spectra, maximum 48 spectra).
Another is image intensified double linear photodiode arrays (512 pixels) that have high
sensitivity (Each instrument has 2 spectra). We have two multi-chordal spectrometers with ICCD
detector and four 2-chordal spectrometers. Instrument calibration of the CXRS system was
performed by using an integrating sphere. Neutral beam deposition profiles of injection
deuterium beam energy components; Ep, Ep/2 and Eys3, were calculated by using effective
ionization and charge exchange cross section from electron density profile, electron and ion
temperature profiles and effective ionic charge. Density proﬁles of fully ionized carbon ions C&*
and oxygen ions O8* are obtained from CXR emission of C VI and O VIII, neutral beam density
profiles and excitation rate coefficients for C VI (n=8-7) and O VIII (n=10-9).

2. Impurity profiles and Transport Characteristics

Density profiles of fully ionized carbon ions C®* are calculated by using 1-D impurity
transport code as shown in Fig. 1. Fig. 1 (a) shows density profiles of C6+ in the case of
diffusion coefficient Da=1m2/s, peaking parameter Cy = - Va(1)a2 / 2rDa= 0, Te(r)=2.5 x (1-
12)3.0 keV, ng(r)=3.0 x1019 (1-r2)06 m-3 and carbon content 0.1%. Fig. 1 (b) shows
nC6+ (1) in the case of Da = 1m2/s and Cy = 1 (other conditions are same ). These indicate that
profile of C6+ in Cy =0 is nearly flat at the inside of r~0.7m and n C6+ (r) in Cy = 1 is a center
peaking profile. Steady state analysis of impurity transport suggests that peaking parameter Cy
defines effectively profile shape of C6+.

Fig. 2 shows ion temperature profile measured with CXRS and electron temperature profiles
measured with ECE and Thomson laser scattering system in typical NB heated deuterium plasma
(Ip=2.0MA, B1=4.0T, PNp1=20MW, T;cxr{0)~10keV, Te(0)~4keV,<ne> =2~3x101%m-3).
This plasma had a center peaking profile of ion temperature at the inside of r/a~0.2. Electron
density profile was obtained from 2-chord FIR interferometers. The electron density profile was
not obtained with accuracy in the case of locally center peaking profile. It seems ne(r) was locally
peaking at the peaking region of ion temperature, for example, in the case of high T; mode. So
density profiles of CO+ at the peaking region were not accurately obtained.  Fig. 3 shows
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deposition profiles npo(r) of deuterium neutral beam for each beam energy components; E, E/2 and
E/3. The beam energy components of Epz2 and Ep/3 were strongly attenuated compared with that
of Ep.

Fig. 4 shows density profiles of C6+ in the above typical NB heated deuterium plasma
measured with CXR emission of C VI. Density profile of C6+ at 6.7s was somewhat a center
peaking profile. That profile became to peak slowly and the density at 7.1s was about two times
as large as that at 6.7s. This result indicates that the peaking parameter Cv is not constant and
changes about 0.5 to 1.0. Diffusion coefficient D can be given from the time evolution of CXR
emission. Fig.5 shows the effect of inaccuracy of effective ionic charge Zeir and electron density
profile parameter m [ ne(r)= ne(0) ( 1-r2)M ] on the density profile of C6+. The effect of Zegr
=3.0~4.0 onn C6*(r) was small in low electron density plasma (<ne> ~2x101%9m-=3). The effect
of electron density profile parameter m on nC6* (r) was also small in this plasma. However it
seems the effect of Zefr and electron density profile parameter m on nC6é+ (r) is large so we need
accurate electron density profile and Zegr profile to estimate neutral beam deposition profile.

3. Impurity transport of peripheral region from the ratioof O VIII to O VI

O VII 2.17nm and O VIII 1.89nm are measured with a grazing incidence spectrometer
viewing plasma center vertically. O7* and O%* localize in the peripheral region of OH and NB
heated plasma. Ratio of O VIII to O VII depends on electron temperature, electron density and
transport coefficients. ~ We try to obtain information of transport coefficients from the ratio of
O VIII /O VII on the basis of accurate Te(r) and ne(r) . The ratio of QO VIII/ O VII is about 2 in
OH plasma and 1 - 3 in NB heated plasma. The results of impurity transport calculation indicate
that increasing peaking parameter Cv gives large ratio of O VII / O VII than experimental result in
OH plasma. It agrees with Da=1~2 m2/s and Cy=0~1 in peripheral region as shown in Fig. 6.
The ratio of O VIII / O VIL is sensitive to electron temperature in the region where O VIII and O

VII exist and emit the observed spectra.
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8.6 Density and Temperature Profiles of Divertor Plasma

K. Itami, N. Asakura

Introduction

The divertor plasma characteristics play an important role on the particle and impurity
transport in a tokamak. Particle recycling involves by ionization and charge exchange processes
near the divertor plate. Generation and transport of impurity ions change with temperature and
density at the divertor and the scrape-off layer plasma. This paper presents characteristics of the
density and temperature profile of the divertor plasma in JT-60U and addresses the current transport

in the scrape-off layer.

Experimental Set-Up

Two sets of poloidal Langmuir probe array were installed at the divertor plate. A poloidal
array consists of fifteen probes which are located 18mm~42mm apart as shown in Figure 1. The
probe tip is made of graphite. The mechanical design is based on the probes used in JET. These
probes are operated in the single probe mode. The applied voltage was in the range of -200V to
100V and swept by a frequency of 10Hz. The sample frequency to the transient memory was
1kHz. The probe current data is fitted to the biased probe characteristics,

ViiasV,
Lyrobe Viias ) = 1 U-exp(2VE).
4

Electron temperature 7,4 , floating potential Vrand ion saturation current /§ are obtained from the
probe characteristics. The electron density 7.4 is obtained from the relation rgy = I§/Azec; , where
the ion acoustic speed is defined as ¢, = Y2el /M, . A, is the effective area of the probe.

Ohmic heating measurement

The electron temperature and density profiles has been measured for OH discharges. The
electron density and electron temperature show pronounced in-out asymmetry as the main plasma
density increases as shown in Figure 2. This asymmetry is reversed when toroidal field is reversed.
When the direction of ion grad-B drift is away from divertor, the electron temperature is higher at
the outer divertor. The outer divertor is the electron drift side. Although the electron density tends
to be higher at the inner divertor, this difference is not large enough to satisfy the electron pressure
balance: the electron pressure is higher at the outer divertor.

Figure 3 shows the profiles of electron temperature and heat flux density at the divertor from
the discharges for a toroidal field scan where the plasma current, main plasma density and
configuration are fixed. This figure shows profiles of electron temperature, electron density, heat
flux density and particle flux density. The electron density profile is not sensitive to the safety
factor. The electron temperature profile in shot 13186 is more peaked than the profile in shot 13184.
Assuming Tig = Teq , heat flux density is obtained by the equation P = 7.8IT, . The difference in
peakedness is more pronounced for the heat flux profile. This result is consistent with the heat flux
measurement in JT-60 [1] and can be explained as follows. In higher ¢ discharges, the connection
length from the scrape off layer to the divertor is longer than low g discharges and the
perpendicular heat flux reaches further across the scrape-off layer.

Total heat load onto the divertor estimated for these shots exceeds the ohmic input power. In
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other words the value of heat flux density is overestimated. The heat flux estimation is two to three
times larger than the real value. We usually estimate A, as the projected area normal to the magnetic
field. Recently Matthews et al. [2] addressed the problem of fluxes to a surface at grazing angle of

incidence. They found ion flux has larger value than sing dependence. Here ¢¢ is the angle
between the field line and the wall.

NB heating

With low beam powerm, temperature and density characteristics are similar to those of OH
discharges . The profiles of temperature and density were obtained during the initial period of
neutral beam experiment. This period is spent for neutral beam aging. Hydrogen and impurity
atomn are sputtered at the beam duct by beam aging and a large part of neutral beam power is lost at
the beam duct. Radiation power is enhanced due to cold neutral particles from the duct. Thus heat
flux to the divertor is increased by a factor of two to three. Figure 4 shows the profile of electron
temperature and electron density at NB phase in Shot 13603. Electron temperature profile is similar
between OH and NB phases except the probe position near the inner separatrix.

Near the end of this experimental campaign, temperature and density near the separatrix was
measured during high beam power heating. Figure 5 shows time evolution of plasma parameters
during a beam heated discharge. Asymmetry of electron temperature is observed only during the
first beam period . After the second beam injection, electron temperature is almost constant ( slightdly
decreasing ) while divertor density increases as the main plasma density increases. Att=7.4sec the
density at the inner divertor starts to decrease. This is a symptom of detachment and density Himit. In
a high power heated discharges T,.4=9.5eV, neq=7x101%/m3 was obtained at the outer divertor.
Although asymmetry in the heat flux and particle flux is enhanced in this case, asymmetry of
electron temperature between the inner divertor and outer divertor is the same as OH discharges.

Scrape-off Layer Current
Since non-ambipolar current in the scrape-off layer outside the separatrix is measured in

JETI[3], theoretical and experimental efforts have been made to investigate the mechanism of the
non-ambipolar characteristics. Staebler has improved the original Harbour's model and proposed a
self-consistent transport model{4]. Up to now no conclusive picture of the scrape-off layer current
is obtained, since these model and experiment assumed a temperature asymmetry at the divertor that
is crucially important for the non-ambipolar current flow. We obtained the profiles of electron
temperature, electron density and non-ambipolar current using Langumuir probe array with a
spacial resolution good enough to resolve the difference between each flux tube. Then we have
carried out a direct comparison between the experiment and the theory. Figure 6 shows scrape-off
current profiles for density scan discharges. The current density at each probe positions is obtained
by the probe current when the applied voltage vanishes, Iprobe( Voias = 0). As the main density
increases, divertor electron density increases and pre-sheath is formed. The scrape-off current
model is applicable in the condition that pre-sheath is well defined. At the discharge with the highest
plasma density, the probe current profile shows the current flow from the outer divertor to the inner
divertor. Electron pressure asymmetry observed in the experiment modifies the equation given by
Staebler. On each flux tube, we have compared the scrape-off layer current with the theoretical
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prediction, which is obtained by substituting electron temperature and electron density at the both
ends to the equation. The result is shown in Figure 7. When the direction of toroidal field is
reversed, the asymmetry of electron temperature is reversed and direction of current is also reversed.
Modification to the Stabler's equation reduced the discrepancy between J;*¢°¥ and J¢® and we
found J;* is explained within a factor of two. We have assumed Z5 =1 and 7; = T,. The
discrepancy between Ji*°7Y and J® suggests that Zggr>1 in the scrape-off layer. Further study of
the effect due to hydrogen and impurity ions is in progress.
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8.7 Particle Flux and Heat Flux of Divetor Plasma

N. Asakura, K. Itami, M. Shimada, S. Tsuji, K. Shimizu, N. Hosogane

1. Introduction

Performance of the open divertor plasma has been studied relative to the main plasma
parameters in JT-60U. Particle and heat flux studies of the SOL and divertor are essential
in order to understand the mechanism of plasma edge transport and particle confinement.
Meanwhile, the present database for these fluxes and the divertor plasma is not enough to
determine the scalings of the divertor performance and particle confinement time 7,. The
particle flux I'p and heat flux Qp to the divertor plates were derived using a Langmuir
probe array, and the results of the I'p and @ p determinations are related to the averaged
density 7., toroidal field By, and distance of the X-point from the target plate Lx. This
paper concentrates on a series of ohmically-heated hydrogen discharges at a plasma current
of 2 MA, which constitutes enough of a database of reproducible discharges.

2. Probe Array Measurement

The Langmuir probe has been the principal edge diagnostic providing most of the
data on local n, and T,. From the current-voltage ( / — V ) characteristic of the probe
biased by external power source, the local values of the ion saturation current IF, the
electron temperature 7, and the floating potential V; can be deduced directly. In JT-60U,
a couple of the probe arrays, each of which consists of fifteen identical probes separated by
about 2 cm poloidally, are mounted on the divertor plates. The two arrays are separated
toroidally at the angle of about 10°. The head of each probe is made of 8§ mm diameter
carbon fiber composite { CFC ) cylinder, and its apex facing the plasma shapes a part of
the sphere. The potentials of the probes are swept typically from —100 V to +30 V over
a period of 0.1 s, from 2 s after the break-down to the end of the discharge ( 155 ). The
results of the particle and heat fluxes to the divertor plates during current flat-top phase
in ohmic heating discharges are summarized with related to the main plasma parameters.
During neutral beam heating, in particular, the particle flux to the divertor plates are
increased about several times than that in ohmic heating case, and arcing between the
plates and probes is often observed. The other disturbing sources such as high energy
electrons and fluctuations caused by ELM, make it difficult to fit the data to the expected
curve.

The profiles of local I} and T, are measured along the X-point target plates in the
poloidal direction. The local electron density n, is related locally to the + and 7, by the
EXPress1ons

I+
= 2 1
= e )
where A, is effective collection area of the probe and ¢, = k(T: + fl"e)/:rn,-]l"‘2 is the

jon acoustic speed. The A, is a problem to know. Since the "very strong magnetic field”
regime { p; < dprobe ) is obtained in JT-60U operations, the area of each probe projected
to the local field line, which is 5 to 6 mm? depending on the pitch angle of the magnetic
field, is used. The value of ¢, is an another problem and it is calculated with assuming
that 7; = T..

Particle flux I'p and heat flux Qp are derived as follows,

I'p = j;o:o;daﬂD(R)-%rR-cosf? dl (n-s71), (2)

where yp(R) = I}/(eA,) is particle flux density, and
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Qp = / loid qu(R) -2mR - cos§ dl (W)’ (3)
poloida

where gp(R) = ~.IF - T./(eA,) is heat flux density, respectively. The 8 is the angle
between the field line and axis of each probe, which is normal to the plate surface. Toroidal
symmetry of the profiles are assumed. The sheath energy transmission factor v, of 7.8 is
used to estimate the heat flux to the divertor in this paper, and the calibration using the
infrared sensitive camera system will be performed.

3. HEAT FLUX ESTIMATION

It is difficult to determine 7, experimentally. Qp is given by the sum of the electron
and ion heat fluxes. Although the electron heat flux is affected by the sheath potential
and the secondary electron emission at the target, v§ of 5.0 is usually used. The jon heat
flux varies with the ratio of T to T.. Assuming T; = 1., 7.9T.1} /{eA,) is a fairly standard
estimation of gp. Figure 1 displays @p as a function of P — P, wfwre P,, and P, are
the ohmic input power and total radiated loss, respectively. Since @p = Fop — Poq for
the steady state phase in ohmic discharges, the conventional value of v, should be allowed
to range between 10 and 24 for 0.8 X 101 < 71, < 1.7 x 10°m~3. To explain the results
simply in terms of the difference of the ion heat flux, the corresponding T;/T. ratio varies
between 1.7 and 6.5. When T:/T. is 6.3, ¢, is twice larger and the local n, is decreased to
be half values of the above results. , approaches to 7.9 with the increase in 7.

4, DENSITY DEPENDENCE

Asymmetries in the T, and/or n. profiles have been often seen during divertor dis-
charges, and they depend on #, and the direction of the toroidal field. Figure 2 plots the
peak values of n, on the inboard and outboard divertor plates, and T, corresponding to
the locations of the n, measurements, as a function of fi,. Br is 3.7 T and the direction
of the ion VB drift is towards the divertor plates. The distance between the X-point and
divertor surface is about 10 cm. An increase in @, from 0.6 x 10 to 2.8 x 10% m~2 results
in a reduction of T, from 80 to ~10 eV, and it corresponds to a rise in n. from 0.2 x 10%°
t0 2.8 x 10'® m~2, which is comparable to the density of the main plasma. The maximum
T. on the outboard target { electron side ) is always observed to be higher than that on
the inboard target { ion side ), independent of the main plasma density. The maximum
n, at the inboard plates is larger than at the outboard plates for 7. < 2.0 x 10'°. On the
other hand, both the peak n. values rise significantly to be comparable, or 15 sometimes
higher on the outboard plates for n. = 2.5 10'°, where 7, is still below the high density
disruption limit. I'p and @p to the divertor plates are also closely related to the main
plasma density, and these are shown in Fig. 3. T'p to the outer target plates is increased
more than that to the inner target plates with the increase mn 7. ()p to the outer target
plates is superior to that to inside plates in all range of the 7. '

For the case of the reversed toroidal field, both the 7. and n, are more symmetric
except for A, » 2.6 x 10! m™®. T'p and Qp are shown in Fig. 4. At high 7., only the
local density at the inboard plates ( electron side ) rises to be a few times larger than
that at the outboard plates ( ion side ), while the local n. is only a half the magnitude of
7i.. Neither Tp nor Qp have an asymmetry except in the high density discharges, where
the inboard Qp is twice as large as the inboard one. Contrary to the normal field case,
a moderate and balanced increase in p for both sides with 7. results in the “cold” (
T, < 10 eV ) divertor plastha, and @p decreases to a constant level of about 0.1 MW in

fio > 1.3x10¥ m~?

5. SOL WIDTH ON DIVERTOR

The width of the divertor or SOL profile is characterized by the decay length, which
is obtained by fitting an exponential curve to the profile in the outer magnetic surfaces.
Typical decay lengths of T., ne, vp ( x IJ ) and gp profiles with different plasma density
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are shown in Table 1. The amount of data used for the fit is only 3 - 4 points, and the
standard deviation 8§L;, of 20 — 50% is smaller than §L7. of more than 50%. It is often
difficult to fit a single exponential curve to the T, profile for low density plasmas, since
the T, profile is flat around 10 eV over 6 cm away from the strike point of the separatrix.
The decay lengths of the inboard profiles are smaller than the outboard ones. This result
can be explained by the separation of the adjacent flux surfaces, which near the inboard
target is 50% narrower than that near the outboard target. While L, in the electron
side 1s almost constant with an increase in #., L,, in the ton side and L.,s in both sides
decrease gradually.

6. SUMMARY AND DISCUSSION

In contrast to the reversed field case, where I'p and )p are symmetric except for
fie > 2.6 x 10°m™?, when the ion VB drift directs toward the divertor plates Qp rises
rapidly at the outboard divertor with density. The asymmetry in I'p also reverses from
inboard to outboard dominant at 7, = 1.2 x10°m™3. Both I'p and Qp become extremely
substantial for 77, > 2.0 x 10"®m=3.

It should be noted that these data are measured at the divertor plates, and that
the results for I'p, @Jp, include not only the outflux from the main plasma, but also
the component of recycled neutrals, which are ionized in the SOL/divertor region. It
is estimated from the ratio of the H, emission from the main plasma boundary to the
entire plasma and a 2-D divertor model ( described in detail in other paper ), that the
amplification factor of the particle flux in the divertor region ( the volume is about 0.3%
of the main plasma } is about 2 at #, ~ 2.5 x 10*m™3, This value is not large enough to
change the amplification factor, in particular, at the outboard divertor. This conclusion
is supported by the fact that the inboard and outboard ratios of I'p and Jp are constant
with Ly, and that the 32 ch. high resolution H, detector array at the divertor plates
does not observe a significant asymmetry in the emission profiles.

e Br LTC(ITIIH) Lﬂe(mm) L",’D(mm) L'?D (mm)
(10 m™3) | (T) | i-side | eside |i-side|e-side|i-side|e-side | i-side | e-side
1.0 3.7 | 80~300 ; 70~120 30 37 30 d2 49 38
2.0 3.7 ~130 1 60~120 40 63 41 49 37 34
2.7 3.7 ~150 | 50~110 33 42 29 40 23 37
2.0 2.8 ~100 | 70~110 36 63 42 50 42 35

Table 1: Table I: Decay Lengths of Profiles

* 1.8x10”m7h, < 2.3x10"m™

c 0.3:10"m‘<ﬁ.<1.?x10"m‘

[ 1 =2MA
191 g =377 (CW)

Fig.1 Qp at high density ( closed circles )
and in low density { open circles ) are plot-
ted as a function of P,y — P.gq- vs of 7.9
corresponds to T; = T,.

HEAT FLUX [MW)
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8.8 Particle Confinement

N. Asakura, K. Itami, M. Shimada, S. Tsuji, K. Shimizu, T. Kondo

1. Introduction

In large Tokamak plasma, where the edge density and temperature are fairly high
enough to ionize most of the neutral influx within edge region, it has been expected that
the particle confinement is less influenced by the transport in the core plasma. The edge
plasma conditions including the divertor plasma determine the particle confinement di-
rectly, and there have been reported in large tokamaks such as JT60[1], TFTR[2], and
JET{3]. Meanwhile, neither the scaling of the particle confinement time 7, nor the mech-
anism have been understood systematically[4,5].

In this paper, H,/D, measurement in JT-60U and the ionized neutral influx ®;, cal-
culation are described. The ®;, and I'p, which is deduced from the Langmuir probe
array measurement, are compared for the ohmically-heated hydrogen discharges. T, in-
cluding the SOL/divertor effects is calculated from the &;, results, and the results are
summarized.

2. H,/D, Measurement

The H,/D, measurement counts the H,/D, photons emitted from the plasma, which
is proportional to the neutral influx, and the total neutral influx ®;, is determined by
integrating the influx over the plasma boundary.

The H,/D, scope is installed on a vertical port that provides an oblique view of the
plasma. The three H,/ D, poloidal scopes, which has 30 optical fibers totally, are installed
on the same up-oblique port and they view the plasma cross-section perpendicularly. The
chords of the sight-line are shown in Fig. 1. The 10 absolutely-calibrated channels are
used for the poloidal cross-section measurement. In particular, the best spatial resolution
over the divertor plates is designed to be about 4 cm. Other 6 single scopes are installed
at the different toroidal section to monitor toroidal asymmetry and they are not absolute
calibrated. The signals of line-integrated H,/D, emission ( 656.3 nm ) are guided through
200 m optical fibers to the PMT array and an interference filter is placed in front of each
PMT. This system is absolutely calibrated in situ by using the standard tungsten-halogen
lamp coupled with integrating sphere. The data are sampled from the break-down to the
end of the discharge ( 15 s ) with the sampling period of 1 ms, which is restricted by the
response of the pre-amplifier.

The total ®;, is calculated by integrating the signals along the poloidal circumference.
Although reflected light by the first wall distorts the real image of the H,/D, emission,
this correction may be small enough in JT-60U, where the first wall is completely covered
by graphite tiles. The calculation of ®;, is given as follows,

13
(I)in = 'ZEJ"EJ‘-Q‘.'TRj'A[J' (H'S_l), (1)

j=1

where E; (photons s™! m~?}, ¢; (ionizedneutrals/photon}, Al; (m) are the H,/Dg
photon signal, the “lonization events per photon” and the representative path over j-th
section. The plasma poloidal boundary is divided into 13 sections as is schematically
shown in Fig. 2 and the line-integrated emission signals of I; to Jjp are distributed to E;
in each section. Following three assumptions are made for this calculation;

1. The ionization event of ¢ is influenced mainly by local n, and 7.. According to
the empirical function of e(n.,T.) (6], ¢; of 15 for the plasma edge condition of
ne ~ 0.5 x 10" m™2 and 7., > 15 €V, is used for the series of calculations.
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9. Toroidal symmetry of the emission profile is relatively satisfied in the ohmically
heated divertor discharge with the low or moderate gas fueling.

3. The Al; is given by As;
path, where As; and 6;

x cos f; if the photon emission is constant over the straight
are the path length and the angle of the sight line normal

to the path. Table 1 shows an examples of the elements for each section in the
calculation. Here, the inboard/outboard symmetry of the emission is assumed for

the sections of j = 2, 3 and 4.

— — =
; J—

Z“'- ~"First Wall of Vaguum Vessel
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Fig.1 The three H,/D, poloidal scopes,
which has 30 optical fibers totally, are in-
stalled on the same up-oblique port. The
spacial resolution of the chord over the di-
vertor plates is designed to be the highest
about 4 cm. 10 channels shown by thick
lines are prepared for the measurements.
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Fig.2 The plasma poloidal boundary 1s di-
vided into 13 sections to evaluate the neu-
tral influx ®;,. The emission signals of [; to
I,o are distributed to E; in each section.

Table 1: Example of Influx Calculation

path No. [ path length (m) | view angle rep. path {(m) major radius (m} | corresponding signal

] $; 0; L (= s;xcosb;) R;. E;

1 171 15° 1.21 3.30 INE
2+ 13 147 30° 1.27 3.30 I, - E
3412 1.34 25° 1.21 3.30 Iy — By
4+ 11 1.25 25° 1.13 3.30 I, — Ep

5 0.500 T5° 0.453 9.92 T, — Eu

3 0.120 %0 0.112 305 Ts — En

7 0.120 0° 0.120 3.14 I; —- Ey

8 0120 20° 0112 3.22 Ts — Eus

9 0.210 45° 0.148 3.33 Is — By

10 0.640 40° 0.490 3.55 Lo — Bz
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3. INFLUX AND OUTFLUX

The signals radiated mainly in the divertor/X-point region, s, Iz, Is and Iy, are
100 — 200 times brighter than those in the upper half of the plasma such as I; and I3,
in the medium and high density discharges ( n, > 1.3 x 10" m™® ). While AL; of the
divertor sections ( 7 = 6,7,8 and 9 ) are smaller by one order of the magnitude. Therefore,
the influx passing through the divertor/X-point sections of j = 6,78 and 9is 3 — 4
times larger than that from the other sections of the boundary, and the ratio is increased

radually with f,. It should be noted that in the density regime signals of I, /5 and [
%out of view of the targets ) also rise significantly, about 20 - 50 times brighter than
I;. This fact suggests that the influx not only from the divertor/X-point sections but also
from the close vicinity of the X-point plays a large part in recycling of the neutrals in
the higher density operations. In the low density discharge ( n, < 1.0 X 10'° m™® ), the
intensities of I, I7, Iy and Iy are about 10 times brighter than I3, and the influx from the
divertor/X-point is decreased comparable to that from the other sections.

Figure 3 plots ®;, and 'p as a function of fi,. The particle flux result I'p, which is
derived by the probe array, are chosen from the same data base as was described in the
previous section. ®;, is calculated using the H, signals at the corresponding time. The
®,. and T'p are in fairly good agreement within the experimental errors. The neutral
influx excluding in the divertor/X-point sections ( j = 6,7,8 and 9 ), ®72 is also shown in
Fig. 3. The ®7 corresponds to about 50 % and 30 % of the ®;, in the low and high density
regions, respectively. More than half of the neutrals are supplied from the divertor/X-
point region to the main plasma. While the ratio of @7} to ®;, is decreased gently with
the main plasma density in ohmically-heated discharge. The neutral influx of more than
50 % from the divertor/X-point and its vicinity penetrates into the main plasma, and
that its relative distribution over the plasma boundary is hardly influenced by 7, in the
open X-point configuration in JT-60U.

4. GLOBAL PARTICLE CONFINEMENT TIME

The particle confinement time 7, including the SOL/divertor effect is given by 7.V, / ®ix,
and it is plotted as a function of n, in Fig. 4. Here, V] is the main plasma volume and
the volume of the divertor region is small enough to be neglected. 7, increases with 7, for

fi. < 1.3%10** m~3, and the maximum 7, of about 80 ms is achieved at . = 1.3x10™ m~2.

In the medium and high density regimes of 7, > 1.3 x 10'® m™2, 7, decreases from
80 to 30 ms proportional to ii; 1. the least-squares fit to the normalized I'p and 7, can
be reduced to the following expressions; $:,/®5, = (f./A;)*! and 7,/7r = (f./a])"1?
where 727, @7, and 7, are 1.3 x 10*° m~3, 1.23 x 10%? n-s™!, and 80 ms, respectively. In

the reversed field case, the best fits are given by ®,,/®;, = 1.4 x (7. /fA7)'? and 7,/7}
= 0.83 x (f./A2)"92, for A1, > 1.0 x 10" m~>. These results show that the normal Br
direction affects the decrease in the global particle confinement in the high density regime
(e > 1.5 x10"¥ m™3).

H

5. SUMMARY

The ionized neutral influx is deduced from the H, emission signals from the plasma
boundary in chmically-heated hydrogen discharges. The particle flux and ionized neutral
influx are in fairly good agreement within experimental errors. The global particle con-
finement time, 7,, including SOL effects is derived from the measured influx. When the
ion VB drift is towards the divertor, the global 7, decreases with 7, in the relatively high
density regime ( 7, > 1.3 x 10'® m™ ). However, the deterioration is smaller when the
ion VB drift is away from the divertor.

—224—



JAERI-M 92-073

References:

1) YAMADA, K., et al., Nucl. Fusion, 27 (1987) 1203.

'2) HEIFETZ, D,B., et al., J. Vac. Sci. Technol. ‘A. 6 (1988) 2564.

(3] MORGAN. P.S,, et al,, in Controlled Fusion and Plasma Physics (Proc. 12th Eur.
Conf. Budapest, 1985), Vol. 9F, Partll, European Physical Society (1985) 535.

4] WOOTTON, AJ,, et al.,, Plasma Phys. Controll. Fusion 30 (1988) 1479.

5] TSUJL S, et al,, “Experimental scaling of particle confinement in Tokamaks”, Fusion
Engineering and Design (1992) (in press)

[6] JOIINSON, L.C., HINOV E., J. Quant. Spectrosc. Radiat. Transfer, 13 (1973) 333.

@ 8 v
b O Particle Flux on Divertor Plates
i 7 || ® Total lonized Neutrals o
x © lonized Neutrals in Main Plasma .
@ 6 Iz i
= I, = 2MA =
= [ B, =3.7-3.87 [CW) 1
g 5 = T, =300 or i50deg .
k] 15 lons/He photons 1
] a - i
N
| =
§ ‘
o8 T ﬁlﬁ o |
o S . o o
‘E 2 - -

| 0 ]
o 0 .
g 1 L jum] DD [ O. 6‘@ N
— .e OOO
g B oo °F°

0 PRI N 2 | U Y O SO T T Y .

0.0 1.0 2.0 3.0

n, (x101%/m?3)

Fig.3 ®,, and ®,,; are plotted by squires and closed circles as a function of fi., respectively.
The particle flux data derived by the probe array are chosen from the same data base
described in the previous section. ®7, neutral influx excluding in the most high recycle
region, is also shown by open circles.

300 — N
L[ =2MA -
rl'p =R, xV_ /T
- [ | B, =3.7-3.8T {CW) Tp =Ne X ¥p ! taw
E [ | Tyan = 300 or 150deg fc? =g X Yo ! Trmain
” i
[ m ]
i 200 o o Tp ]
- o
| = o e}
& O -
.
g © o-.
£ SN
g [ G-
o 1600 - T ]
@ 1 P "O-._O
B . o
= a® .
E - \~\1-.
o PO PSP TR T R GOt P ) I N S S Y it
0.0 1.0 2.0 3.0

n, {x10'9/m3)

Fig.4 The particle confinement time 7, including the SOL/divertor plasma is plotted by
closed circles as a function of fi.. The 7" defined by . V,/®T, is also plotted by open

circles.

—225—



JAERI-M §2—073

8.9 Heat Load of the Divertor Plates
K.Itami

1. Introduction

One of the major unknown factors in designing a fusion reactor is the heat flux behaviors on
the divertor. For predicting the behavior of heat flux in fusion reactors, it is very important to
understand the energy balance and the heat transport transport in the scrape-off layer and divertor in
large devices, such as in JT-60U. This study is the first study of heat flux behaviors using a
thermography in JT-60U.

2. Calculation of Heat Flux
Heat flux to the divertor is calculated from the time evolution of the temperature at the divertor

plate. Temperature of the divertor plates is measured by an infrared thermography system. The
thermography system developed for JT-60U consists of an infrared TV and two mirrors, viewing
the divertor at an angle of 62.52. Data acquisition system takes radial profiles of temperature with
time resolution of 25msec.

In a semi-infinite solid, temperature rise T(z) at the surface exposed to heat flux A(z) is given by

T(t) = sx'“z[ -ty 12 A7)

where
1 2
£= ().
IR
Here p is the density, ¢ is the specific heat and K is the thermal conductivity of carbon.
Then A(1) is obtained from this equation by substituting the time evolution of surface temperature.

(See Figure 1)

3. Heat Fluxes due to ELM activities in H mode

Stationary energy balance is established in L-mode plasmas. In H mode plasmas, heat transport
in the scrape-off layer correlates with ELM activities. In case grassy ELMs appear, energy from the
main plasma is carried by both the stationary heat flux and the pulsed heat flux due to ELM
activities. When ELLM activities are weak, the pulsed heat flux is observed only at the inner divertor.
As ELM activity becomes stronger, the heat flux due to ELM appears at the outer separatrix, t0o.
When a quiescent phase of H mode is obtained, a large part of energy is carried by the pulsed heat
flux due to giant ELMs that appeared at the end of the quiescent phase. Figure 2 shows the case in
which the pulsed heat flux dominates the energy transport to the divertor. At t=5.9sec, aclear L. to
H transition is observed and the heat flux suddenly decreases at both the inner divertor and the
outer divertor. An H to L transition occurs 100 milliseconds after the L-H transition and a
stationary heat flux recovers. For t=6.2 sec to 7.0 sec, several H-L. transitions and L-H transitions
are observed and the heat flux to the divertor are strongly correlated with these transitions.

4, Asymmetry of Heat Flux in NB discharges
It has been observed in JT60, DIII-D and JET that the heat flux is larger at the inner divertor
than at the inner divertor when the ion drift is toward the divertor plates. The ratio of heat flux at the

inner divertor to heat flux at the outer divertor Pifear / P##a7 is plotted against the averaged
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plasma density 1, for both directions of toroidal field in Figure 3. Changes of the ratio due to the
direction of toroidal field is as large as 40%~60%. The mechanism of these asymmetries 1s not
well understood. The ion flux and electron flux due to collisional transport s in opposite directions
and a simple estimation indicates these amplitude is not large enough to alter total heat load on the
divertor by 10%.

5. Power Balance in OH plasmas, LHCD plasmas and NB heated plasmas
We investigated power balance of OH plasmas, LHCD plasmas and NB heated plasmas using
a database. Figure 4 shows the power balance in OH plasmas. The total heat load onto the divertor

Pi9ta7 and total output power Poyr is plotted against the ohmic input power Pog. Pifkar is given
by Piffar = PﬁﬁgA'_r + P§ar. Pouris given by Pour = PiEaT +Prap. Prap is the total radiation
loss from the main plasma and the divertor plasma. A density dependence of power balance is
shown in Figure 5. As the main plasma density increases, the ratio Piffar / Poyr decreases due to
the increase in the radiation loss at the divertor.

In LHCD plasmas, up to 1.5SMW of LHRF power was injected into the plasma. Since current
drive efficiency decreased as the main plasma density increases, fully current driven plasmas were
operated in the density range of e < 1x10'?m-3. In high density discharges, the loop voltage
increased and ohmic input power surpassed LHRF power. The data base includes few points from
discharges with 1x10"?m-3<n.< 2.7x10Y%m-3 and the rest of the data pertains with discharges with

iz < 1x10%m-3. The power balance in LHCD plasmas is shown is Figure 6. Pigkar and Poyr is
plotted against the total input power Pyy. Py is givenby P;y =Py + Poy. Py is the LHRF
power. As shown in this figure, about 60-70% of input power is deposited onto the divertor.

In NB heated plasmas with high density, the agreement between the input power and the output
power is worse than that in OH plasmas and that in LHCD plasmas. Figure 7 shows the power

balance in NB heated discharges. Piféar and Poyr is plotted against £gps. P aps 18 the total
absorption of the beam power. The heat flux onto the divertor is ~50% of Pgps at maximum.

6. Statistical Analysis of Peaking Factor of The Scrape-off Layer

The scaling of the scrape-off layer thickness is needed for prediction of the boundary plasmas
in fusion reactors. Such a scaling has not been obtained experimentally yet. The models of the
scrape-off layer, given by Harrison et al, [1], are often used to obtain theoretical predictions.
According to the model the scrape-off layer thickness is given by competition between the thermal
conduction along the scrape-off layer and the perpendicular thermal diffusion and it is described by
the function of the plasma parameters at the scrape-off layer and at the divertor. These local plasma
parameters is not easily obtained experimentally and the simple relation between the plasma
parameters in the scrape-off layer and those in the main plasma is assumed to apply the Harrison's
formulation for estimating those in the fusion reactor. In reality, particularly in high power beam
heated discharges, the particle recycling plays an important role in determining the plasma
parameters in the scrape-off layer and no simple relation between the main plasma parameters and
the scrape-off layer plasma parameters is expected. '

We have established a scaling law of the peaking factor of heat flux that is applicable to beam
heated discharges in JT-60U with a wide range of plasma parameters. A database was assembled
from discharges with 1.2MA </p < 3MA (plasma current), 1x10%m-3 <7, £ 7x101%m-3
(averaged density of main plasma), IMW < Pyp < 16MW (NBI heating power), 2.5 € g < 13
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(effective safety factor). The peaking factor Y, defined by ¥ = 2nR f°%qpnax / Pyrar , is the inverse
of the thickness of the scrape-off layer. Here 2rR is the toroidal circumference, Here R is major

radius of the plasma and f°¥ is an expansion factor of flux tube at the divertor to the scrape-off
layer at midplane. The parameter qmax 18 the maximum value of heat flux density at the outer
divertor and Pygar is heat flux integrated over the outer divertor. Since the peaking factor is
determined by the competition of transport along the magnetic field and perpendicular diffusion of
particles and heat, it depends on the parameters Pyrart, ne and g.q , which determine the

temperature and density in the scrape-off layer and the divertor plasma. From a statistical analysis,

we found the peaking factor Y scaled as Ppgar®#9%0-18 7,-04520.22 g, 0.6740.18 35 shown in

Figure 8. This scaling is much different from the scaling estimated from the Harrison's model[1]

(Puear ng P qoz*), as shown in Figure 9.
The density dependence of the peaking factor in LHCD plasmas is shown in Figure 10. This
database consists of discharges with a limited range of the LHRF power (Pry < 1.5MW), the

plasma current ( most data with Ip = 1.2MA, few data with [p=2MA ), and thetoroidal filed (
Br=4T).

REFERENCES
[1] Harrison, M., Analytical Modeling of Divertor and Scrape-Off Layer: ITER-IL-PH-13-9-
E12(1989).
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8.10 Wall Conditioning in JT-60U

M. Shimada, R. Yoshino, Y. Kamada, H. Kubo, T. Sugie, S. Tsuji,
H. Nakamura, H. Ninomiya, and H. Horiike

1. Introduction

Wall conditioning plays an essential part in improving the quality of discharges in
confinement and stability[1,2]. Besides baking, four types of wall conditioning are used in JT-
60U: helium glow, helium/deuterium TDC, low-density tokamak discharge and disruptive

cleaning.

2. Procedure of Wall Conditioning
After closing the machine vacuum, the vacuum vessel is baked to 300 degree C, followed

by deuterium TDC of 30-40 hours long. Tokamak discharges are then atiempted, combined
with the inter-shot helium TDC, and disruptive cleaning. Disruptive cleaning is a technique of
cleaning a particular area of the first wall (divertor plates in the JT-60U case) by making the
plasma hit the first wall during the ramp-down phase. Low density conditioning shots are used
particularly after a disruption shot. He TDC is often used with other techniques: disruptive
cleaning, low density shot, and He GDC. Inter-shot He GDC has not been implemented yet,
since glow current is rather low compared with other tokamaks(3A/anode in DIII-D), making

short-time GDC inefficient.

3. Effects of Wall Temperature
Figure 1 shows carbon and oxygen emissivities normalized by electron density, with wall

temperatures of 300 and 150 degree centigrade. This indicates that carbon and oxygen
concentration is reduced by a factor of two by lowering the wall temperature, suggesting
importance of chemical processes in impurity generation. Reduction of impurities results in
expansion of the electron density range by a factor of two. However, reduction of wall
temperature also slows down the process of wall conditioning by baking and TDC,; hydrogen
pressures are lower by a factor of 5-30 between shots, by a factor of up to 2 during helium
TDC and partial pressures of water is lower by a factor of 2-10 between shots and by a factor
of 5-20 during helium TDC. This result suggests that after initial periods of baking and

cleaning, best results would be obtained by a combination of low wall temperature and helium
GDC.

4. Glow System
A glow anode has been installed on the JT-60U machine. Its head is made of graphite,
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measuring 16cm x 16 cm. The head position is 2 cm behind the first wall. Anode voltage is
400-700 V, glow current is 1-2A. A preionization filament[3], biased at -300 V with respect to
the vessel, initiates glow discharges at low pressure(0.1Pa). Glow discharge cleaning is
routinely done during lunch hour (12-1pm), during dinner hour(6-7pm), and overnight(10pm-
Gam).

5. Reduction of Impurity and Particle Recycling by Helium Glow Cleaning
Figure 2 compares Zeff, oxygen concentration, and carbon concentration before and after
the first glow cleaning. Zeff was reduced by 1-2 by helium glow cleaning(Fig. 2(a)). Oxygen
was reduced by a factor of two from the level prior to the first glow discharge(Fig. 2(b)).
Furthermore, reionization of neutral beam in the neutral beam ports were reduced by helium
glow. These results suggest that oxygen and hydrogen/deuterium particles in the graphxte wall
as well as on the port wall can be reduced by helium glow. 40 hours of TDC reduced oxygen
level by a factor of two; however, reionization of neutral beam in the neutral beam ports were
enhanced by a factor of two to four. Carbon levels show little effect of glow cleaning(Fig.2(c)).
Even after four months of tokamak operation and wall conditioning, Zeff during NBI was still
high even in high density(2.2 at 4.4x1019m-3)(Fig. 3) and confinement improvement by H-
mode was still modest(40%). This suggests that further wall conditioning is necessary and

more powerful wall conditioning methods(such as boronization) are required.

Figure 4 compares two shots in series(13899 and 13900). - Between these two
discharges, 1 hour of helium GDC was performed, followed by 10 minutes of helium TDC.
Operation parameters(toroidal field, plasma current, gas puff, neutral beam heating) were fixed
for these two discharges. Electron density and Dalpha emission clearly showed reduction of

particle recycling by helium GDC/TDC.

6. Conclusion and Future Plans
(1) Helium glow discharge cleaning was effective in reducing oxygen and particle recycling.

Carbon showed little reduction after helium glow.
(2) Both carbon and oxygen impurities were reduced by a factor of two by reducing the wall

temperature from 300 to 150 degrees centigrade.

(3) After four months of tokamak operation and wall conditioning, Zeff during NBI heating(up
1o 18 MW) was still high 2.2 in high density(4.4x1019m'3) and confinement improvement by
H-mode remained modest(40%). This motivates us to do more wall conditioning and

implement powerful conditioning techniques(boronization).
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9 Study on D-D Reaction Particles
9.1 Neutron Calibration Experiment

T. Nishitani, H.Takeuchi, Cris W. Barnes*! and T. Iguchi*2

1. Introduction

The fusion neutron yield is most important parameter to estimate Q, because the generated
fusion power is proportional to the neutron yield. Therefor the accuracy of the neutron yield is
needed in the DD or DT operational fusion devices. The absolute calibration of the relation between
the neutron source strength in the whole plasma and the output of neutron monitor is a most
important problem in the measurements of the neutron yield. The calibration is rather difficult
because the neutron source is distributed in the plasma which is surrounded with many complicated
structures such as first wall, vacuum vessel poloidal and toroidal coils. Many efforts and time are
devoted to the calibration at many tokamaks [1-7]. An moderated 235U fission chamber is popular
for the neutron yield measurement with temporal resolution in large tokamaks such as TFTR and
JET. In TFTR [1-3] the calibration of the fission chambers has been performed by moving a 252Cf
neutron source, and each DD and DT neutron generator in the vacuum vessel. JET [4,5] has

employed the calibration using 252Cf neutron source.

2. Physical Description of Detectors and Calibration Apparatus

We employed three types of the neutron detector; 235U and 238U fission chambers, and
3He proportional counter. Fission chamber, which is a ionization chamber of which wall is coated
by fissile material such as 235U and 238U, is suitable for the neutron yield measurements for the
DD plasmas. The 235U detector is used in the low and medium neutron yield discharges and the
238U detector is used in the high neutron yield discharges such as high-power NB heating
experiments. The 3He proportional counter has high detection efficiency. So the detector can obtain
sufficient statics in the 252Cf source calibration and plays a role of "temporary detector” to cross-
calibrate less sensitive detectors using DD tokamak discharges.

Those detectors were placed on the torus midplane, just outside the toroidal field coils, at
three different toroidal bays out of 18 Bays total: P-3 ; P-7 ; and P-13 . At P-3 and P-7 were
located one each of a He proportional counter, a 28U fission chamber with 1.5 grams, and a 235U
fission chamber . At P-13 were another 0.3 gram 233U detector by Toshiba, and another Reuter-
Stokes 238U detector, for 8 detectors total. The detectors have all long cylinders in geometry. The
235U - detector is surrounded 50 mm thick polyethylene of moderator, and 1 mm thick cadmium of
thermal neutron shield, whose neutron sensitivity is estimated to be almost constant in the energy
range of 0.55 eV to 2.5 MeV. The 238U detector is surrounded by 50 mm thick lead of gamma
shield only. The detectors were oriented vertically and place just beyond the outer diameter of the
toroidal field coils to reduce the effects of the magnetic fields. Being in line with midplane ports,
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the detectors had a minimum of shielding between themselves and the plasma neutrons. We use
2351 and 238U fission chambers in both pulse counting mode and Campbell (MSV) mode, former
is suitable for low count rate less than 106 cps and later is for high count rate more than 105 cps. A
pair of the 3He detector are operated in pulse counting mode only.

A remotely controlled source transfer system positioned the neutron point source in the
vacuum vessel of JT-60 U. The source transfer system consisted of “train and track” is shown as
shown in Fig.1. The 252Cf source was lowered by a fishing line into a funnel into a vertical pipe
where it was supported at a height 15 cm above the midplane of the torus (corresponding to the
height of the magnetic axis for the lower-divertor plasmas of JT-60U). The pipe was then mounted
on a flat “train” that drove around a *“track" mounted inside the vacuum vessel. Actually the train
was more like a moon rover car that travelled a road, with the car about 2 feet long and one foot
wide. The source pipe was at one end of the car, and a TV camera was at the other end, with a
broadcast unit mounted in the middle of the car. The road had an inverted ridge that the car steered
along. The source pipe could be placed at two radial locations, corresponding to 3.42 m and 3.22
m major radius (typical equilibrium positions of the magnetic axis for standard and high elongated
configurations, respectively). Most of the mass of the train and track was located below the
midplane. The TV signal was broadcast out of the vacuum vessel to a receiver in the adjacent clean
room, and then piped by wire into the diagnostic control room where a digital clock was added to
the signal and recorded on a VIR.

The track was labelled every 0.59 with the toroidal angle from the center of Bay P-1 (the
entrance port) of the source when the TV camera was looking at the label. The calibration was done
point by point by moving the car to an angle, stopping, and counting for 1000 seconds (with a few
points for 2000 seconds). The last 18 hours of calibration were an attempt to calibrate activation
and track detectors, with the car kept in constant toroidal motion.

The 252Cf source of 400 MBg manufactured by Amersham was used here. It had a
calibrated source strength of 5.14 x 107 n/sec on March 25, 1991, and had decayed (with an
assumed half-life of 966.1 days) to 4.78 x 107 n/sec by July 4 when the calibration began. The
intensity remained constant during 5 days duration of the calibration. The %52Cf source was sealed
by stainless steel capsule of 7.8 mm diam. x 10 mm height. The angular emission is isotropic. The
energy spectrum can be represented by a simple Maxwellian distribution of the form whose
averaged neutron energy is 2.14 MeV, which is near 2.45 MeV for the DD neutron energy.

All eight detector signals were acquired into a LeCroy 8590 scaler under computer CAMAC
control. The data from all the detectors except the 28] ones were also acquired onto 6-digit manual
scalers. The triggering of the computer and manual scalers was manual, with a count down used to
synchronize the three buttons to be pushed. All of the sets of numbers (CAMAC and manual
scalers values) were tabulated. The manual synchronization worked well enough, with good

agreement between the various tabulations.
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3. Calibration Results

The point efficiencies, counts per neutron from a point at a single angle, of the detectors at
Bay P3 are shown in Fig. 2. Not only high-sensitive 3He detector but also 0.3 g 235U detectors
have sufficient statistical certainty. The noise of the detectors at Bay P3 and P7 is quite low, so that
meaningful data was obtained for the point source opposite side of the detectors. The point
efficiencies can be integrated and averaged with angle to provide toroidal line efficiencies. Multiple
data points at a single angle are first averaged together; the integrals using a simple Simpson's rule
a cubic spline fit do not differ. The obtained toroidal line efficiencies are summarized in Table. 1.
The data from the two major radii are very similar, with a typical reduction of only 2% for the 20
cm difference. The toroidal line efficiencies could also be obtained from the constant revolution of
the source during the activation calibration. During a 1160 second revolution (16 turns) the scalers
could be triggered, and over 9000 counts obtained in the 0.3 gram 233U detectors. The resulting

line efficiencies were indentical to the integrated point efficiencies.

Table 1. Detector efficiencies for toroidal line source
Line efficiencies (counts/ source neutron)
Integration of point efficiencies Constant revolution
Detector R=342m R=322m R=342m
23501 5.34 x 10-8 5.26 x 10-8 5.34 x 10-8
235U2 1.78 x 108 1.74 x 10-8 1.78 x 10-8
235U3 1.92 x 10-8 1.88 x 108 (2.09 x 10-8)*
3Hel 3.27 x 10°6 322 x 106 3.27 x 106
3He3 2.83 x 106 2.78 x 106 2.83 x 106
* Including noise counts

4. Measurement Uncertainties for Neutron Yield

Neutral beam experiments are mainly interested in JT-60 Upgrade. In those experiments,
the neutron yield exceeds 1014 n/s, where the pulse counting mode is not available due to pulse
pile-up. In the range of neutron yield, we have to use Campbell mode or current mode. Campbell
mode is employed for the high neutron yield in JT-60 Upgrade. The intensity of our 252Cf source
is too low to calibrate the fission chamber in Cambelling directly. So the cross calibration of the
235U detector from the pulse counting mode to the Campbell mode was performed during the
ohmically heated tokamak discharges in the rage of neutron yield 1011 - 1013 n/s, where the
Campbell signal overlaps the pulse counting signal. Good linearity between the pulse counting and
Campbell modes was obtained in the range of the neutron yield. Above the neutron yield of 1013
n/s, the count rate was saturated by the pulse pile-up and the dead time of the electronics. The
standard deviation between the pulse counting and Campbell modes was 5% including the
Fractuation of the Campbell electronics.
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The sources of the calibration and measurement uncertainties are listed in Table 2, where
uncertainties by the calibration hardware scattering, and the energy difference between 252Cf and
DD neutrons are estimated by the MOCNP calculations. The linearity of the Campbell mode was
investigated using a fission reactor by changing the output power step by step. The The total
uncertainties are derived from the root-mean-square of each source uncertainty. The expected
uncertainties in the neutron yield measurement are 10% for the pulse count mode (Sn £ 1013 n/s)

and 11% for the Campbell mode (Sn 2 1012 n/s).

Table 2 List of measurement uncertaintics for neutron yield
252Cf source intensity +1.5%
Statical error +03%
Calibration hardware scattering +5%
Energy difference between Cf and DD +6%
Neutron source profile +55%
Plasma position variation + 2%
Statistical error in pulse counting mode + 2%
Cross calibration pulse counting to Campbell mode 5%

1%

Campbell mode linearity

*1 Los Alamos National Laboratory
*2 University of Tokyo

References
[1] H. W. Hendel, D. L. Jassby, H. _S. Bosch, et al., Rev. Sci. Instrum. 59 (1988) 1682.

[2] E. B. Nieschmidt, T. Saito, C. W. Barnes, et al., Rev. Sci. Instrum. 59 (1988) 1715.
(3] H.W. Hendel, R.W. Palladino, et al., Rev. Sci. Instrum. 61 (1990) 1900.

(4] O. N. Jarvis, J. Killne, G. Sadler, P. van Belle, et al., JET Report, JET-TR(85)06(1984).
[5] O.N. Jarvis, G. Sadler, P. van Bell, T. Elevant, Rev. Sci. Instrum. 61 (1990) 3172.
(6] G. Zankel, J. D. Strachan, R Lewis, et al., Nucl. Instrum. Methods 185 (1981) 321.

{7 M. Angelone, P. Batistoni, L. Bertalot, et al. Rev. Sci. Instrum. 61 (1990) 3157.

JT-60U
Vacuum . .
i ayessel § 107 prorermrEeEmTTOTOOT
3
' Neutron £ 10°
[ 252Ct Detectors €
Train Source § 10°%
o P ey
g 4907
| o
£ 10®
t
E 10‘9 11111 1211531 U N EREEEENE Loaagaalbsy
.180 -120 -60 O 60 120 180
Toroidal angle from the center of P-3

Fig. 1 Schematics of the source transfer system  Fig. 2 Point efficiencies for 2350 and 3He detectors in Bay
in the vacuum vessel of JT-60 Upgrade. P-3 versus toroidal angle of the point source,

—237—



JAERI-M 92073

9.2 Fusion Reactivity in D-D Plasma

T. Nishitani

1. Introduction

The initial D-D experiments were undertaken from July 18 to October 4 in 1991. The
fusion reactivities of The D-D plasma have two major fusion reactions of d(d,n)3He and d(d,p)t
which have almost same reactivity. Therefor the D-D fusion reactivity Rpp is almost twice of the
2.5 MeV neutron yield S, produced by d(d,n)3He reaction. Here the neutron yield Sy, for the
cohmically and NB heated plasmas have been investigated with the neutron monitors employing
235U and 238U fission chambers described in section 9.1. The Rpp (or Sy) and the fusion power
multiplication Qpp have been used to evaluate the plasma performance as well as the energy
confinement time Te. It seems that the Rpp and Qpp are more valuable than 1 as a parameter of the
plasma performance since those are more sensitive to the dilution of the core plasma. The Rpp of
7.0 % 1016 51 and 8.8 x 1016 s-1 were obtained in JET [1,2] and TFTR [3], respectively, until the
IAEA conference in Washington, DC. In JT-60U, many efforts have been devoted to optimize the
fusion reactivity in this experimental period. Figure 1 shows the progress of the neutron yield on
the initial D-D experiments of the JT-60U. The neutron yield increased gradually according to the
degasing of the NB injection ports. Re-ionizing losses of the neutral beam in the injection ports
were suppressed to be less than 10 % by the GDC which became available August 1991.
Maximum neutron yield of 1.3 x 1016 neutrons / s was obtained in the high-Ti and hi-fp plasma

(see section 4.6).
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Fig. 1  Progress of the neutron yield on the initial D-D experiments of the JT-60U.
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2. Fusion Reactivity of the Ohmically Heated Plasmas.

In JT-60U during 1991, the D-D di'scharge experiments have been made with the plasma
current Ip in the range 1.0 to 3.5 MA. Figure 2 shows the neutron yield obtained in the ohmically
heated discharges as a function of Ip. The neutron yield has a strong dependence on Ip, which is
seems that higher Ip results in higher ion temperature and density. It reaches up to 1013 n/s at the
Ip of 3 MA.

Figure 3 shows the neutron yields as a function of the stored energy measured with the
diamagnetic loop for the ohmically heated discharges. The neutron yield has a strong dependence
on the stored energy and is proportional to ~ W gia? in the range of Ip from 2 to 3 MA. The neutron
vield of the ohmically heated discharge is represented by

Sn=f %n%(cv)andr
g

_ 1 np Zimp'zeff 2
= _1 ov) 2nr dr
[2“"“‘“ Zinp-1 o2 o)

where np/(np + ny) is a deuterium enrichness, Zimp is a impurity charge number, and <Gv>1is a

D-D fusion reactivity which is the strong function of the ion temperature. The has a dependence on
~ Ti% around the 2 keV of Ti which is a typical ion temperature of the ohmically heated discharges
with Ip of 2 to 3 MA. Therefor, the relation between the neutron yield and the stored energy for

the ohmically heated discharge is obtained by
Sy o< np2 Ty o« W2 (forIp 2 - 3 MA) _ . (2)
where T; o T and np o ne are assumed. The experimental results showed in Fig. 3 agree with the

prediction by Eq. (2).
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Fig. 2 Neutron yield plotted against the plasma Fig. 3 Neutron yield plotted against the stored
current for the ohmically heated discharges. energy for the ohmically heated discharges.
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3. Fusion Reactivity of the Neutral Beam Heated Plasmas.

The experiments of the fusion reactivity optimization have been made by using deuterium
NB injection heating with the power level up to 22 MW. The beam energy was in the range 80 to
95 keV. The highest fusion reactivity was obtained in a high Bp plasma in terms of high Ti mode
features provided by relatively small radius plasmas with the NB injections passing through the
core region , where following parameters were achieved; the neutron yield Sn = 1.3 x 1016 n/s, the
ion temperature T;CXRS (r/a = 0.16) = 22 ke, the electron temperature TECE (r/a = 0.18) = 6.6
keV (see section 4.1).

The total neutron yield from the NB heated plasma is made up of these contributions: the
thermal-thermal contribution, the beam-thermal contribution and the beam-beam contribution. The
three terms scale in the following manner:

273
S, =2 (gy T+ (;_u) P T2 Ky (B, Te, Ts) +0f V K3 (T3)
v " W

where Sn is the neutron source strength, P in the input power, V is the plasma volume, and the
function Ki is the fusion reactivity <gv> averaged over the respective distribution functions. The

relatively weal dependence of K7 on Tj aries mainly through the thermal distmbution function. The
beam-thermal contribution is dominant in the steady state phase of the most of the JT-60U
operation condition. To maximization of the beam-thermal contribution, both electron and ion
temperature need to be high which implies low density operation. The Te needs so high that the
injected deutrons slow down on ions and heat them. Once the critical energy Ec (= 15 Tg) becomes
higher than beam energy, the neutron yield becomes essentially independent of Te. The benefit of
high Tj values is mainly due to the increase of the thermal-thermal reactivity as well as the beam-

thermal one with Tj. The low density target plasma, low plasma current and the wall conditioning

by the GDC were required.
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Fig. 4 Neutron yield plotted against the plasma current for the NB heated discharges
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Figure 4 shows the neutron yield obtained in the NB heated discharges as a function of Ip,
over most of the injection power. The neutron yield was maximized at relatively low plasma
current Ip = 1.1 MA, which associated with low initial target density. This is very similar to the
result of the initial supershot experiments in TFTR [4]. The neutron yield of the discharges with Ip
<1 MA is limited by the interlock of the armor tile temperature due to the NB shinethrough which
terminates the discharge. In the discharges with Ip = 1.1 MA, the neutron yield was limited to be ~
7 x 1015 n/s in the ELMy phase but increased linearly until the Bp collapse occured.

The maximum neutron yield during a pulse increases strongly with the heating power as
shown in Fig. 5. The upper boundary of the neutron yield varied as ~ P18 where P is the heating
power in the TFTE super shots [3]. In JT-60U, it looks like to vary as P2.5-3 It is provably
because that the neutron yield has not been maximized in the medium and low heating power
regime (Pabs < 15 MW). The variation of the neutron yield and the stored energy are well
correlated also in the NB heated discharges. When the neutron yield is plotted against the stored
energy, the linear dependence of the Sn on W2 is found for each plasma current as shown in Fig.

4.1 of section 4.1.
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Fig. 5 Neutron yield as a function of the absorbed heating power.
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9.3 Triton Burn-up
T. Nishitani and Y. Ikeda

The time resolved triton burnup was measured by the 14 MeV neutron detector. The triton burnup
ratio was 0.2-2%, in the NB heated plasma. The triton burnup ration averaged in the period July
18 to October 4, 1991 was measured with the foil activation technique employing
93Nb(n,2n)93mNb and 38Ni(n,p)38Co reactions. The averaged triton burnup ratio of 0.5% is
consistent with the result from the time resolved measurements. The 1 MeV triton slow down is
investigated by the 14 MeV neutron detector, which shows reasonable agreement with the classical
theory within the measurement uncertainties.
1. Introduction

The behavior of the 1 MeV triton produced in the D(d,p)T reaction is important to prospect
the that of DT produced 3.5 MeV alphas because the 1 MeV Triton and 3.5 MeV alpha have similar
confinement properties such as larmor radius and presetion frequency. The confinement and
slowing down of the fast tritons are investigated by measuring the ratio of 14 MeV and 2.5 MeV
neutron production rate. Tritons of 1.0 MeV are produced in the D(d,p)T reaction at the same rate
as the 2.5 MeV neutrons from the D(d,n)3He reaction. The majority of these tritons will remain
confined in the plasma and slow down to thermal energies through Coulomb collisions with
electrons and ions. A fraction will undergo fusion reaction T(d,n)*He, in va_xhich the 14 MeV
neutrons are emitted. Strachan[1] shows that the slowing down process of the 1 MeV Triton are
not anomalous in TFTR[1]. JET people indicates that the triton confinement and slowing down in
the JET plasma are consistent with the classical prediction within the 20 % uncertainties and that
triton diffusion coefficient is very small, << 0.1 m?/s{2-4]. In JT-60U, time resolved and averaged
triton burnup measurements were carried out by the 14 MeV neutron detector and the foil activation

technique, respectively.

2. Time Resolved Triton Burnup Measurements

The 14 MeV emission rate is measured with silicon surface barrier diode (SBD). The 14
MeV neutrons entering a silicon diode may undergo the following nuclear reactions:

288i (n,p) 28Al Q=-385MeV

2851 (n,a) Mg Q=-2.65MeV
The high Q-value and the Coulomb barrier inhibiting the escaping of charged particles from the
compound nucleus combine to produce effective thresholds of about 7 MeV. Thus, the above
reaction channels are not open to the far more abundant 2.5 MeV neutrons.

Figure 1 shows the schematics of the 14 MeV neutron detector on JT-60U. The SBD is
mounted in the 20 cm-thick lead cylinder to shield gamma-rays from neutron capture events in the
surrounding structure. The detector is installed just outside of the JT-60U vacuum vessel and on
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the midplane but inside the toroidal field coils, as close to the plasma as possible. The SBD used in
this work has a are of 300 mm2, a nominal depletion depth of 1500 pm, which is sufficient to stop
the 10 MeV protons and alphas made by above nuclear reactions, and a bias voltage of 275 V. A
disk with 241 Am alpha particle source is mounted in front of the SBD to make energy calibration of
the detector by 5.486 MeV alphas.

Signals from the SBD is transmitted to the conventional pulse counting electronics
(preamplifier, linear amplifier and single channel analyzer). The discrimination level of the single
channel analyzer is set just above the alpha particle energy of the 241Am source. The pulse
counting signals are acquired into CAMAC multi-time-bin scalar with typical accumulation time of
10 ms.

Lead Gamma
Toroidal Calibration O ,Ray Shield

JT-60U Vacuum , field Coi

Vesse i - ?gﬂiem) { & 250 mmX
— 14 MeV 3250 mm)
P @/Neutron .
TRl 1 A Detector

Port Box Silicon surface
'%_ e barrier diode
14 MeV neutron detector

Fig. 1 Schematics of the 14 MeV neutron detector on JT-60U

We have a plan of the detector calibration for the 14 MeV neutrons using the 14 MeV
neutron generator of the FNS facility. So far the detector is not calibrated by the neutron source,
we make cross-calibration by the fission chambers which have same detection efficiencies for 2.5
MeV and 14 MeV neutrons. The decay of the neutron emission rate after the NB turn off has fast
and slow component. The former is due to the decay of the beam fast ions, and later is 14 MeV
neutrons. The 14 MeV neutron detector was calibrated by the fission chamber in the slow
component dominant phase after the NB turn off.

Figure 2 shows the time traces of the 2.5 and 14 MeV neutron yield in the deuterium beam
heated discharge. The 2.5 MeV neutron emission is measured with three pairs of 2350 and 238U
fission chambers. The cross-section of the T(d,n)*He reaction has a maximum value around the
triton energy of 170 keV. The 1 MeV tritons generated by T(d,n)*He reaction slow down and
burn around the energy of 170 keV. Therefor the time trace of 14 MeV neutron yield is delayed
for slowing down time from 1 MeV to 170 keV, ts (1 MeV, 170 keV). In this case, the ts is
derived to be 30050 ms (9.7 s) and 350£50 ms (10.2 s) from the time delay between the negative
spike of 14 MeV neutron yield and the NB power due to the break down of the ion sources.

Figure 3 shows the shot-averaged triton burnup ratio obtained in the NB heated discharges
with relatively high electron density. The data dose not include the ones of the high Ti mode
discharges. It is seen that the triton burnup ratio increases with the plasma current, which is
probably because that the prompt orbit loss of the 1 MeV triton is reduced with the plasma current.
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Fig. 2 Time traces of NB power, 2.5 and 14 MeV neutron Fig. 3 Triton burnup ratio plotted against the

yield in the deuterium beam heated discharge. plasma current.

3. Averaged Triton Burnup Measurement with the Foil Activation Technique

The triton burnup ration averaged in the period July 18 to October 4, 1991 was measured
with the foil activation technique. The reaction of 63Cu(n,2n)62Cu (T12 = 9 min) is popular to
determine the 14 MeV neutron flux from the triton burnup among other tokamaks such as JET and
TFTR. No sample transfer system is available at the present moment in JT-60U, we have to chose
the activation reaction with rather long half-life, Thus the 93Nb(n,2n)92MNb was used as the
detector for the 14 MeV neutrons because the the reaction has high threshold energy of 9 MeV, flat
response around 14 MeV, and considerably large cross-section. However, the half-life of 10.15
days is too long to match the measurement shot by shot. but seems better for long period
irradiation in the present DD-discharge experiments. In the same reason, the 58Ni(n,p)38Co (T1/2
=70.2 days) was assigned as the detector for 2.5 MeV neutron flux.

Foils of Ni and Nb were placed in the re-entrant port for the TV camera of the P-3 section.
The foils were irradiated throughout the first series of DD discharge experiment from July 18,
1991 to October 4, 1991 for 6,385,100 sec. The activation reaction rates were obtained by using
the gamma-ray counts measured with a Ge detector. It is necessary to correct for saturation of the
activity during the long period of the operation. In particular, the reaction rate of
93Nb(n,2n)92mNb suffered from the rather short half-life of the products 92mNb being 10.15 day.
Using the same manner described in section 9.4, the reaction rates were corrected. The cross-
section values at 2.5 Mev and 14 MeV corresponding those reactions were taken from JENDL
Dosimetry File. Assuming the cross-section, the neutron fluxes of 2.5 MeV and 14 MeV were
calculated by using the reaction rated of 38Ni(n,p)38Co and 93Nb(n,2n)92mNb, respectively. The
averaged triton burnup ration was derived to be 0.54 % 0.03 % in this experimental period. This
value showed reasonable agreement with the results of the time resolved measurements.
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4. Analysis of the 1 MeV Triton Slowing Down

A full calculation of the time dependent triton burnup should include the variation of the
plasma parameters in space and time. Here simple analysis of the triton slowing down is made. If
the 1 MeV triton slowing down is classical, the energy loss rate is represented by following

formula:
d_E R * A E
(dt classical 'JE B 7
a=1.81x1o-131nAﬁA1ﬂz22“_1A.__1
j ]

2 n
B=318x105In Ay &= T
A (Tg) 1 1)

where E is the triton chergy . Te is the electron temperature both in eV, ne is the electron density in
m-3 and InA is the Coulomb logarithm. A and Z are the triton mass and charge number; nj, Aj and
Z; are the impurity density in m-3, mass and charge numbers, respectively. First term of R.H.S.
of the Eq(1) is the slowing down in electrons and second on is on ions. Analytical solution of the
Eq(1) gives the slowing down time of the triton from E1 to E2, ts(E1,e2), as,
E13/2 -
t, (E1,E2) = 2-In BEI""-a
3Ip |B E232 o )
In this work E1 = 1 MeV and E2 = 170 keV. Because the E2 is larger than critical energy Ec (= 24

Te) in almost case, slowing down term on ions of Eq.(1) can be neglected. Therefor Eq(2) is

rewritten to simple form as
ts(E1,E2) = 14 In (E1/E2)
=1.78 Tge (for E1 = 1 MeV and E2 = 170 ke V), (3)
where T is slowing down time on electrons defined by 1/B.
The slowing down time ts cording to Eq. (2) for the discharge sown in Fig. 2 was 300 ms
which was coincide with the experimental values within the measurement uncertainty. Here, we

used the plasma parameters such as ne and Te for the averaged minor radius defined by

JrSn(r)dr

f Sn (r)dr
: W

where Sn(r) is the neutron source profile calculated by the 1.5D tokamak code.

=
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94 D-D Neutron Production Measurement by Foil Activation Technique
Y. Ikeda, N. Miya, T. Nishitani and H. Takeuchi

1 Introduction

The foil activation technique has been applied to measure D-D plasma burning rate as a part
of burning plasma diagnostics in JT-60U D-D discharge experiment. As the absolute sense, it is
worthwhile to establish the foil activation method as a complemental technique for the fission
chamber. Foil activation technique is inherently the integral method which is insensitive to time
dependency of the neutron yield. Pneumatic sample transfer system is essential to realized the data
acquisition for each shot. Unfortunately, the system is under planning for the installation. We
have to wait until next fall in 1992. Considering that the present stage was a testing phase of the
technique, we focused on feasibility test on giving the reasonable agreement of the neutron data
with that of the fission chamber. Depending on the operation schedule, we had to leave sample at
the position over one or two weeks, because the access into the machine room was so limited from

the health physics point of view.

2 Activation Foil Detector

In order to detect the D-D neutrons with mean energy of 2.45 MeV, the cross section of the
activation reaction should have low threshold. In this context, two standard dosimetry reactions
were chosen; 98Ni(n,p)38Co and 115In(n,n)!15MIn, The profile of two reactions are summarized
in Table 1 along with reactions which were used in the D-D discharge experiment to add the
information of the neutron spectrum.

Table 1. Reactions and associated decay data

Reaction Abundance Tip Eg(keV) I’Y Threshold(keV)
15In(n,n")115mIn  0.9577 4,49 h 336.24 0.467 0.336
58Ni(n,p)?8Co 0.6776 70.8 4 810.76 0.994 1.0
47Ti(n,p)*"Sc 0.0732 3.35d 159.4 0.68 1.0
647n(n,p)64Cu 0.4889 127 h 511 0.358 1.5
197Au(n,)1%A0 1.0 2.696d 411.80 0.955 -

3 Calibration run for the determination of source neutron intensity

Thick foils of Ni (50 mm in dia. x 5 mm in thickness) and In (30 mm in dia. x 3 mm in
thickness) were placed at several position inside an outside of vacuum vessel of JT-60U and
irradiated for 18 hours with neutrons of 252Cf (4 x 107/s), the source of which was moved along
the rail of circular orbit fixed at the middle of the tours. After irradiation, gamma-rays emitted from
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the samples were measured with Ge detectors. As expected, counting rate was very weak. The

reason why we used such a large foils was due to the extremely low neutron flux. The measured

reaction rates were 1.35 x 10°23/s and 6.80 x 10-24/s for 115In(n,n) and 58Ni(n,p), respectively.
Assuming neutron spectrum measured at FNS as the DD neutron spectrum, which had the

peak at 2.45 MeV with some low energy tail, a conversion coefficient (CF) for the neutron source

intensity from 252Cf neutron to DD neutron was calculated using the spectrum of 252Cf
spontaneous fission spectrum and reaction cross sections. The differential sensitivity of reactions

to both spectra are illustrated in Fig. 1. The determined CFs are listed in Table 2.
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Fig. 1 Differential reaction sensitivities of 113In(n,n)! 15mn for 252Cf and DD neutron spectra.

Table 2. Calculated reaction sensitivity per source neutron

Reaction - 252Cf D-D CF(D-D/252Cf)
115In(n,n") 0.1824 0.2851 1.563
58Ni(n,p) 0.1147 0.07903 0.6912

CF=conversion coefficient

The statistical error dominated the total experimental errors. The systematic error in the

neutron spectra for both 252Cf and DD are also considered not to be negligible. The uncertainty
associated with the assumption of neutron spectrum could range within 10 %. Of cause, a further

analytical calculation is needed to make it more accurate.



JAERI-M 82—073

4 Neutron production determination during DD-discharge experiment
Basic idea was measurement of total neutron productions during 4 days operation. At the

beginning of the week, foils were set at the position corresponding to the location where the
conversion coefficient was calibrated in the calibration run; at the bottom of the camera port in P3
section. The foil package including Ni, In, Ti, Zn and Au sealed with KAPTON film was attached
at the end of bar pilex glass and inserted so as to make the end touched on the bottom camera port
of P3. On the next day of the last shot in the week operation, the packaged was taken out and the
activation rates were measured with Ge detectors. The correction of the reaction rates for the
saturation of radioactivity during the shots was essential since the half-lives of 115@n, 47Ti; $4Cu
and 198An, products of the reactions of interest, are shorter than the length of irradiation period.
We have measured five different operation periods for a week or two successive weeks. In Table.
3, the irradiation time, total neutron yields obtained from fission chambers are summarized.

To arrive at the final neutron production rate, Yy, the relation with the calibrated conversion
coefficient given as,
Y, = I¥*RRy4¢/(RR ;*CF),
where,
I: source intensity of 252Cf (fsec),
RRy4: reaction rate during D-D discharge,
RR_,;: reaction rate during calibration,
CF: conversion coefficient,
was used.

Table 3 Irradiation time and total neutron yield

Run # TIrradiation Time(sec) Total Neutron

1 3.3775E+5 1.384E+15
2 3.3726E+5 1.889E+16
3 3.3667E+5 2.643E+17
4 3.3648E+5 1.420E+17
5 9.4194E+5 3.018E+17

The results are tabulated in Table 4 along with the data given by fission chambers for
comparison. The large part of the experimental error was attributed to the counting statistics in the
calibration experiments. All data except one measured by activation method are in good agreement
within experimental error with data of the fission chamber. The exception was attributed to the
allocation of the foil position during the irradiation. Figure 2 gives ratios of total neutron
production by activation measurements to those by fission chamber.

The mean energy of D-D neutron has been estimated based on the reaction rate ratio of
64Zn(n,p)®4Cu and 15In(n,n’)115MIn using relationship between the neutron energy and reaction
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rate ratios measured at FNS. Low energy tail in the neutron spectrum should be taken into account
for the correction of the reaction rate. However all of reaction cross section have the threshold

Table 4 Summary of average Neutron Yield

Run # 1151n(n,n") 58Ni(n,p) Fission Chamber
1 4.31E+9 4 55E+9 4 10E+9
2 2.53E+9 3.19E+10 5.60E+10
3 7.11E+11 7.16E+11 7.85E+11
- 4.84E+11 4.22E+11
5 e 2.92E+11 3.20E+11
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Fig. 2 Comparison of neutron yield between activation technique and fission chamber.

energy closely below the D-D peak energy at 2.5 MeV, it was expected that the contributions were
not so large. It should be less than 10 % at most for the 115In(n,n")115™In with lowest threshold
energy. The ratio of 0.079+0.003 is corresponding to the neutron energy of 2.45 ‘MeV showing a
remarkable agreement with the energy expected from reaction kinematics.

5 Summary
The foil activation technique has been applied to measure the D-D plasma burning rate in

JT60-U DD-discharge experiment. Although it should be the integral measurement of neutron
production rate over a week or two weeks, the activation method gave excellent results consistent
to the data taken by the fission chamber. The present test demonstrated the feasibility of the
activation technique. In order to obtain the data of each shot, however, a pneumatic sample transfer

system will be essential.

— 249 —



JAERI-M 92073

9.5 Spatial Profile of Neutron Flux in Torus Hall
Y. Ikeda, N. Miya, K. Oishi*, N. Toyoshima, T. Nishitani and H. Takeuchi

1 Introduction

It is of importance to measure the neutron flux spacial distribution in the machine room during
the JT-60U DD discharge experiment in terms of assessment of induced activity and dose rate after
shutdown. In addition, the data is valuable for the testing the calculation code capability with a
model of extremely complicated configuration. The foil activation technique was employed to
measure the neutron flux distribution.

As the primary energy of neutron of 2.5 MeV is gencrated in the plasma, two partes of
spectrum were considered; high energy neutrons around 2.5 MeV and low energy neutrons near
thermal energy. As the activation detectors sensitive to those energy regions, 58Ni(n,p)*8Co and
39Co(n,y)%PCo fvérc chosen. In addition to 39Co(n,y)60Co, the detector of 197Au(n,y)!98Au was
used to measure the distribution in a particular direction.

2 Foil Activation Measurement

A numbers of sets of foils were deployed around JT-60U machine room. A schematic
arrangement of position where the foils were placed is given in Fig. 1. In the present measurement,
two spacial directions, namely Horizontal and Vertical, were considered to get typical profile for the
neutron flux distribution.

Schematic drawing of Activation Detector Positions in JT-60U
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Fig. 1 Schematic drawing of locations of foil packages in JT-60U torus hall.

=250 —



JAERI-M 92-078

The foils were irradiated by neutrons from the first DD shot to the last shot. The number of
total neutron production was 7.2844 x 1017 throughout the irradiation. After irradiation, the activity
of each foil was measured with Ge detectors. It took about two month to almost finish the counting
because of a large number of foils and week activities due to relatively long half-lives of 38Co
(t;2=70.8 d) and 60Co (Ty/p=5.4 y). Still counting of some foils are underway. The reaction rate
was obtained in a unit per atom on the assumption that the neutron production rate was uniform
over the irradiation. As described in Section 5.3.4, the correction for the saturation of activities was
necessary, in particular, for 197Au(n,g)198Au (T ,=2.7 d), because of long irradiation period for
about 2.5 months (6,385,100 sec). At present moment, no self-shielding effect in the foils was
considered. The experimental errors range from * 3 to £ 10 % depending on the y-ray counting
statistics.

3 Discussion of Neutron Flux Distribution

Figure 2 shows the reaction rate distributions along Horizontal direction. The reaction rate of
58Ni(n,p)58Co exhibited a steep decreasing profile in the distribution with the distance of position
from the torus. This is due to the threshold type reaction of 38Ni(n,p)>8Co. However, the
distribution curve shows slower decrease than that by 1/r2. This is because of distributed D-D
neutron source around the torus. Moreover, it could be expected that some local attenuation of the
primary D-D neutron by massive structural materials such as TF-Coil. As for the reaction of
197 Au(n,y)198Au and 59Co(n,)89Co as shown in Fig. 2, reaction rates decrease slowly as the
distance increases. The distributions become almost flat at distances further than 5 m. The results
indicated that the low energy neutrons distributed all around the machine room. The difference in
the absolute reaction rates between 197Au(n,1)198Au and 59Co(n,1)®0Co is simply corresponding to
difference in the cross sections at the resonance regions and thermal energy.
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Fig. 2 Reaction rate distribution along the horizontal direction.
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The distribution along Vertical direction is shown in Fig. 3. Since measurements for remained
Ni foils are now in progress, only three data are available. For this reaction, only a sign for the
increase in the reaction rate as positions become mid-plane could be observed. The 9Co(n,y)*Co
gives very flat distribution throughout the positions. The absolute values of reaction rate are almost
same as those at 10 m distance in Horizontal direction. This also supported the the uniform
distribution of low energy neutron around the machine room. Very rough estimation for the flux
levels for D-D and thermal neutrons was carried out by using the reaction rates and cross sections:
0.1 barn for 58Ni(n,p)38Co and 10 bam for 59Co(n,y)¢0Co, resulting in low energy neutron flux
dominated primary D-D neutron flux by a factor of 2 to 3 at the position far from the torus. This
results clearly suggested that low energy neutrons play an important role through neutron capture
reactions on the induced activity production and successive dose rate estimation after shutdown.
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Fig. 3 Reaction rate distribution along the vertical direction.

4 Summary
The present measurement gave a basic idea for the neutron flux distribution during the DD

discharge experiment in JT-60U. Although the distribution trend for both primary D-D and low
energy neurons was well expected from the simple consideration with the rough model of system
configuration, the data measured were valuable in order to examine the neutron transport calculation
with complicated large scale model. The data are also very useful to analyse the dose rate
distribution data described in section 9.8. The analytical calculation are now in progress to be
verified by the present experimental data.

*  Shimizu Corporation
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9.6 Activation of JT-60U Machine

Y. [keda, K. Oishi*,; N, Miya, N. Toyoshima, T. Nishitani and H. Takeuchi

1 Introduction
Identification of radionuclides is of importance to assess the level of radioactivity induced by

the neutrons associated with the DD plasma discharge. In order to realized the activation problem in

JT-60U, in-site measurements of y-ray spectra was performed.

2 Measurement

A portable Ge detector was used to measure y-ray spectra at time of 0.5 day after shutdown.
Three spectra at positions (1) close to vacuum vessel, (2)near TF-coil and (3) near the wall of torus
hall, Spectrum data were stored in a portable multi-channel analyzer.

Also a y-ray spectrum of type 316-SS a stainless steel, the basic structural material, was
measured with a Ge detector at two months after the last shot:. The sample were irradiated over
throughout DD discharge from July 18 to October 4 at a position near TF-coil of P3.

3 Results and discussion
Garnma-ray spectra at positions near torus, TF-coil and the wall measured are shown in Figs.

1 to 3. The spectrum at the positions near the torus and TF-coil gave the clear y-ray lines due to
56Mn which was the major contributor, intensity of which was more than 90 % in all lines. The
56Mn is generated by SSMn(n,) in the high Mn steel used a considerable part of the machine. The
other prominent y-lines were due 10 99Mo, SICr, 59Fe, 69Co and 24Na, as shown in Fig. 1. They -
were produced via reactions of 98Mo(n,y), S90Cr(n,y), 38Fe(n,y), 37Co(n,7) and 23Na(n,y),

respectively.

JT-68U
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Fig. | Gamma-ray spectrum at the position near JT-60U torus measured with Ge detector .

— 253 -



JAERI-M 92-073

In the spectrum measured at the position mear the wall, 24Na gave highest intensity. It
contributed by more than 80 % of the total. The activities was produced in the concrete of wall via
the 23Na(n,y)24Na. The ordinary concrete has considerable fracton of 23Na in the composition.
The intensity ratio of 1368 keV y-line to 2754 keV y-line was 1.5. When the activity of 24Na is
measured using a standard point source, the ratio should be about 2.0. This difference is
attributable to the difference in the attenuation coefficient of the gamma-rays; the 4Na activites are
distributed deeply in the concrete wall. The depth in the concrete made such a attennation
difference. In this case, also the (n,y) reaction played a major role on the production of activities.
Again, the main concemn for the radioactivities should be placed in the (n,y) reaction because of
high low energy neutron flux distributed all around the torus hall,

l1168lsec

Near Wall of Torus Hall:
Measured 0.5 day after the last shot
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5 b1 %1%] 1088 1588 2988 2588 388@ 3588 4080
CHRNNEL

Fig. 2. Gamma-ray spectrum at the position near wall measured by the Ge detector

The spectrum of 316-SS sample is shown in Fig. 4. Radioactivities of 5!Cr, 38Co, 59F¢, 60Co
were identified. They have relatively long half-lives of 27 d, 70.8 d, 45 d and 5.4 y, respectively.
The (n,y) reactions dominated in the production of activities. Cobalt-58 was the only visible activity
which was produced via the threshold reaction of 58Ni(n,p)38Co. The others were due to (n,y).
This indicated that the large amount of low energy neutron were distributed as shown in section

9.5.
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Fig. 3 Gamma-ray spectrum of 31655 stainless steel sample

4 Summary

In the next step for the induced radioactivity measurement, more systematic approach is now
under planning; ever materials even their fractions are small are prepared to be the sample for the
activation . The in-situ measurement will be more powerful to identify the source of radioactivity in
place by place.

*  Shimizu Corporation
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9.7 Dose Rate Measurement after JT-60U Discharge
Y. Ikeda, K. Oishi*, N. Miya, N. Toyoshima and T. Nishitani

1 Introduction
Dose rate after shutdown of DD-discharge operations associated with neutron production is

of importance to estimate personal exposure during maintenance of the machine. Considering that
this D-D discharge experiment is the first, extensive work on th measurements of the dose rate
should be addressed to establish the substantial data base providing the guide line of the successive
experiment. Dose rate around the JT-60 machine was measured after DD-discharge experiments by
using common Thermoluminsescent Detector (TLD) and a gamma-dosimeter (GM survey meter).
This section describes the experimental procedure and data focusing on the safety.

2 Dose rate measurement
Dose rates have been measured by TLD in two case: Case#1 at a time 12 hours after

operations from June 18 to August 9, and Case#2 at a time 13 hours after operations from
September 24 to October 7, 1991. In Case#2, a GM survey meter was also used in order to
compare the data with TLD measurement. The corresponding total neutron production and averaged
neutron yields are listed in Table 1.

Table 1. Neutron production data.

Case Total Neutron Yield  Duration (sec) Averaged Yield(/sec)
#1 2.0423E+16 1.46046E+6 1.3984E+10
#2 7.0802E+17 2.75634E+6 2.5687E+11

Locations of TLDs deployed around JT-60U machine are the same as those of activation
foils as illustrated in Fig. 1 in Section 9.5. Additionally, the TLDs were placed along the line in the
upper part of torus. For distribution of the radial direction, TLDs were placed at ten to fourteen
positions along line on the station at P-15(Horizontal). The TLDs were mapped at twenty six
positions along the line just above the top of JT-60U (Ceiling). The TLDs were set at ten positions
along the line from the top of tower near the entrance of the machine room (Vertical). Several other
TLDs were placed at positions close to vacuum vessel of P-3, TC-17 and Wall of machine room.
At each position, two TLDs were set to reduce the error due to characteristics of TLD. In the first
case, the measurement of TLD started at around 10:00 on August 10, 1991 for 48 hours, and the
two TLD measurements for the second case started at 11:00 on October 5 for 46 hours and at 9:45
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on October 7, 1991 for 100 hours. After one day from the end of exposures, dose rates of TLDs
were read by TLD reader, National UD-502B. The dose rate was given in an unit of uSv/hr.

3 Results and discussion

The results of dose rate measured by TLD along the horizontal axis are shown in Fig. 2 for
both case#1 and case#2, corresponding to the exposure rate at a half day after the last shot. Dose
rates near the vacuum vessel decrease radically with distances from the torus increases and become
almost same value at distances further than 5 m. The dose rates for case#2 are higher by a factor of
2 to 4 than those of case#1 throughout all positions. The higher value reflected to the higher
neutron production during the DD-discharge experiment. The highest value of 5.9 uSv/h averaged
for successive 48 hours was observed inside of the coil in the case#2. As it is shown in in Section
9.6, the more than 90 % contribution to the gamma-ray dose at this moment is dominated by the
56Mn with half-lives of 2.6 h.
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Fig. 1. Radial distribution of dose rates measured by TLD at 0.5 day after D-D operations for
Case#l and 2.

The measure dose rates at positions inside and outside of TF-coil at P-15 are listed in Table
2 for case#2. This Table shows that dose rate inside decreases faster with cooling time than that
outside. The ratios of dose rate at 2.5 day to those at 0.5 day are 0.12 and 0.30 for the positions
inside and outside, respectively. This result indicates indirectly that 36Mn contributed largely to the

dose rate inside.
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Table 2. Change of dose rate with cooling time near the TF coil.

Dose rate(pSv/h)
Location after 0.5 day after 2.5 day Ratio(2.5day/0.5day)
Inside of TF coil 5.92 0.73 0.12
Outside of TF coil 1.4 0.43 0.30
100 T o
Dose 'i'ate .(C?S?’?‘? s Figure 2 shows time
—o— vwautcs ] dependencies of dose rates measured by
-t\\ T pe T GM at positions of vacuum vessel
X surface, inside and outside of TF-coil of
\ mid-plane in P3 section. Dose rate on
10 L the surface of vacuum vessel shows 40
— oK uSv/h at 0.5 day and decreases to 0.7
\ o —& L] uSv at 2.5 day after operation. After 100

\\ hrs, the dose rate has kept almost
constant of 4 Sv/h which is contributed

dominantly by 38Co with half-life of 71

/
-
S

Dose Rate (uSv/h)

L RS ‘ days, products of 38Ni(n,p) reaction.
‘k T \ The dose rate inside TF-coil decreased

L u. s faster than that outside of TF-coil. It is

“-"“D'"—(E T note that the dose rate inside at 0.5 day

is almost equal to that of surface. This
indicates the contribution of 56Mn is
e 100 - 1000 enhanced inside TF-coil, position of
TIME(hrs) which is close to the support structure of

Fig. 2. Time dependent dose rate change measured by ~ JT-60U device; high manganese steel is

GM at the three positions of surface inside and ~ a major constituent.

outside TF-coil. The value of 5.9 uSv/h measured
by TLD could suggest that dose rate would be smaller that an the limit of personal exposure of 10
uSv one day after shutdown. The present result clearly indicates that one day after operation,
maintenance work near the vacuum vessel could be possible very safely without any protection
devises as long as the preset level of neutron production is concerned.

Figure 3 shows the dose rate distribution measured along the vertical line (Vertical). The
values are almost the same throughout the positions; 0.13 pSv/h in case#1 and 0.28 pSv/h in
case#2. The case#2 gives about a factor of two higher values than the case#1. This also
correspond to the total number of neutron production in each case.
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Fig. 3 Dose rate distribution measured by TLD  Fig. 4..Dose rate distribution measured by TLD
along the vertical direction. along the line in ceiling.

The result for Ceiling in case#1 is shown in Fig. 4. Dose rates are very low, almost
equivalent to the background level of about 0.1 pSv/h. This is possiblly due to the large attenuation
for neutron and gamma-ray by thick TF coils by which middle area of upper part of torus is fully
shielded.So that, no significant contribution of gamma-ray was detected. In other words, the upper
part of the torus is the most safe area in the JT-60U machine.

4 Summary

The present measurement have shown a clear indication to be serve as the base data for the
estimation of dose rate distribution in some particular position in the JT-60U facility. Of cause,
there are a lot of data to be measure concerning the spacial and time dependent profile in the dose
rate. Concerning the importance to establish the data base, corresponding measurements are
precisely scheduled in the next phase of the DD-discharge experiment in 1992.

* Shimizu Coporatin
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9.8  Tritium Monitoring in the JT-60U Clean up Operations

N. Miya, N. Toyoshima, H.Nakamura, T.Nishitani and H.Takeuchi

1. Introduction

Tritium concentration in exhaust gases from vacuum vessel is measured by an ion
chamber and a liquid scintillation counter in order to investigate the tritium retention in
JT-60U. From July 19 to Oct.4 1991 approximately 7x1017 DD fusion neutrons were
produced in JT-60U operations. These reactions would be expected to produce ~1.3GBq
of tritium. JT-60U has performed the clean-up operations from Oct.14 to Nov.1 1991 o
deplete the activation and tritium concentration inside the vessel. Clean up operations
have been conducted with hydrogen OH and NB discharges, TDC and He glow
discharge cleaning shots with 150-300°C baking of the vessel.

In this paper we describe some preliminary measurements of tritium monitering and

the results in JT-60U clean up operations.

2. Experimental apparatus

In order to measure the tritium concentration, the experimental apparatus was
equipped with an ion chamber (vibrating reed electrometer type) and a detritiation system
composed of a catalytic oxidizer (Cuz0) and two traps (silica gel). Tritiated water is
produced from the silica gel samples which is then mixed with a liquid scintillator and the
disintegrations are measured using conventional scintillation counter. The major

diagnostics used for the following study are shown in Fig.1.

3. Experimental results
3.1 Characteristics of tritium concentration

Figure 2 shows time evolutions of the surface temperature on the divertor plates
(thermo couples) and tritium concentration measured in the clean up operations on
Oct.30. The high power NB heated hydrogen divertor discharges (PNB=9.3MW,
Ip=3MA, Bt=4.5T), He GDC (1-2hrs, E=500V, I=1A) and He TDC (10min.) with
300°C baking are adopted on the day. The neutral pressure inside the vessel during the
NB heated discharge is in the range of 10-4-10-2Pa. GDC and TDC have performed in
the pressure of 3x10-2Pa and 2x10-3Pa respectively. As NB heated divertor discharge is
advanced, maximum surface temperature increases gradually up to 450°C while the base
temperature at the beginning of discharge kept almost constant during the operation. It is
shown that the concentrations also increase gradually during the plasma discharges.
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Figure 3 depicts the dependence of trittum concentration on the baking temperature.
Data has plotted at 6:00 in the every momning before the plasma operations in order to
except the effect of heating by plasma discharges. It is shown that the concentration is
almost constant within 1Bg/cc during the phase in which temperature goes up from
150°C to 300°C on Oct.18-20. '

In JET and TFTR experiments, tritium distribution in the graphite walls shows a
marked poloidal asymmetry of the torus, with showing a maximum near the divertor
plates or the point in which high heat flux concentrated [1,2]. These observations of
tritium concentration in Figs.2 and 3 suggest that the high power NB heated divertor
discharges with high temperature baking (300°C) enhanced the tritium release in the
divertor plates in JT-60U. This is reasonable consideration with the report of the
observation of rapid reduction of deuterium gas retention in graphite tiles at higher
surface temperature over than 500°K[1,3].

As shown in Fig.2, tritium concentrations during He GDC show sharp increasements
while the turnover are observed during the operation. Its peaks depend on the surface
temperature of divertor plates at the beginning of each GDC. It is shown that a high
efficiency of tritium release can be expected by He GDC with high temperature walls
although its duration time is short of around 1 hour. On the other hand, He TDC with 10
minutes has not give a tritium release at all.

3.2 Detritiation results

The results of measurement with detritiation system for 24 hours are summarized in
Table 1. A simple silica gel trap was then used to measure tritiated water (HTO) . By the
way, elemental tritium (HT) are measured by utilization of an ion chamber and a catalytic
oxidizer. The ratio of HT/HTO in averaged concentrations determined by an ion chamber
and a catalytic oxidizer indicates 21:1 and 25:1, respectively. The ratio with an ion
chamber is slightly larger than that of the detritiation system. It is considered that the
difference between two methods depends on an accuracy of a conversion of HT to HTO
in the catalytic oxidizer. The regeneration of NBI cryopanels and the pump oils taken
from various vacuum pumps show small contributions less than 0.7Bg/cc and 3.6Bg/cc,
respectively. |

It is estimated that approximately 160MBq of tritium , which is corresponds to 12% of
the total generated tritium of ~1.3GBq, were recovered from JT-60U vacuum vessel
- during the clean up operations using the ratio of 21:1 (HT/HTO) and 8x104Bq of HTO
from a simple silica gel trap.
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4, Summary

Major results in this work are summarized as follows; 1) The high power NB heated
divertor discharges with high temperature (300°C) baking enhanced the tritium release
from the vessel in JT-60U, 2) It is shown that a high efficiency of tritium release can be
expected by He GDC, 3) Approximately 160MBq of tritium which is corresponds to 12%
of total generated tritium of ~1.3GBq were retrieved from JT-60U vacuum vessel during

the clean up operations.
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Table 1 Detritiation data in monitoring system.

HT + HTO HTO
Ton Chamber Silica gel Silica gel
Trap B Trap A
o o 5 2510 5 3
Tritium detritiation (BgQ) 25x10 12x 5.5x 10
5 5
Monitoring Flow in 24 hrs. (cc) 3.61x 10 1.87x 10 1.89x 10
-2
Averaged Concentration (Bg/cc) 0.72 0.64 29x10
Exhaust gas
+_
T.MP MB.P
& R.P pvr
JT-60U ] Silicagel ||
Trap A
Ton R.P
Camber

Catalytic  Silica gel
Oxydizer Trap B
(Cu20)

Fig. 1 Trittum monitoring system in JT-60U exhaust gases .
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9.9 Neutron Yield and Spectrum Measurement Using a 3He Gas Proportional
Counter in JT-60U D-D Discharges

T. Iguchi*, N. Nakayamada*, N. Tanaka, H. Takahashi, Y. Ikeda and T. Nishitani

1. Introduction
Neutron yield monitoring systems in JT-60U consist of three types of neutron detectors; a
3He gas proportional counter, 235U and 238U fission chambers, to cover a wide dynamic range of
neutron yield in various operational schemes for D-D discharges. Among these three detectors, the
3He counter system is designed as the most sensitive detector in pulse counting mode operation,
which can obtain much better counting statistics than that of the 235U and 238U fission chambers
in an in-situ calibration experiment using a 252Cf neutron source. On the other hand, the signal
pulse pile-up effect makes it almost impossible for the 3He counter to operate in pulse counting
mode under the ordinary D-D discharge experiments. To improve the dynamic range of this 3He
counter without changing the present signal processing system, the multi-discrimination level
counting technique has been introduced. As another application of a 3He gas proportional counter,
neutron spectrum measurement has been also tried for the D-D discharge experiments.
2. Wide dynamic range neutron yield monitoring based on multi-discrimination
level counting technique
The 3He gas counter for neutron yield monitoring in JT-60U is operated only in pulse
counting mode, of which the maximum count rate keeping the linearity to neutron yield is limited
about 5 x 104 cps. To expand this dynamic range, the multi-discrimination level counting (MLC)
technique has been introduced into the present signal processing system of the 3He neutron yield
monitor. The operationai principle of the MLC technique in a pulse pile-up state is based on the
following relation [1];
@n=kY, NAVI=KY, NiVi(Vi-Vip)
i i 0
where
n : signal pulse rate from a counter
a2: mean square charge of a signal pulse
Vi: i th discrimination level voltage
Ni: count rate crossing i th discrimination level
k, k": constant of proportionality
By detecting pile-up pulse signals from the 3He counter through different discrimination levels, the
MLC technique can switch over a pulse counting mode for low pulse rate continuously to a mean
square voltage mode for high pulse rate through only simple signal processing on a computer.
Fig.1 shows a block diagram of the present system to realize the MLC signal processing. The time
interval for data sampling is set 100 ms. The performance tests have been made in an accelerator
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D-D neutron source at JAERI-FNS and in D-D discharges of JT-60U. Figure 2 shows the result
of FNS experiments comparing the MLC output with associate particle count rates, which is
directly proportional to neutron yield. It is found that the MLC output is linear to neutron yield up
to 107 cps, while pulse count rate is saturated over 103 ¢ps. Figure 3 demonstrates that neutron
yield monitoring of less than 1012 n/s in JT-60U D-D discharges would be possible with the
present 3He counter by using the MLC signal processing. However it has been also found that this
system does not work well when the signal amplitude from the counter is almost saturated due to
excessive pulse pile-ups under strong neutron production rate, such as around 10135 n/s
corresponding to NBI heating.
3. Neutron spectrometry for D-D discharges using a 3He gas proportional counter
A 3He gas ionization chamber (3He 1.C.) is often used for D-D plasma neutron
spectrometry because of its good energy resolution [2], while a 3He gas proportional counter (3He
P.C) is a linde bit inferjor to the 3He 1.C. in energy resolution and efficiency but has some
advantages on a better signal to noise ratio, easier handling, much cheaper cost etc. The
applicability of this 3He P.C. has been checked in JT-60U as a complementary neutron
spectrometer for D-D discharges. The 3He P.C. used here is XERAM Q24NH25 type, which is
about 2.5 ¢cm dia. x 15 ¢m in sensitive length filled with 3He(4 atm) and Kr(2 atm) gas mixture,
and is surrounded with a B4C filter and Cd cover to eliminate thermal neutrons. The response
function of this counter has been prepared by adjusting the previous data [3] of the equivalent
detector (TEXLIUM-9341) to the measurement of standard neutron spectrum of 252Cf source.
Neutron spectrum unfolding is made with the maximum likelihood and the maximum entropy
method [4]. Fig. 4 gives the measured neutron spectrum for 2.4 MeV monochromatic neutrons
produced from a D-D accelerator, comparing v&ith the result of a 3He 1.C.. The D-D neutron peak
shape obtained from the 3He P.C. is found consistent with that of the JHe I.C.. Fig. 5isa
preliminary result of ohmic D-D plasma neutron spectrum in JT-60U, measured with the 3He P.C.
placed near the fission chamber port. From comparison with the calculated result of the Monte
Calro neutron transport code MCNP, the accuracy of neutron peak analysis using a 3He P.C.is
considered sufficient to put into practical use.
4, Summary
The applicability of a 3He gas proportional counter has been experimentally verified to neutron
yield and spectrum measurement in JT-60U D-D Discharges. The multi-level discrimination
counting technique is useful to improve the dynamic range of the 3He neutron monitor without
changing the present pulse counting system and makes it possible to extrapolate the calibration
result from a 252Cf source directly to the D-D discharge experiment. Neutron spectrometry using a
3He gas proportional counter is also concluded a promising one in practical use for JT-60U

experiments.
* University of Tokyo
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Fig. 4 Measured neutron spectrum of 2.5 MeV monochromatic neutrons from a D-D accelerator.
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Fig. 5 Neutron spectrum of the ohmic D-D discharge in JT-60U measured with a 3He gas proportional counter.
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10 Ripple Loss and High Energy Particles

10.1 Estimation of Ripple Loss by Thermocouple Arrays
K. Tobita, Y. Neyatani, S. Miura, H. Takeuchi, T. Arai, K. Tani, M. Matsuoka

Toroidal field ripple deteriorates plasma performance by enhancements of ion
thermal transport [1,2,3] and fast ion loss [4]. Between these undesirable effects due to
ripple, fast ion loss induced by toroidal field ripple has an impact on the realization of a
fusion tokamak reactor because of its serious heat deposition on the first wall. Up to
now, the problem has been treated by some simulation codes. They have provided
helpful predictions about permissible ripple size in ITER (International Thermonuclear
Experimental Reactor) as well as o particle loss due to ripple [5]. In spite of their
usefulness, concerns about the reliability of the codes have not been completely swept
away yet because of the complexity of problem and doubts about extremely time-
consuming computation, and the experimental confirmation is still at the early stage[6]. In
this section, we describes some experimental features of fast ion ripple loss in JT-60U.

JT-60U is a tokamak which has the major radius Rg = 3.4 m, the average minor
radius a = 0.9 m. Its toroidal field is produced by 18 circular coils and the toroidal ripple
(8) goes up to 2.2% at the outer edge. The experiment was performed under the
conditions of plasma current Ip = 1.0-2.0 MA and toroidal field Bt =2.7-4.0T. The
neutral beam injection (NBI) system is operated with about 15 MW near-perpendicular
injection (DO, 80-85 keV). The power fraction of NBIisE: Ejpp: E1y3 =78% : 15% :
7%. Throughout the experiments, Bt and Ip are directed clockwise and hence the VB ion
drift direction orients downward. Fast ion ripple loss can be substantial in JT-60U with
high toroidal field ripple and near-perpendicular NBI. The ripple magnitude is somewhat
high on the upper side compared with the lower side in the divertor operation as shown in
Fig. 1.

Heat load on the first wall is deduced from the temperature rise of thermocouples
(TC) mounted on the wall. A 3-dimensional heat conduction code is used to deduce the

heat flux from the temperature rise. On basis of the OFMC computations, the toroidal and

— 268 —



JAERI—M 92-073

poloidal TC arrays are aligned on the VB ion drift side, i.e. the lower side, s0 as to
measure the heat flux of hot spot due to fast ion ripple loss. The toroidal TC array is
mounted between two toroidal coils at the poloidal position (PP) No. 139.5 with toroidal
angles of 0-20°: this range of the angles corresponds to one pitch of ripple and the
toroidal coils are located at the angles of 0° and 20°. The poloidal TC array is aligned in
PP No. 133-147 at the toroidal angle of 13°. The PP No. is illustrated in Fig.1. There are
two types of orbit losses due to ripple: ripple-trapped loss and banana drift loss. The heat
load due to the former is localized in both toroidal and poloidal directions. The ripple-
trapped loss can cause a crucial heat load on the first wall because of its localization. In
contrast with the ripple-trapped loss, the heat flux due to the latter is not localized so
much. According to OFMC, the tipple-trapped loss is dominant in the typical operations
of JT-60U with near-perpendicular NBL

Figure 2 shows the spatial distribution of heat flux measured by the TC arrays.
Here the toroidal angle is taken in the plasma current direction. The conditions of this
shot are Ip = 1.7 MA, By = 2.5 T, qefr = 3.9, PNB = 10 MW, Ep = 85 keV and T, =
2.6x1019 m-3 and the outermost magnetic surface is shown in Fig.1. Here qesf denotes
the effective safety factor which is introduced to avoid singularity at the null point [8].
Figure 2 indicates that the heat load due to the ripple loss is localized in both toroidal and
poloidal directions.

By changing the plasma size, we obtained the relation between the ripple
magnitude (8 = 8BT/BT) and the heat load. As shown in Fig.3, the heat load for
normalized input quantity of heat (PnpAt) decreases with Smax. Here Smax represents the
maximum ripple size on the outermost magnetic surface. In the considered shots the
maximum ripple is obtained at the null point or near the low field side. From increase in
heat heat with Smax, the observed heat deposition is thought to be due to ripple loss.

Ripple wells are formed in the region where the effective ripple well parameter
(ot* = Irsinfl / NRqd ) satisfies o < 1. Here, N is the the number of toroidal coils and
other symbols denote conventional definitions. This condition shows that the ripple well

region extends with q. The poloidal distribution of heat load in highly elongated
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configuration [8] which has a vertically elongated cross section with smaller R, is
shown as a parameter of qefr in Fig. 4. In the configuration, the peak of heat load is
located on the inside (higher PP No.) compared with that in standard configuration
shown in Fig. 1. The increase in the poloidal heat load with gefr implies that the observed
heat load is mainly due to the ripple-trapped loss, because the banana drift loss is not so
Sensitive to geff.

In summary, the heat load due to ripple loss of NB-injected ions was localized in
both toroidal and poloidal directions, and the location of the heat spot was in good
agreement with the OFMC calculation. The heat load increased with both ripple size and

safety factor.
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located at PP No. 139.5.
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10.2 Numerical Analysis of Ripple Losses of Fast Ions Produced by NBI in JT-60U

K. Tani, K. Tobita, Y. Neyatani, S. Miura, H. Takeuchi and M. Azumi

Ripple-induced loss of alpha particles has a very strong impact not only on the
specification of toroidal field coils but also on the design of plasma facing components
such as the first wall and divertor plates. In order to estimate the ripple losses of alpha

particles, many kinds of simulation codes have been developed [1].

The next important step is to make a cross-check of the stmulation results with
experimental data. In order to support the simulation results, experimental investi-

gations of ripple losses of fast ions produced by quasi-perpendicular NBI are now in

progress in JT-60U.

Detailed experimental results are shown in the last section. In this section, a brief
explanation of our simulation code and the comparison of the simulation results with

those experimental data are presented.

An orbit-following Monte-Carlo (OFMC) technique is adopted in our simulation

code. Our OFMC code consists of four parts;
1) calculation of ionization of neutral beams,
2) _simulation of Coulomb collisions,
3) calculation of guiding center orbit, and

4) simulation of charge-exchange reactions of fast ions and reionization of fast

neutrals 1n succession.

Monte-Carlo techniques are adopted to the calculation of beam ionization. Dis-
tribution of fast ions produced by the ionization of neutral beams with elliptic cross

section can be obtained. Computations for multi-beam lines as well as multi-energy
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species of neutral beams can be made with our code.

The collisional processes of fast ions are also simulated by a technique of Monte-
Carlo. The longitudinal and the transverse cémponents of velocity change by Coulomb
collision, Av; and Av;, are calculated by generating normal random numbers with
respective mean values, < Av; > and < Av; > , and mean square deviations < Av} >
and < Av? > . Assuming that the phase of Larmor motion of fast ions is random,
Av; and A, are converted into velocity components parallel and perpendicular to the
magnetic field line Avy and Avy. lon trajectories are followed by numerical integration
of the standard guiding center equation in a non-axisymmetric system. A second-order
Runge-Kutta method is adopted for the numerical integration. The axisymmetric
magnetic field is given by the derivatives of poloidal flux function ¢ which is obtained
by the widely used MHD equilibrium code "SELENE” [2]. The current of toroidal field
coils is assumed to be a sheet current with ripple component. Using the model coil
current, the field ripple is derived by the Biot-Savart method. The charge-exchange
process is also simulated by a simple hit-or-miss Monte-Carlo method. If a fast ion 18
once charge exchanged, the orbit of fast neutral (straight flight) is followed until it is
reionized by field plasma particles or escapes from the plasma. In the above described
OFMC code, the fast ions produced by the ionization of injected neutral beams are
launched from the birth points and are followed until all of them are thermalized or lost
to the first wall.

Calculations were made for a specific shot number E13634. The MHD equilib-
rium, constant contours of the field ripple and the first wall with poloidal position num-
bers are shown in Fig.1 in section 5.4.1. About 2000 test particles were employed for
one calculation case, and 5 cases of computations were executed with different random
numbers. Through the series of calculations, about 2200 loss particles were accumu-
lated. Power fractions of banana-drift (ripple-untrapped) loss, ripple-trapped loss and
charge exchange loss particles are 1.4%, 12%, and 1.6%, respectively. The power frac-

tion of ripple-trapped loss particles measured by the thermocouple arrays described in
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Fig. 1 Two-dimentional heat load on the first wall for ripple-trapped loss particles
derived by OFMC code.
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10. 3 Experimental Plan of o Particle Simulation by D-3He Reaction

T. Fujii, Y. Kusama, H. Kimura, K. Nagashima, M. Yamagiwa, M. Nemoto, K. Tobita,
H. Takeuchi, M. Saigusa, T. Imai,

1. Introduction
In a D-T reactor, high energy o particles are generated and heat D-T plasmas so as to

maintain a nuclear fusion reaction expressed by the formula,
D+ T — He(352MeV) + n(14.06 MeV) (1)

if they bring about no serious MHD instabilities and are confined in a sufficient ime. Thus, the
study on behaviours and confinement of high energy o particles is one of the most important

issues in JT-60 U. However, if we use the D-T plasma, we have a radioactivation problem
because neutrons are generated on the reaction. On the other hand, if we use the D-3He reaction

given by
D + 3He — He(3.67MeV) + p(14.67MeV ), (2)

we can investigate behaviours and confinement of o particle with similar energy to the D-T

reaction without actual difficulties with
Cyclotron resonance layers

respect to the radioactivation. Experiments ) 3
. ) 4McHS D - He Exp.
of o particle generation have been performed S(OCH 3 eH _
4cxéo S| 5deo f =116 MHz

in JET by fundamental minority ICRF Bro3T

at R=3.32m

heating to heat 3He and then rise the
reactivity of D-3He [1]. A frequency
range (110 - 130 MHz) of the JT-60U ICRF
heating system is fourth harmonic of 3He at
BT = 3 T to avoid the second harmonic

absorption by hydrogen near the plasma

o

SN

i ICRF
] Antenna

center, as shown in Fig. 1. Fourth harmonic

heating is insensitive to minority 3He

concentration in contrast with fundamental D
heating. ICRF power in the fourth harmonic —
regime is coupled efficiently to high energy R=35m 1.om

3He. So that we plan to perform
experiments of fourth harmonic ICRF  Fig. 1 Positions of cyclotron resonance layers at Bt
heating in combination with 3He NBI. =3 T for D-3He plasma heated by ICRF of 116 MHz.
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2. Calculated Results by One-Dimensional Fokker-Planck Code

A one-dimensional Fokker-Planck code including a quasi-linear ICRF diffusion term has
been developed [2]. Numerical calculation studies are done to compare combined fourth
harmonic ICRF and 3He NBI heating with D + (3He) fundamental minority ICRF heating.
Figures 2 (a) and (b) show the calculated contours of fusion power yield ratio AQ at Te = 5 keV
and ne = 10 x 1019 m-3 for each heating as functions of ICRF and NBI power densities. The
fusion power yield ratio is defined as AQ = { p¢(pr) - Pf (PH = 0) }/ pu, where pr is the fusion
power density and py is the heating power density. In the fourth harmonic heating AQ of 2 %
is predicted for more than 0.2 MW/ m3 of relatively low ICRF power density. This value
corresponds to fusion power of 100 kW and o particle generation rate of 3 x 1016 5-1, On the
other hand, AQ of 1.6 % is predicted for a narrow power density range of ~ 0.4 MW /m3 in
fundamental minority heating. The calculated results show that the maximum fusion power yield

ratio is scaled by

AQumax (%) =4 .3 Te (10keV) {ne (1020m-3) }1.5 for fourth harmonic heating ,

and
AQmax = TelSne! for fundamental minority heating.

Then AQmax increases with density for the fourth harmonic heating while that decreases for

fundamental heating. The experiment in JT-60U will be performed in high density region.
Moreover, it is found that AQmax for the fourth harmonic heating is obtained for png / p1c ~ 1/3.

According to this prediction we can evaluate the required ICRF power and 3He beam power in

the experiment.

2.0

1.0

Py (MW/m?)

- x - 1 ] N 1 N
OTOo.o 1.0 2.0 0.0 1.0 2.0

Pre MW/m?) Pre (MW/m3)

Fig.2 Contours of DQ in the piC and pNB plane at Te=5keVandng =10x 1019 m-3 for (a) the
fourth harmonic heating and (b) fundamental heating.
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3. Consideration of Experimental Conditions and Setup
First, we discuss ICRF power density which is expected to be absorbed in plasma center
region (r < 1/4 a). The available injected power of the JT-60U ICRF heating system is 4.5
MW. If all the power is absorbed homogeneously in r < 1/4 a, the power density is estimated to
be 0.8 MW/m3 fora=1m,R=3.5m,

K = 1.3. This value is suggested to be NB + 3Wgy IC CX Energy Spectra
close to the maximum power density. 52 E11446
T T T T l I- T T T l T T T 1 ; T T T ]
Also, we may check the absorbed power ‘| (77,00 He (H] Ip= 1MA, Pig=2.3 MW _
from the experimental results in JT-60. \‘ R 18-22x 1019 e
Figure 3 shows the energy spectra of 20 \ e Cal ]
minority proton measured by charge 491 y
exchange neutral particle analyzer sighting o 48 N IC+NB {t=5.8 sec)

the plasma center for third harmonic ICRF  .§ 47}
heating in combination of H beam NBI 46k
with beam energy of 65 keV. The

absorbed power density is estimated to be j: i \ NB Alone -

1 MW/m3 by fitting the tail part of the Lo (t=4.4 sec)
calculated spectrum to the measured one. 43 —1 L ,LEbl:. L, ‘_
The power absorption radius is ~ 0.2 m 0 50 100 150 200
for Prc = 2.3 MW if the injected power is Ei {keV)

absorbed completely and uniformly, and is  Fig. 3 Energy spectra measured by CX neutral particle
consistent with the calculated absorption  analyzer for combined third harmonic ICRF and NBI
radius. Thus, maximum ICRF power heating, and calculated by the self-consistent wave code.
density is expected to be 0.5 - 1 MW/m3.

Next, we evaluate the deposition power of He beam injected at 80 keV. Figure 4 (a) and
(b) show the calculated deposition power profile for an upper beam line I and for a lower beam
line II. Injection power of each beam line is 0.75 MW. Twenty beam lines are located
symmetrically around the horizontal plane at z = 0 m. However, the plasma is asymmetrical
and shifts to upper side by 0.1-0.2 m, as shown in Fig. 1. Beam trajectory from the upper
beam line passes closer to the plasma center than the lower beam line and therefore the upper
beam line has higher deposition power densities near the plasma center. But its value averaged
over 1 < 1/4 a is only 0.009 MW/m3 for ncg = 5 x 1019 m-3.The power density of 1/5 pic is
necessary for pNp as discussed previously. The demanded power density is at least 0.1
MW/m3. Accordingly, all ten upper and two lower beam lines should be used as a 3He beam
injector and their total power is 9 MW,

The following diagnostics relevant to the D-3He experiment have been prepared: a y ray
measurement system to estimate the fusion power because the y ray of 16.6 MeV is emitted in
the other process of D-3He reaction with probability of 3 x 10-3 of the formula (2), a CX
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analyzer sighting the plasma center and intersecting the beam trajectory to measure the energy
spectrum of 3He, H and D, and an active beam system to measure slowing-down o particles
with energy of less than 400 keV. Development of the active beam system which can measure
o particles up to 3.5 MeV by using a detector fabricated in Ioffe institute is under consideration.

0.020 i L] L] T l ¥ f T I L] T L I T T T i T L] T ] 0.020 N 1 L] T I L] T T ‘ T T i T T T
e [ (a)Beam Line | ] o [ {p)Beam Lins Il ]
E - r E - 4
S, - - e o -
20015 41 20015} .
b [ ] = [ ne5x10' ¥ m?
= [ = [ ]
@ 0,010 | @ 0.010 - .
7} L Q -
) 0 J
% 0.005 % 0.005 20 s N
g g nom1x10°m
o g o C

0.000 I BN U U U R T T S J T S U G S 1 0.000 FEVLVW, Vo PRER TN BN T U S BV SN S T BN S0 1 .

0.0 0.2 0.4 0.6 0.8 1.0 0.0 Q.2 0.4 0.6 0.8 1.0
r/a r/a

Fig.4 Calculated power deposition profiles of 3He beam (Ey, = 80 keV) for (a) an upper beam line
1and (b) a lower beam line III. Power of cach beam line is 0.75 MW.

4. Summary

The experiment of the combined fourth ICRF and 3He NBI heating with D plasmas in JT-60U
is planned to investigate the behaviours and confinement of high energy « particles without
difficulties to the radioactivation. The available ICRF power is 4.5 MW and NBI power is 9
MW. The fusion power yield ratio of ~ 1 % is expected, corresponding to fusion power of 100
kW and « particle generation rate of 3 x 1016 5-1, Ay ray measurement system, a CX analyzer
sighting the plasma center and intersecting the beam trajectory and an active beam system to
measure slowing-down o particles with energy of less than 400 keV have been prepared as
diagnostics relevant to the D-3He experiment. Development of the active beam system which
can measure o particles up to 3.5 MeV by using a detector fabricated in Ioffe institute is under

consideration.
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10. 4 Sawtooth Stabilization by Trapped Fast Ions Heated by ICRF

T. Fujii, H. Kimura, M. Saigusa, M. Nemoto, K. Tobita, H. Kubo,
K. Hamamatsu, Y. Kishimoto

1. Introduction
Mechanism of sawtooth oscillation has not yet been understood completely although the

sawtooth oscillation was first observed in ST tokamak in 1970's. However, the energy
confinement time, especially in the plasma center region, is degraded by the sawtooth oscillation.
Then suppression or control of sawtooth oscillation is investigated intensively in many devices
by additiona! heating of ICRF, LHRF and ECH. As for application of ICRF heating, it was
first reported from JET that a sawtooth period is extended up to 0.9 s during fundamental
minority ICRF heating [1]. Up to the 12
date, the extended period sawtooth is
observed in JT-60, TFTR and so on.
Rough parameter regions of n, and Qefr 8

U A

i0 |-

for the extended period sawtooth during % 5 |
ICRF heating alone are summarized in Fig. T

1. There is obvious difference in density 4 —
region of JT-60 data from JET and 2 _
TFTR data. This is inferred to be due o

to difference in heating regime. 0 2 4 6 8

Theoretical models where m = 1 MHD

= 19 .1
. n
instabilities are suppressed by hot 1ons e (10 m ™)

Fig. 1 Rough parameter regions for extended period
heated by ICRF are proposed as one of 0 during ICRF heating alone.

mechanisms for sawtooth period extension

[2,3). ICRF power is absorbed by higher energy ions in the second harmonic regime than
fundamental regime and therefore hot ions are generated at higher densities in the second
harmonic regime. Then, the sawtooth period extension at high densities in JT-60 is consistent
with theoretical prediction mentioned above. We have analyzed the JT-60 data for combined
second ICRF and NBI heating from this view point as well as second harmonic ICRF heating
alone and then we plan to investigate the sawtooth period extension intensively in high power
experiments on JT-60U to establish the control of the sawtooth oscillation at high density in a

reactor-grade tokamak.
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2. Results of Combined Second Harmonic ICRF and NBI Heating in JT-60
Figure 2 shows time evolution of the intensity of soft x-ray Isx at high densities of 0, =
5.3-5.5x 1019 m-3 for combined second harmonic JCRF and NBI heating when NBI power

Png increases form O to 2 MW step by
step while ICRF power Pjc is constant
at 2.3 MW. Sawteeth with extended
periods of ~ 300 ms are observed for
second harmonic ICRF heating alone
Pnp = 0 MW ) or for combination with
very small Pyg of 0.5 MW. But the
sawtooth period dramatically decreases
to ~ 100 ms for combination with PNg
of 2 MW,

Figure 3 shows the sawteeth period
as a function of PNp/fle at Pic = 2.2 -
2.4 MW, PNg=0-67MW and 1, =
53 - 6.5 x 1019 m-3 for heating
methods of the combined second ICRF
and NBJ, second ICRF alone and NBI
alone. There is the threshold value of
Pnp/fe ~ 0.1 x 1019 MW m3 that
terminates the
extension. When Pnp/f. excesses the
threshold value, the sawtooth period
during the combined ICRF and NBI
heating is similar to those of NBI

sawtooth period

heating alone. The beam energy of 70
keV is much smaller than the energy of
~ 1 MeV of the ions coupled to second
harmonic ICRF. Then the average
energy of hot ions becomes small
as Pnp/f. increases. Therefore, the
effect on suppression of the m =1
mode instabilities suppression by hot
ions becomes weak and the sawtooth

period becomes short with increasing

Pnp/Me.
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Fig. 2 Time evolution of the intensity of soft x-ray IS X
at e = 5.3 - 5.5 x 1019 m3 and PIC = 2.3 MW for
combined second harmonic ICRF and NBI heating as a
parameter of PNB =0, 0.5, 2.0 MW,
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3. Analysis of Extended Period Sawtooth
As discussed in the previous section, a key point on the role of hot ions for the sawtooth

period extension is their average energy <Ep>. In theoretical models, the stabilization of the

MHD oscillations of low n modes depends on currents formed by precessional drift of the
trapped particles [4]. The precession frequency wpp of the hot ion is defined as wpp =

<En>/Z,BRors, where Zy, is the charge number of the hot ion, Rg the major radius and rg the

radius of the q = 1 surface. Figure 4
shows the sawtooth period as a
function of 1/wpy for the data shown
in Fig. 3. The sawtooth period
decreases with increasing 1/wpp and
then decreasing <Ep>. The period
extension disappears above l/wpp ~ 1.5
104 sfrad, i. e. , <Fp> ~ 30 keV. Thus,
the sawtooth period depends on the
precession frequency of the hot ions.
Figure 5 shows the calculated
results of 1/ wpp, as a function of density
ne for fundamental, second and third
harmonic ICRF heating regimes. The
absorbed power of 0.56 MW/m3 and
minority ion concentration of ny/ne =
0.1 are assumed for each regime. The
calculated results shows that higher
<Ep> is obtained with higher harmonic
ICRF heating for ne fixed. This infers
that the extension of the sawtooth period
even at high densities in JT-60 different
from JET and TFTR, as described in
introduction, is attributed to the second
harmonic heating regime. Therefore,
higher harmonic ICRF heating is
effective for high density plasma.

- We have conducted the calculation
of stability of the MHD oscillations of
the m = 1 internal modes and the
fishbone mode for the plasma including
hot ions heated by ICRF waves.
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Fig. 4 Sawteeth period as a function of 1/wpyp for the
data shown in Fig. 2.
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Fig. 5 Calculated results of 1/ wph as a function of
density ne for fundamental, second and third harmonic
ICRF heating regimes. The absorbed power of 0.56
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arc assumed for each regime.
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Preliminary calculated results on the growth rate of the MHD modes show that there is a stable
region for the beta value of the hot ions for those modes. However, we have a few experimental
data of the hot ion stored energy, and then we have a difficulty to compare in detail the
experimental results with the calculated ones. Further investigations are left for JT-60U ICRF

experiments.

4. Conclusions

The sawtooth period dramatically decreases to ~ 100 ms in second harmonic ICRF heating
for combination with small power of PNg = 2 MW while ~ 300 ms for second ICRF heating
alone at high densities i ~ 6 x 1019 m3. It is found that the sawtooth period extends with
decreasing 1/oph and then with increasing <Ep>. The calculated results shows that higher <Ep>
is obtained with higher harmonic ICRF heating for n fixed. This infers that the extension of the
sawtooth period even at high densities in JT-60, different from JET and TFTR results, is
attributed to the second harmonic heating regime. Therefore, higher harmonic ICRF heating is
effective for high density plasma. However, we have a few experimental data to compare in
detail with the calculated results. Further investigations are left for JT-60U ICRF experiments.
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11. LHCD Experiments

11.1 LHCD Experiments on JT-60U

T. Imai, K. Ushigusa, Y. Ikeda, O. Naito, S. Ide, M. Seki, T. Kondoh
M. Nemoto, S. Wolfe, , M. Sato, H. Takeuchi

1. Introduction

Steady state operation of the Tokamak Reactor is the most desired scenario for
commercial reactor. Development of the non-inductive current drive method is the
necessary condition to achieve the steady state operation. In the last half decade, Lower
Hybrid Current Drive (LHCD) in JT-60 demonstrated notable results of non-inductive
current drive of 2 MA, efficient current drive performance with efficiency n¢p (=
NeRpIRF/PLE) = 0.34x1020m-2A/W and high power LHCD up to ~5 MW[1,2}. In JT-60
Upgrade, plasma current is increased up to 6 MA in divertor discharge and deuterium
plasma operation is possible. By use of the same RF system with the modification of the
launcher, LHCD program in JT-60U aims further progress of LHCD to explore steady
state tokamak reactor and study the profile control.

2. JT-60U LHCD Program

Major objectives of the LHCD in JT-60U are (1) to demonstrate high performance
LHCD in reactor relevant plasma, (2) to confirm engineering feasibility conceming thermal
load and coupling, (3) to clarify the LHCD physics. High driven current (> 4 MA), high
efficiency (> 0.4x1020m-2A/W), high density (> 3x1019 m-3) and high reliability to control
current profile including the

demonstration of the ITER g S ¥ i v
. o P-2 FER/

and SSTR scenarios are !

oF 4l P-1 ITER |
aimed in the item (1). In the o 7
item (2), data base for reactor S 3 Conventional 3. 4 )
design on heat load to 2 LHCD Launcher Multi - Junctlon

. ) 2 {~1088) LHCD Launcher

coupling structure and first -5 ” a (1989~ )

S oL 4 _

. . . = ]
wall, especially, divertor in 1:1 L Multi - Junction 1991
quasi steady state condition Z b ASDEX |
and distuption phase. The 2 JFT_ZOTherDIT‘”;UmUkS TFTR
item (3) includes variety of the S wrlls79) i !
. =

research like the propagation S oo 0.1 1 " 10 100
and absorption of the LH Current Drive Product (Mg {10” m™)-R(m)- [(MA))

wave, power deposition Fig. 1 Achicvements of the JT-60 LHCD and other non-inductive

current drive. P-1 and P-2 are the aimed region on JT-60 U
and shaded region is target for ITER and FER.
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profile, RF driven current profile, confinement and transport of the fast electrons, effect to
the MHD activity and its mechanism and confinement of LHCD plasma. These are being
planned to examine in next half decade in JT-60U.

RF system of the JT-60U LHCD is the same as that of the JT-60 except the launcher
and the small modification of the transmission lines for Deuterium operation. Frequency is
around 2 GHz and RF source is consist of 24 klystrons. In the early part of the program
from 1991 to '92 (phase 1 period), only one third of the whole RF system can operate,
where 2~3 MW of launched LHCD power is expected with one 24x4 waveguide multi-
junction(MJ) launcher which is almost same as that in JT-60[3]. In phase 2 from 1993,
~10 MW launched power is planned by adding 48x4 waveguide MJ launcher.

Achievements of the performance of the non-inductive current drive in JT-60 and
other tokamaks together with the expected performance in JT-60U are shown in Fig. 1,
where the achieved current drive efficiency and current drive products ( CDP = neRpIRE)
are plotted in vertical and horizontal axes, respectively. Target for FER and ITER is shown
with shaded region in the same figure and is still far away from the present achievement
(~0.34x1029m-2A/W and 1.2x1020m-2MA, respectively). It is found that the planned
LHCD program in JT-60U, especially in phase 2 experiment, fills the gap between the
present achievement and the reactor. Since the power level in the phase 1 is low, we placed
the emphasis on the physics understandings of the LECD in the present studies.

3.0utlines of the LHCD Results

(1) Overview: In the first campaign of the JT-60U experiments in 1991, 1.5 weeks in
hydrogen discharge phase were as‘signed for LH experiments. Since the expected power
level in this period was low around 2 MW, as mentioned before, the emphasis of the

experiments was placed on the physics of the LHCD.
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Fig. 2 Progress of the launched power during the conditioning and LHCD experiment.
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There were about 200 shots for LHCD experiments and launcher conditioning, as
shown in Fig. 2. Maximum LHCD power of ~1.5 MW has been injected into JT-60U
plasma with By = 4T, Iy = 1 ~ 2 MA and hydrogen gas in divertor discharge. In spite of
the carbon first wall, density control was easy and very low density plasma far less than
1x1019 m-3 was routinely possible in this series of experiment by keeping the wall
temperature 150 °C and overnight GDC. This enabled driven current of ~2 MA with 1.1
MW in low density plasma (~3x1018m-3). The ncp at present is ~0.25 x1020m-2A/W and
is still low, compared with previous results in JT-60 with the similar launcher, Maximum
CDP was 0.3x1020m-2MA. These values are still lower than aiming values in the phase 1,
shown in Fig. 1. As described in the section 5.1.2, there are some reasons for the
degradation of the current drive efficiency. One of them is the error of the phase adjustment
which reduced the directivity of the unidirectional wave by about 30%, as discussed in
5.1.14. The correction of the phase adjustment has already completed during the shut down
period just after this series of experiments. The second is the high Zegr due to the low
density less than 0.7x101% m-3 in the present operational region. Direct loss of the fast
electron to the first wall also affects the efficiency in such a low density . Moreover,
discharge near the ®=2w¢. region was sometimes observed. We still need further
conditioning of the launcher together with the phase correction to get higher performance in
the higher density and current region and reach to the target of the phase 1.

(2)Coupling; The reflection coefficient of 10~20% was obtained even if the distance
between launcher and outer most magnetic surface (Ayx) was 8 cm. In case of the
combination with NBI, good coupling could be kept up to Ax =15 cm, which suggests
possibility of the distant coupling of LHCD launcher. These are described in 11.9.

(3) Efficiency; N dependence of current drive efficiency roughly agrees with theory,
but the observed maximum efficiency ~ 0.25 x1020m-2A/W is still low, compared with
previous results in JT-60, as mentioned above. Detail discussion will be given in 11.2.

(4) Heat load to the divertor; Heat load to the divertor in the presence of the fast
electrons produced by the LHCD power is the one of the most interesting engineering
topics concerning the ITER/FER design. In the very low density region far less than
1x1019m-3, the heat load of the electron side of the divertor was amplified by the factor of
~2, but the density dependence of the heat load suggest it is similar to other heating scheme
in higher density case. In case of onset of the instability which erhances the diffusion of
the fast electrons, the localization of heat load due to the fast electrons is strong but it
happens in case of the very low density only. (11.3, 11.8, 11.11)

(5) Sawtooth and MHD activities; Ny dependence of the suppression effect of the
sawtooth is studied and the lowest N which satisfies the accessibility condition has the
strongest effect. The mechanism of the suppression is still under discussion.
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(6) Profile. energy spectrum and confinement of the fast electrons;  Some HX profile data
were obtained which indicate the change of the power deposition profile with change of the
phasing of the launcher. Confinement of the fast electrons in the core plasma is dominated

by the slowing down time except some particular case. ( 11.4, 11.5)

(7) Wave propagation and absorption; Identification of the dispersion relation of the lower
hybrid wave in tokamak was studied using the NBl as a probe. The experimental result
agrees well with theoretical one. Accessibility limit of the lower hybrid wave is studied by
HX and ECE measurement. Results obtained qualitatively agree with theoretical prediction,
but quantitative agreement requires some Nj upshift, as clarified in JT-60[4,5]. (11.6,
11.12, 11.13)

(8) Confinement and plasma rotation; Energy confinement time of the LHCD plasma is
slightly better than usual L-mode scaling. Stored energy of the fast electrons seems to
contribute to the improvement. Rotation of the LHCD plasma is also measured by CXRS.
Application of the LHCD power drove the plasma slightly to co-direction. (11.7}

4. Prospect

We've not reached to the Phase 1 target of LHCD yet, but the major obstacles have
been clarified or been solved during the shut down period. Though further conditioning of
the launcher is required, the achievement of the phase 1 target seems to be in our hand
during the 1992 experiment. Diagnostics to measure the fast electrons, Te(r), J(r) are also
improved in the next period. Further physics studies of LHCD by use of these diagnostics
are planned, though the power level of the 1992 is still low(=2~3MW). Progress and
schedule of the recent decade of the LHCD experiment in JT-60 /60U is shown in Fig. 3.

"R6 1 _8 1 88 [ 8 1 90 | 91 1 92 1 93 | 94 | 95

---------- JT-60 - —-ee> DRI | .1 || RO ——
* First LHCD * High efficiency CD <--- phase 1---> <---- phase 2 -----------
with M.J. Launcher 2~3 MW ~ 10 MW
* 2 MACD (mcp=0.34x1020m-2a/w)
* nep-scaling * H-mode by LH * Physics Studies
* High Performance
LHCD Demonstration

Fig. 3 Progress and Schedule of the JT-60& 60U LHCD experiments in the recent decade.
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11.2 Current Drive Efficiency in JT-60U

K. Ushigusa, S. Wolfe, T. Imai, Y. Ikeda, O. Naito, S. Ide, H. Kondo, M. Seki, H.
Nemoto, M. Sato and H. Takeuchi

The current drive efficiency in lower hybrid current drive (LHCD) experiments in
JT-60U is summarized in this section.

1. Typical example and the operated regime .
Most LHCD experiments were carried out in hydrogen divertor plasmas with a low
density. A typical example of an LHCD discharge is shown in Fig.1, where the LH power

was injected in three steps with a peak parallel refractive index Nypeak of ~1.34 (the

phasing between adjacent muitijunctions Adm= 135°). Fully non-inductive plasma (JAV/VI
>1} is achieved with LH power of ~1.3MW, and this corresponds to a current drive

efficiency Nep of ~1.8 x 101%m-3A/W. With PLy ~1MW, the decrease in the loop voltage

is moderate (IAV/V] ~ 0.5), and this corresponds to Tcp of ~1.2 x 101m-2A/W. It should
be noted in Fig.1 that the drive efficiency of a fully non-inductive plasma is higher than that
with a residual DC electric field. However, in other experiments, it has been commonly
observed that the existence of a DC electric field enhances the current drive efficiency.
Therefore there is some mechanism which prevents driving RF current at low power
injections. This phenomenon will be discussed again in Sec. 11.11. The bottom trace in
Fig.1 shows the time evolution of the loop voltage without smoothing. One can find large
negative spikes on the loop voltage. This is thought to be a kinetic instability such as the
anomalous Doppler effect, which is caused by a large anisotropy in the electron velocity
distribution. There is no large difference in the temperature with and without LH as shown
in Fig.1. This indicates that the change in the thermal energy is not so large in this density
regime.
Figure 2 shows the current drive product E14081 1.2MA 4T

neRpIRF, and the operated electron density 2

against the I.H power, where data with IAV/V!>
0.8 are used. The experiments were carried out
in the following parameter range: ne = 0.3 - 0.7
x 1019 m-3, Ip =12 - 2MA, Py = 0.7 -
1.5SMW and qefr = 5.2(2MA) - 9(1.2MA). The
distance between the launcher and the plasma

surface SL was 6 - 10 cm, and the total (divertor)
radiation power was smaller than 40% (20%) of —

the total heating power. The current drive o 1
product of 3 x 1019 m-2MA was obtained with 2WWW
12MW of LH power at n, = 0.5x 10¥m-3and = ; .

the maximum drive efficiency is around 2.5 x 10.5 t (s) 11.5
1019 m-2 A/W. Compared to the JT-60 results, S S—
~25% of the current drive product and ~70% of L E14081 o t-73s (OH) |
the drive efficiency were achieved with the low 4l «t=118(LH) |
parameter regime during 1.5 weeks of 3 .
experiments. < | -

Ny (M-3)

2. Parameter dependence of efficency 5
- Figure 3 shows the density dependence of the K]

drive efficiency and Zef/Te0> with Adpy = 135°. 1
The efficiency is improved by increasing the

density. This comes from the decrease in Zefr as 0
confirmed in JT-60 experiments. The efficiency
of 2MA discharge is higher than that of 1.2MA
by a factor of ~1.5. A higher efficiency can be

p (m)
Fig.1 Example of full CD discharge
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Fig. 2 The CD product and the density Fig.3 Density dependence of the efficiency
against the LH power. and Zeg/Te0-.

expected in the next series of experiments. _
The current drive efficiency is plotted against the phasing between adjacent

multijunction modules in Fig.4, where Ip=1.2MA and Tie = 0.4 - 0.6 x 1019 m3. The

efficiency has a maximum at around Adm = 135° and this is a similar dependence to the JT-
60 results. The simple quasi-linear Fokker-Planck theory says that the current drive

efficiency is proportional to 1/Nj 2 for a narrow spectrum width (AN/Nj <<1). The

specttum weighted 1/N 12, which is introduced by J. Stevens[3], regards the efficiency of
the launched wave spectrum as the sum of the narrow limit efficiency weighted by the
spectrum;

f i _N‘m
1 1 P(N P(N
Nep™ _2|_1)le|_ "—iﬁdNn (1)
<N, > = Nu Nn
Il f P(N|DdN1| Nh:

This is very convenient because the wave spectrum, the accessibility and the directivity are
automatically included into one form. It has been confirmed that observed current drive

efficiencies in PLT, ASDEX and JT-60 experiments were well scaled with 1/<NyZ>. If we
employ the spectrum weighted 1/N 12, the current drive efficiency of the quasi-linear

'Fokker-Planck theory becomes 1*cp(1019m2A/W) = 1240/ InA/(5 + Zosp)/<Nj2>, where

InA is the Coulomb logarithm. The broken line in Fig. 4 shows the efficiency 1" cp(d)
which is calculated with the designed launcher spectrum; the pitch of the waveguide 1s

1.3cm, the phase of adjacent sub-waveguide in a module is 60° at 2GHz and the phase
difference between adjacent modules is exactly Adm. It was assumed that Zegf = 8.
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Fig. 4 The current drive efficiency versus the phase difference between modules

Compared with the experimental efficiency, the theoretical efficiency 1t*cp(d) has a similar

dependence on Adp, but is slightly higher. After the first experimental campaign of JT-
60U, the relative phasings of each multijunction module and each sub-waveguide were
measured. There were some differences of the phasing from the designed value. This
affects the launched wave spectrum significantly. This influence of the phase difference on
the wave spectrum is discussed in Sec. 11.10 in detail. The solid line in Fig.4 shows the

theoretical efficiency N*cp(m) where the spectrum weighted Ny is calculated by using the
measured relative phasing of each multijunction and sub-waveguide. It is assumed in the

calculation of N*p(m) that the phase difference between modules in the second column of

the poloidal multijunction array is exactly controlled to be A¢pm (but we cannot exclude a
possibility that the phasing of modules in the second column is not periodic exactly). The

theoretical efficiency 1*cp{m) has similar value to the experimental efficiency, but has a
slightly different phase dependence. From the phase dependence, we may say that the
excited wave spectrum in the plasma is close to the designed spectrum.

3. Comparison with JT-60 results and discussions

The operated electron density in the first campaign of JT-60U LHCD experiments s
lower than that in JT-60. The density dependence of the current drive efficiency between
JT-60U and JT-60 experiments is compared in Fig.5 where solid and open symbols are
data in JT-60U and JT-60, respectively. The obtained current drive efficiency in JT-60U
shows relatively high current drive efficiency at a very low density. The temperature
dependence on the current drive efficiency has been shown in JT-60 experiments and this
was confirmed recently in the JET experiments. The experimentally observed efficiency is

normalized by N*cp(d) and plotted against the volume averaged electron temperature in
Fig. 6. Since there is large ambiguity in the electron temperature in JT-60U experiments
because of the very low density, the range of measured average temperature is plotted. It is
seen that JT-60U data is less than JT-60 results by a factor ~ 0.7.

There are several possibilities to explain this. First, this series of experiments has an
uncertainty about the wave phasing. Phase differences between multijunction modules were
measured except for the second column, which is used in the feed back control on the wave
phasing. We found that the other three columns are not completely periodic. Since the
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second column of the launcher may have the same problem as previously mentioned, the

wave spectrum, which is employed here to estimate 1n*cp(m), may not be the correct
spectrum. The second explanation is about some power losses related to the extremely low
density regime. The slowing down time of energetic electrons with an energy
corresponding to the accessibility condition(N)2°¢ ~ 1.15), is about 0.3 s at a density of ~
0.5x1019m3. Some fraction of power may be lost before they are thermalized by slowing
down process. Indeed we have observed significant X-ray emission from the divertor
plates during LHCD. Some fraction of the divertor heat load measured by IRTV, which is
about half of input LH power (see Sec. 11.3 ), must be due to the loss of high energy
electrons. Furthermore, we observed large negative spikes on the loop voltage during the
LH pulse and this suggests a kinetic instability. Rapid loss of parallel energetic electrons
may be accompanied by this instability. This is one factor which degrades the current drive
efficiency in addition to the ambiguity in the measurements of Zesrand <Te>.

In the first campaign of LHCD experiment in JT-60U, the current drive efficiency of
2.6 x 1019m-2A/W was achieved at very low density (1 ~ 0.5 x 1019m-3) and this is
‘highest value in this density regime. Although there were some factors to degrade the
efficiency, we can remove these factors by setting the launcher phasing correctly, and
operating at higher density and current. Higher drive efficiency can be expected in the next
series of experiments.

Reference
[1] Stevens, J. et al., Nuclear Fusion 28(1988)217.

—291—



JAERI-M 92—073

11.3 Heat Load on Divertor Plates and Power Balance in LH, LH + NBI
Y. Ikeda, T.Imai, K.Ushigusa, Y. Itami

1. Introduction

A major consideration in the achievement of steady state fusion reactor is the handling
of the heat load on the divertor plates. With high-power, long-pulse additional heating,
the occurrence of impurity bloom from divertor plates is a significant factor limiting the
best fusion performance. This bloom sometimes limited the maximum injection RF
power in JT-60 LH experiments, because it led to modification of the plasma boundary,
resulting in a deterioration of the coupling in launchers. While the measurement of the
heat load on the divertor plates and the radiation loss gives the determination of the
energy loss channels of the plasma.

We investigated the heat load on the divertor plates by IRTV in LH and LH + NBI
discharge. Experiments were carried out in the standard divertor configuration with
Ip=1.2 - 2 MA, By = 4.0 T. Lower hybrid waves were injected by a multijunction
launcher with P.H <1.5 MW, f = 1.74-2 GHz.

2. Results
Figure 1(a) shows the typical heat load on (a)

E¥4158
+

the divertor plates in LH discharge, where
PLH ~ 1.4 MW, f=2GHz, ¢ = 135°, Ip=1.2

MA, ng ~ 0.5x1019 m3. A loop voltage is ~
0 V during LH injection. The distance of the

separatrix point and divertor plate (8x) is
about (.2 m. A total heat load on the divertor

plate (Q) is about 0.8MW, and the peak

temperature reaches from 195°C to 220°C.

The heat flux profiles in this discharge are

shown in Fig. 1(b). The peak heat flux on
inner and outer sides are about same value, (b)
0.36 MW/m2, respectively. While the half
width of the heat flux (HWHF) of outer side

is about twice larger that of the inner side in

heal lMlux [MW/m?]

this case, which is the same characteristi¢ as
reported in JT-60 [1].

The density dependences of the HWHF are Fig. 1(a) typical LH shot,
(b} heat flux profile.

major radius [m]

shown in Fig. 2. The density is varied from
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0.8x1019 m3 to 2x1019 m-3 at fixed plasma parameters of Ip =2 MA, 5:=0.2m,PLH
~ 0.8 MW, f=2GHz. ¢ = 120 °. Though the input Ohmic power essentially increases
due to the increment of the loop voltage with increasing density, it changes from 0.7 1o
0.9 MW. It is found that the HWHF does not change strongly, especially at ne >
1x1019 m-3. The week density dependence of the peak heat flux was also observed in
LH +NBI discharge at ne > 1x1019 m-3. Figure 3 shows the peak heat flux normalized
input power (Qpeak) in the power range of 1~2 MW (PrLy ~1 MW, Pnpi~ 1 MW) at Ip
=1.2MA. Here, the density dependence of shine through of R = 0.8¢™1¢, [ ne; 1017 m-3]
is assumed. Open and closed symbols are for LH (f=2GHz, ¢ = 135°), LH + NBI
(f=1.74GHz, ¢ = 140°) discharge, respectively. The drop of loop voltage is more than
0.8 for LH case in this figure, however, there is no data set of fully current drive
discharge at ne > 1x1019 m-3 for LH + NBI discharge. In LH discharge, the heat flux
on the inner side is 0.3 MW/m2ZMW, which is considerably higher than that of LH +
NBI discharge (0.1 MW/m2ZMW ), though the density range is different. The normalized
heat flux is approximately constant at ne > 1x1019 m-3 for the inner and outer sides in
LH + NBI discharge, and the heat flux on the outer side is about twice higher than that of
the inner side. Since the higher power is required to sustain plasma current at higher
density, it has not been possible to study in detail the question of whether the difference
of the heat load in LH, LH + NBI can be explained by the operational density / heating

mechanism (beam acceleration).

FWHF [m]

0.4
0.1 1 I 1 1 ' ! ] nner side (Iu-t)
Q outer side (LH
0.08 - outet rslds _ B jnner side (LH:-NEI)
- E- 03 3 O outer side (LH+NBI)—
=
0.06 - 1 & ;'b a]
£ R 8 o -
inner side g 02 H o B
0.04 o—P——o—o——oe— 1 & - o
§. ‘ L |
0.02 | ' 4 0 F T . m
0 1 1 : L 0 I ! \ !
0 0.5 1 1.5 2 2.5 o0 0.5 1 15 2 25
18 4y -3
ne [10¥m™] ne [10%m?
Fig. 2 density dependence of Fig.3. density dependence of
half width of heat flux. peak heat flux.

The global power balance in LH are shown in Fig. 4. This figure gives the heat load

and radiative loss as a function of input power ( OH + LH power ). These data are in the
density range of 0.4-0.6x1019 m-3, f=2GHz. ¢ = 135°. The heat load on the divertor

plates and radiative loss are in proportion to the input power, the total heat load on the
divertor plates, the radiative loss from divertor plasma and main plasma are 60 ~ 65%,
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~15% and ~15%,respectively. About 90 ~ 95% of the input power is identified. The
ratio of the heat load on divertor plates is slightly higher than that in OH case. The
dependence of power balance on the wave spectrum at {=2GHz, ne ~ 0.4-0.6x1019 m-3
is shown in Fig. 5. Though the experimental data are rather scattered, the heat load on
the divertor plates is not sensitive to the wave spectrum. This result shows that the fast
electrons produced by LH waves do not seem to be main source of the heat load on the

divertor plates.
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Fig. 4 power balance in LH. Fig.5. phase dependence of
power balance in LH.

In LH +NBI discharge, where PLH ~ 1 MW, PNB] ~ 1-5 MW, the power balance
ratio on the divertor plates and the radiative loss is about 35-45 %, 30%, respectively, in
the density range of 0.8 - 2.3x101% m-3 as shown in Fig. 6. Since the ripple loss is
considerably high in the standard NBI-heated plasma configuration, the degradation of
power accounting is probably due to the ripple loss in the standard NBI-heated plasma

configuration.
In the Harrison model, the heat ' ' ' ' '
load is approximately given by [2], 0.8 |- 8 -
Q=PI = m
ng%y 7 ;_E 06 |- ?i’ 3 3 oqog rd,
where, P is input power, X, 1S n.i 0.4 L : % tyag. - :ﬁf i
perpendicular heat conductivity in. &
scrape off layer. On assuming X is 02 Q ]
constant, heat load is in proportion to 0 ! ) ! ! I
'P148ne-7/9, On the contrary, if %4 is 0 o5 1 15 2 25 3
a Bohm type (Itoh model), ne [10°m™]
the heat load is given by [3], Fig. 6 density dependence of
~_P power balance in LH + NBL

nco.4
therefore, the heat load weekly depends on the density.
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The experimental data show that the density dependence of HWHEF and the heat load
is week in the range of ne = 0.8 - 2.3x1019 m-3, therefore, it seems that ¥ is not
constant, and the Ttoh model is more suitable to explain these data.

3. Summary

Measurements of heat load were made during LH, LH +NBI , using IRTV. The
following observations were made. (a) density dependences of HWHEF and the peak heat
flux are week in the density range of 1 - 2.3x1017 m-3. These results can not be
explained by the simple Harrson model, in which the heat load is in proportion to
P14/9¢-7/9. (b) In LH, the heat load normalized input power is about 0.3MW/m?MW
for inner and outer side at ne ~ 0.5x101% m-3 . In LH + NBI, they are 0.1, 0.2
MW/m2ZMW at the density range of 1 - 2.3x1019 m-3 (c) Global power balance studies
lead to the observation of fairly good power accounting. About 90 ~ 95 %, and 70 % of
input power are identified in LH, LH + NBI discharge. The heat load on divertor plates
are about 60-65% in LH, 35-45% in LH + NBI case.

The heat load of full LH at high density will be carried out in next campaign after
sufficient RF conditioning,.
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11.4 Distribution of High Energy Electrons in a JT-60U LHCD Plasma
S.Ide, T.Kondoh, K.Nagashima, M.Sato and T.Imai

1. Introduction

For the understanding of the physical mechanisms of Lower Hybrid Current Drive
(LHCD), it is very important to get informations about high energy electrons created by the
Lower Hybrid Wave (LHW). Although the distributions of high energy electrons in both
real and momentum spaces are of interest, they are quite difficult to know[1]-[5]. In this
paper, the preliminary result of the investigation of the high energy electrons in the JT-60U
LHCD plasma with hard X-ray (HX-ray) measurement is shown.

2. HX-ray apparatus

HX-ray is measured with 7 channels of Nal(¢ 2 inc. x 2 inc,) scintillation detectors.
Measuring chords are the right angle to the toroidal field B;, on the same ploidal plane, and
are shown schematically in Fig.1. Each signals from photo multipliers are pulse height
analyzed every 100 ms for 12.8sec.

3. Experiment

The target plasma was a hydrogen plasma with a lower single null point. The plasma
current I, = 1.5 MA, the line averaged electron density I, = 6 x 10m™ and B, =3 T. Into
this plasma, LHWs of different wave refractive indices parallel to the magnetic field N, were
fed through a 24 x 4 multi-junction launcher. In Fig.2, I, , the one turn voltage V,, T, and
the intensity of electron cyclotron emission (ECE) Iy at £ =120 GHz (1.5 times the electron
cyclotron frequency at the plasma center) are plotted. The LH powers are shown schematically
at the top. They are about 1.2 MW, and the values of N, of each LHWs are, 1.51, 2.12 and
1.19 respectively. And the full width of the spectra are about 0.72. Iy is detected by a
Michaelson interferometer along a chord perpendicular to B, and from the low field side.
Therefore it is difficult to analyze I in such a case where high energy electrons exist in a
plasma, because of the radial variation of B; and frequency down shift caused by the relativistic
effect. However, if we assume that the ECE signal is dominated by the down shifted second
harmonic emission from the plasma center, then this signal is attributed to the emission from
electrons of its kinetic energy about 160keV. Therefore, I, indicates tail electron information.
By the injections, I, increases while V, decreases. Those show that tail electrons are
formed by the injection and then plasma current is partly carried by them.

Results of the HX-ray measurement are shown in Fig.3. Fig.3 (a) is a time evolution of
the HX-ray intensity I, photon count x photon energy (100 - 500keV), at 0.2a. I
responds to each LHWs and is largest for the lowest N, wave. Line averaged I profiles
are plotted in Fig.3 (b) for each waves. It is clearly seen that the lower N, is the deeper
wave penetrates into plasma. HX-ray spectra at 0.2a and 0.57a corresponding to each waves
are also shown in Fig.3 (c). A steepness of a spectrum is smaller for lower N, wave and for
smaller r.
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3. Discussion

Figs.3 (b) agree well with a simplified LHW characteristics as follows. A lower N,
(faster phase speed) wave tends to interact with bulk electrons at a region where bulk
temperature is higher, in other words bulk thermal speed is faster. Therefore, the lower N,
is, the deeper a wave penetrates into the plasma as seen in Figs.3 (b). However it is difficult
to tell with what temperature of bulk electrons a wave interacts most strongly. It is because
of so called "spectrum gap" problem. The "spectrum gap” problem is that launched wave
phase speed is much faster than bulk thermal speed in usual experimental condition.
Accordingly, there must be some physical mechanisms of filling the gap[6]. Many theoretical
approaches have been made[7]-[10]. However, few cross investigation of theories and
experiments have done. In our results, the peak position in Figs3. (b) may indicate a
position where strongest interaction occurs. Comparing the results with theories is our
future issue on JT-60U.

In Fig.4, ¢ folding energies (Tyy) for each spectra at 0.2a shown in Fig.3 {c) are plotted
against resonant parallel energy, E_=moc’ x ((1 - N5 -1) (keV). Fig.4 shows strong
dependence of Ty on E_ of injected wave. In these LHCD cases Ty is expected to be
sensitive to the typical energy of the tail electrons in the direction perpendicular to By (i.e.
perpendicular temperature T ), since HX-ray is measured perpendicular to B;.  Therefore we
can say that T, is higher for lower N, wave injection. However because of the accessibility
condition a wave of N, < 1.35 is not able to penetrate into central region of r < 0.2a. In Fig.5
shown are calculated electron energy distribution function using the experimental parameters
foreach N,. ForN, = 2.12 the tail extends up to about 60 keV, this value is almost the same
as E_ for N,=2.12. For N, =1.51 and 1.19 the extents are almost the same and are about
250 keV. The value of N, of which E_ = 250 keV is about 1.35. Accordingly the
maximum extension of the electron distribution function is expected, from this calculation, to
be the same for both N, = 1.19 and 1.51 cases. Nevertheless Tyy is larger for N, = 1.19
wave injection. The reason can be because N, = 1.19 wave has more power in low N,
spectrum than N, = 1.51 wave does. I is also sensitive to T,, and assuming the position of
emission and the harmonic number kinetic energy of the resonant electrons is available. In
Fig.6 Iy divided by Ip(N, = 2.12) against frequency normalized to the electron cyclotron
frequency at the plasma center are plotted for N, = 1.19 and 1.51 cases. The plotted range of
frequency is expected not to be affected by the bulk electrons. In the figure, the peak of the
curve is larger and at lower frequency for the lower N),. The lower frequency g corresponds
to the electrons of higher kinetic energy, if the harmonic number and the position of emission
are kept unchanged. Assuming second harmonic resonance at the plasma center, £/f_, = 1.25
corresponds to the kinetic energy of 300keV. Although the spatial profile of the tail
electrons varies with N, as HX-ray measurement shows, Fig.6 may support that T, is higher
for lower N, wave injection. The results show that a low N, wave which can not penetrate
into plasma core directly because of the accessibility condition makes center peaked tail
profile. This suggests more flexibility of profile control by LHW at high density region. It
is noted that the absolute number of the calculated tail electrons has less information because
the calculated driven current and absorbed power are less in N, = 1.19 case. The maximum
parallel extent of the tail electrons and spatial distribution of the energy of the tail electrons
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4., Summary

On the JT-60U tokamak, hard X-ray emission profiles during LHCD are measured. The
dependence of the profile on N, agrees with the LHW characteristics. However quantitative
discussion about the profile is difficult, since any information about the mechanism of filling
the spectrum gap is not clear yet. The slope of the HX spectrum depends strongly on N .
This suggests that the average perpendicular energy of the tail electrons is larger for lower N,
injection, even though the accessible N, is almost the same.
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11.5 Absorption Profile Estimation of Lower Hybrid Waves from
the Hard X-ray and Soft X-ray Response

T. Kondoh, S. Ide, T. Imai and K. Ushigusa

Time response of hard x-ray and soft x-ray emission produced by modulated
lower-hybrid wave (LHW) was measured to estimate the absorption profile of
LHW. We estimate the absorption profile in the case of peak refractive index of the
excited wave Ny= 1.3 and 2.1.

1. Experimental apparatus

Radial profile of hard x-rays produced by the fast electrons was detected by 7
channel sodium-iodide (Nal(T1)) scintiliator-photomultiplier combination looking
perpendicular to the magnetic field. Nal(T1) detector, 5.08 cm thick, 5.08 cm in
diameter, with 2 mm aluminum vacuum window, is employed to measure the x-ray
spectra 30 keV to 1 MeV. Detectors are shielded by 23 cm of lead and 50 cm
polyethylene to reduce the y-rays from (n,y) reactions produced by fusion neutrons
and background x-rays. The photomultplier tube is shielded against magnetic field
by soft iron and p-metal. The detected x-ray signals are processed by CAMAC and
pulse-height analyzed into 256 channels every 100 msec.

In this experiment, sampling time of 100 msec is too long to analyze the time
response of hard x-ray signals. To measure the time response, signals are
simultaneously digitized in the form of the hard x-ray intensity through an
integrator with time constant of 4 msec.

Soft x-ray profile is measured by 64 channel PIN photodiode detector array
through 200 um Beryllium window.

Sight lines of hard x-ray and soft x-ray detectors are shown in Fig. 1.

2. Results

The power of the LHW is modulated by rectangular wave of 10 Hz (repetition of
20 msec power on and 80 msec off) and the phasing between adjacent
multijunctions A¢ is varied with shot by shot. This experiment is carried out with
A¢ = 135° and 210° Paralle! refractive index of the excited waves has a peak Ny =
1.3 and 2.1, respectively. Plasma parameters are [, = 1.2 MA, Bt =4T,
T, = 4x10'8 m3, and fi ; = 2 GHz.

Time evolution of the hard x-ray intensity (Ix) and the soft x-ray intensity
(Isx) is shown in Fig. 2. The continuous LH power is injected from 4.5 to 5.5
sec (CW phase). In this phase, Igx reached to steady state. The modulated power
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is injected from 6.5 to 10.5 sec (modulated phase). In this phase, Igx is not
reached to steady state. Let the hard x-ray and soft x-ray change during the
modulation be Algx and Algx, respectively. Alix/Iax and Alsx/Isx are 93 % and
8 %, respectively.

The hard x-ray signal is energy integration of bremsstrahlung emission from fast
electron through the aluminum window, in the energy range of several tens of
keV. Soft x-ray signal is bremsstrahlung emission according to the collision of

bulk election and ions.

3. Discussion

The fast electron density, ng, is governed by the particle balance equation,
%f‘ti - V(DVn, +vng) =S - -:i- (0
where S is source term and Ty is slowing down time of the fast electron.

In the steady state, if diffusion time was much longer than slowing down time,
quasi-linear diffusion in the velocity space induced by LHW should be balanced
with coulomb collision with the bulk electrons. Decay time of the hard x-ray
intensity (e-folding time) just after the RF power switched off in the modulated
phase, Tgecay. is shown in Fig, 3. We calculate the electron energy Egq that should
have slowing down time Tgg = Tdecay- Figure 4 shows radial profile of Esg
calculated from Tdecay as a parameter of Ny, From the pulse height analysis of the
hard x-ray, the temperature of the fast electron Tris 40 - 80 ke'V that is consistent
with the energy of Egg. Therefore, the diffusion process of the fast electron may
be small compared with the slowing down process.

Because the hard x-ray intensity Igx is proportional to n; niZ2 T in this plasma
parameter considering detection response of the detector, the input power into the
fast electron, Paps, can be expressed as follows in the steady state,

P = (0p T/t o Tyx/ (ne'z"tggay)' @)
Figure 5 shows the ratio of the power deposition profile for Nyy=2.1to Ny=1.3
deduced from equation (2) using the data of Tdecay, ne profile and Igx in the steady
state in the phase of CW.

Power deposition for Ny = 2.1 is broader than Ny = 1.3. Resonant energy of
the electron, Eges, with the wave of Njy=2.1 and 1.3 are 70 keV and 290 keV,
respectively.

The slowing down of fast electron causes an increase of bulk electron
temperature. Intensity of the soft x-ray signal is proportional to Te%, (@ =1.5-2)

in this plasma parameter. Since line density is not changed during the modulation,
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the increase of soft x-ray signal, Algy, is caused by increasing the electron
temperature due to the energy flux from LHW power through the fast electrons.
Figure 6 shows the Alg, profile with Ny as a parameter in the power

modulation phase. Al /loy is about 8 % at the center. In the Ny =2.1 case, Algx
1s larger than Ny =1.3. This is because of lower slowing down time.

In the bulk electron, diffusion process becomes large, the radial profile is
broader than the profile of Paﬁs(r).

N7 =1.3 has narrow profile and localized within r/a = 0.5 and Nj; =2.1 has
broad profile. This result is consistent with the absorption profile deduced from
HX data. Though deposition profile of rfa < 0.2 is not obtained from the HX data,
these results indicate deposition profile in the Ny =1.3 case has larger value at the
plasma center.

In this experiment, the signal to noise ratio is not so good as to measure the
diffusion coefficient from phase shift of the x-ray signal both fast electron and bulk
electron. Qur next step is to measure the phase shift by improvement of S/N ratio.

4. Conclusion
Absorption profile of LHW is estimated from hard x-ray and soft x-ray
response. Power deposition of LHW of Ny =1.3 has narrow profile and localized

within r/a = 0.5 and Ny =2.1 has broad profile.

In the plasma core region, diffusion term can be neglected because the fast
electron confinement time 7; is larger than fast electron slowing down time in
contrast with small tokamaks which diffusion time is shorter than slowing down

tirne.
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11.6 Characteristics of the Coupling between LH Wave
and High Energy Ion Simulating o Particle

M. Nemoto, T. Imai, K. Ushigusa and M. Sato

1. Introduction

Prediction of coupling characteristics between lower hybrid (LH) wave and high energy
ion like o particle is one of important subjects in order to establish more efficient LH current
drive. We have evidenced the simple theory which was able to predict a critical plasma density
where the coupling of the LH wave changes from electrons to ions, depending on LH
frequency and ion energy [1]. This result is very simple but striking that high power LH wave
follows the linear dispersion relation in Tokamaks. To clarify this fact in more detail, the

interaction of the LH wave with ions was further studies here.

2. Experimental Results

We have installed two charge exchange neutral particle mass-energy (CX) analyzers to
measure tangential ion behavior in JT-60U plasmas. Both analyzers are viewing plasmas
tangentially from counter and co directions on the equatorial plane as shown Fig.1. Since
counter viewing one (NPAZ2) is including #14 neutral beam (NB) line in that sight-line, we can
expect observation of beam ion acceleration phenomena in core plasma due to LH wave and ion
coupling. Also, that is shielded from neutron flux generated by D-D reaction with polyethylene
and lead. Since we are not able to shut off completely from neutron noise with the shield, two
micro-channel-plate detectors which are masked by thin metal plates are provided to measure
background noise counts in vacuum vessel of the analyzer. Taking these counter measures
against neutron, we are able to observe high energy particles production with high S/N.

This experiment was carried out during deuterium degasing plasma operations from the
first wall of the JT-60U vacuum vessel, therefore, Joule plasmas were mixture of hydrogen
and deuterium ions. Expecting to decrease the critical density, experimental parameters were set
at I,=1.2MA and Br=4T. We fuelled Helium gas to increase plasma density during
simultaneous injection of hydrogen NB and LH wave into divertor plasmas, aiming repeat of
time evolution of electron density shot by shot. Range of injected NB energy Egp was from
40keV 10 90keV, and injected LH wave conditions were frequency f=1.74GHz and the peak
parallel refractive index N/peak=1.18~1.83. Fig.2 shows typical time evolutions of the LH
absorption when Epp is 60keV and Nypeak ig 1.39, Those columns show, from the top,
electron line density, LH power, NB power and a product of nonthermal frequency signal
(1.5wce) measured by ECE times electron line density as a measure of the electron absorption.
The bottom column shows average energy Eaye as a measure of the ion absorption. It is defined

as
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Emax

E=J E InFi(E) dE / J InFi(E) dE ,

B0 EBO

where, InF;(E) is hydrogen ion flux at energy E and Enax is measurable maximum energy on a
measuring analyzer condition. In this discharge, Epo and Eqax are 60keV and 143keV,
respectively. We define that the critical density is a value which the average energy increase
sets in. That is shown with a broken line at t=10.0sec in Fig.2. Typical hydrogen and
deuterium ion energy distribution at lower and higher densities, corresponding to t=9.5sec and
t=11.0sec, are shown in Fig.3 (a) and (b), respectively. On hydrogen spectra, we can see
clearly tail enhancement by the coupling at higher density than the critical density. Besides,
deuterium spectra at both densities do not appear high energy ion generation due to the

coupling.

3. Discussion
Generally, when @pj is greater than o, I.LH resonance frequency @pH in cold plasma
approximation is given by
Wpj
T
{1 +(mpe/mce)2 } ?
Dispersion equation of the LH wave in case of w?/op g2>>1 is described as

) 2
%‘”,;’2 -1 +#%(§iﬂ> . @)

WOLH = (1

In Eq.(2), thermal motion effect of plasma particles is neglected and mass effect due to
impurity is considered. ®LY is obtained experimentally with the critical density and other
plasma parameters, therefore, we are able to evaluate the left side of Eq.(2) as experimental
values.

At the critical density of the LH-ion coupling, the refractive index and the wave number

satisfy the following [1]

Nyy? - kyy? 1 me Ep
&Y = pamT ©

The (k///k_L)2 is experimentally obtained from Eq.(3). Central Te and Zeff evaluating ¥ are not
able to measure in this experiment due to arrangement of Thomson scattering and low S/N of
visible spectrometer, therefore, we assume Te=2.5keV and ¥=0.8, referceing similar plasma
discharge data. Moreover, F§=2.75 same as the previous prediction and Ep=Epq+5keV are
substituted into Eq.(3). Since both left and right sides of Eq.(2) can be experimentally obtained
from these procedures, it is possible to compare the theoretical dispersion relation (Eq.(2)) and
experimental one, as shown in Fig.4. Good agreement means that ion energy dependence of

the 1.H-ion coupling is able to be explained by the simple dispersion equation.
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4. Conclusion

ITon energy dependence of the LH wave absorption was studied in JT-60U diverter
plasmas, We demonstrated that the obtained ion energy dependence of the absorption was well
explained by the simple dispersion theory. This result gives a clear prospect to the coupling of
LH wave with o particles in the reactor, where the LHCD is one of the most probable
candidates for non-inductive current drive.

We should prove a remaining mass dependence, by occurrence of Helium ion
acceleration with Helium NB. Moreover, further detailed and accurate measurements of ne, T,
and Z.g profiles will bring about a detailed feature and more accurate evaluation of the LH

absorption.

References:
[1] M. Nemoto et al., Phys. Rev. Letter 67(1991)70.
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Fig.1 Arrangements of CX analyzers and NBI units.
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11.7 Plasma Rotation with Non-Inductive
Current Drive by LHCD

Y. Koide, K. Ushigusa and S. Ide

In recent years there has been a growing interest in the measurement of plasma rotation
as an indirect method to know the radial electric field. The formation of negative potential in
the H-mode transition, for example, is inferred from this method, which is accounted for
the ambipolar electric field due to the ion-orbit loss [1,2]. As for the plasma with LHCD,
some special features compared with the usual plasma with non-zero loop voltage have
been reported : particle confinement is improved [3] : MHD instability is stabilized [4] : the
threshold power required for the H-mode transition is low in LHCD [5]. The measurement
of plasma rotation may become one of the approaches to study such characteristics. This is
the first report dealing with the plasma rotation in the almost fully current-driven discharge
by LHCD.

First we show the characteristic direction of toroidal rotation velocity (Vi) as the
response to the LH injection. The two LH pulses (Fig.1(b)), the peak pararel-refractive
indices (NyPeak) of which are 1.34 (t = 6-7 sec) and 2.13 (t = 8-9.5 sec), are injected into
the plasma with Iy=1.2 MA, By=4 T, e =5x10"" m? '5(0)=2.3 keV. The loop voltage
during LH is as small as 0.1-0.2 V in this series of experiment. In this discharge NBI
(Fig.1(a)) is not essential but is only needed for the measurement of CXRS (see section
6.2.1). It should be noted that V¢ is pushed to co-direction (the same direction as the
plasma current) when LH is injected. (Because the NBI power of 1 MW is comparable to
that of LH, the measured rotation velocity (Fig.1(e) and (f)) is biased in the counter
direction, which is discussed in section 6.2.2.)

Next we investigate the power (0.8-1.43 MW) and Nypeak (1.18-2.13) dependences
on Vi, where the duration of NBI for CXRS is decreased to 100 msec in order to minimize
the effect of NBI. Other parameters are almost the same as those in Fig.1. The rotation
velocity is plotted as a function of injected LH power in Fig.2. Nypeak is shown with
different symbols in this figure. Because of the poor S/N ratio of CXRS measurément in
this series of experiment, the averaged rotation velocity over the half radius is used. The
averaged velocity in the inner half region is plotted in Fig.2(a) and the outer one Fig.2(b),
respectively. The rotation velocity in ohmic phase is also shown with a line as a reference
in the same figures. In the both regions, rotation velocity tends to increase in co-direction
as LH power is increased. The phase dependence is not clear in this data set and will be
discussed in the future experiment with improved profile measurement and with higher LH

pOWwer.
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The profile of Vi with the maximum LH power of 1.4 MW, Ny peak of which is 1.66, is

compared with the ohmic case in Fig.3. In the ohmic phase, V¢ is 1x10% m/sec i counter

direction. In the LH phase V¢ changes its direction to co-direction. The possible mechanism

responsible for the resultant co-directed rotation is the formation of outward ambipolar

electric field, which is due to the loss of electrons during LH injection. It is clear that

" information of this type is essential to discuss the current drive efficiency because the direct

loss of fast electrons produced by LH degrades it. This will be clear in the coming high

power LHCD experiment.
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11.8 Propagation of Energetic Electron Pulse during LHCD
K. Ushigusa, Y. Kamada and O. Natito

Large loss of high energy electrons has been observed during the current broadening
period with high Ny wave injection. The loss event occurs at about half radius, the
encrgétic electron pulse (EEP) propagates outward and reaches to the divertor plates with
about 30ms of time delay.

Figure 1 shows an example of LHCD discharge with EEP for 3 sec. About IMW of
LH power with the peak Ny of 2.2 was injected into a low density plasma(~0.4 x 10'9m-3)
and decreases the plasma internal inductance }; gradually. The decrease in §; of up to ~ 0.4
is achieved for 5sec of LH injection. After LH onset, a slow oscillation with a period of
~0.15 sec is observed in the soft X-ray signal. The diamagnetic beta indicates that a large
part of the energy increment by the injected LH power is lost with this oscillation. The
divertor heat load measured by IRTV shows this oscillation accompanies about 20% loss of
heating power as shown in the 4th trace of Fig. 1. Figure 2 compares the soft X-ray signal
with the hard X-ray signal with almost the same radius. This figure clearly indicates that the
oscillation in the soft X-ray signal is due to the change in the population in high energy
electrons. The oscillation in the soft x-ray signal may reflect the change in population of

energetic electrons,
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Figure 3 shows the set-up of soft X-ray arrays. Soft X-ray Arrays

Our soft X-ray(SX) measurement systern has
two sets of detector array. One of these (the
bottom array) detects signals from lower half
plasma and several channels (ch. 58 - 64) see
the divertor plates. Usually there is no soft X-
ray signals in ch.58 - 64 in OH and beam heated
plasmas because the electron temperature in the
divertor plasma is too low to radiate soft X-ray.
However, we observed large SX signal in
channel 62, which is very close to the outer leg

of the separatrix line, when LH pulse is injected
into a low density plasma. High energy
electrons may come to the divertor plates from
the main plasma before they are thermalized by

the collisions since the slowing down time of

energetic electrons is long in such a low density

plasma. When energetic electrons collide with
the divertor plates, the plates radiate the X-ray Fig.3 Setup of SX detectors
signal.

The contour plot of SX signal for above mentioned oscillation is shown in Fig. 4(a),
where the top (bottom) contour is from bottom (upper) SX array. The plasma center is in
around ch.23 on the bottom traces while the divertor plates is in ~ch.62 on the upper box.
The peak in the central SX signal appears at t ~ 5.35 s and then decreases slowly. Fromt =
3.36 s, SX pulse propagates outward and reaches to the divertor plates. Figure 4(b) shows
the radial profile of SX signal of upper array and clearly indicates that the only channels
from 8 to 13 decrease. These channels correspond to the radius of r/a = 0.35 - 0.6. Since
the oscillation in SX signal is due to the change in the population of high energy electrons
as shown in Fig.2, Fig.4 indicates that energetic electrons at ~ half radius are released and
propagate outward and reaches to the divertor plates with a time delay of around 30msec. It
should be noted that there is another SX pulses (small EEP) between large EEPs at t ~ 5.42
s, 5.45 s and 5.8 s in Fig.4. These pulses occur at almost the same position as the large
EEP.

Figure 5 shows SX contour plots for several timings. Small EEP appears frequently
between large EEPs at early time, however, it appears rarely at t = 7.3 - 7.4 s and then
there is only large EEP without small SX pulse att =7.8 - 8.0 s. Finally, large EEP is also
stabilized at t > 8 s. It should be noted that the central SX island in Fig. 5 becomes slender
gradually. At the same time the inversion radius of small EEP shown in the bottom of Fig.5
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shifts inside. This suggests that the location where EEP occurs is correlated to the change
in the current profile.

We observed EEP frequently at low density and the relatively high LH power. The
injected LH power is divided by the electron density and plotted against the wave phasing
Adpm in Fig. 6 where solid and open symbols show LHCD without and with large EEP.
We did not observe EEP in LHCD with A¢p, = 120° and 135°. In such phasings, peaked
RF current is driven and the plasma internal inductance does not decrease. The EEP is
observed with A¢ny, = 150° where LH drives a broad RF current and the power threshold
of EEP tends to decrease with Ady,. The EEP is thought to correlate with some MHD
instabilities during the current profile broadening. It is interest that the plasma internal
inductance decreases in spite of EEPs. Finally EEP is completely stabilized and a stable
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steady state current profile can be achieved.

Although EEP is a transient and anbmalous phenomenon, it is important because a
large loss of energetic electrons is very severe problem for the divertor plates in future
steady state tokamak reactor. The JT-60 experiment have probed that the divertor heat load
during LHCD can be replaced by the radiation loss at the density larger than 109m-3 and
the slowing down process of the high energy electrons is dominant. This indicates that the
divertor heat load is not due to the high energy electrons. However, when some anomalous
loss of energetic electrons such as EEP occurs during high power LHCD, the radiative
cooling is no longer effective to reduce the divertor heat load. The divertor plates may
suffer a large heat load by energetic electrons. The EEP contains valuable informations,
too. We can study the behaviors of high energy electrons by using the propagation of
energetic electrons. This will be studied in near future.

There are still many open questions about EEP. We have to find out key MHD
activities for EEP. We have to pay attentions to the target OH current profile because a
rapid current ramp up technique (growing up method, see Sec. 2.6 ) was employed in this
- series of experiments. Further studies will be continued.
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11.9 The Distant Coupling of LHCD Launcher in JT-60U

M. Seki, Y. Ikeda, T. Imai, K. Ushigusa, K. Suganuma,
A. Takasa, M. Sawahata, and, S. Takahashi

1. Introduction

Lower Hybrid Current Drive (LHCD) is one of the most powerful, efficient and promising
schemes to drive non-inductive current in Tokamak reactor. It is often pointed out that the weak
point of the LHCD is the coupling structure. The front end of the LHCD launcher must face to
the plasma surface to drive slow wave in a tokamak whose refractive index parallel to the
magnetic field (Np) is larger than 1. To couple RF power to the plasma efficiently, the distance
between launcher head and plasma must be small, usually, a few cm, similar to the case of the
ICRF coupling. Therefore the heat load to the launcher head is serious problem, especially, in
a reactor. Reduction of the heat flux to the launcher head is the one of the key engineering
development points to be the LHCD more practical in the reactor. One way to reduce heat load is
to separate the launcher head from the outer most plasma magnetic surface as far as possible.
But it reduces coupling, too. If we can remain a tenuous plasma around the launcher head even
in case of the distant place, it is possible to achieve both reduction of the heat load and efficient
coupling. This is the topic of this section. The efficient coupling of the LH wave was observed
with the distance of the launcher head from plasma more than 10 cm in the present experiments,
which indicate the active coupling control of the LHCD launcher.

2. Launcher description and experimental arrangements
The new LHCD launcher is designed to launch optimized Ny power spectrum for

high n¢p. For this purpose, the spectrum must be sharp and directive, and its phase
velocity must be as fast as possible within the accessible condition, which require many
waveguides, so that a multi-junction type launcher has been adopted as a new LHCD
launcher. Because multi-junction technique serves {o attain many effective waveguides in
front of plasma without increasing transmission line, and good performances had been
obtained by using the multi-junction launcher in the JT-60. The optimized spectrum has
the ability of driving current efficiently by ~40 % in compared with conventional one.

Moreover, according to the favorable scaling such as 1jcp proportional to the square root
of averaged electron temperature, the extension of LHCD performance will be expected
under the condition of a higher temperature in the JT-60 Upgrade. The main feature of
this launcher is to have a wide NIl controllability, Ni changes from 1.2 to 4.0 by
choosing a operational frequency and an adjacent phase difference.

The launcher is composed of a waveguide bundle and a structural jacket. The
waveguide bundle is consists of main waveguides and sub waveguides, §-main
waveguide and 4-main waveguide are lined in the toroidal and the poloidal direction,
respectively. An tf power are fed by a 1 MW-klystron to 4-main waveguide in the same
column. And each main waveguide is divided into 3 sub waveguides, then there are
8x4x3 = 96 waveguides at the grill mouth. The sub waveguides have geometrical phase
shifters yielding a phase difference of 60 degrees in order to launch a peak parallel
refractive index of 1.3~2.5 at a frequency of 2 GHz. The all waveguides made of
stainless steel are copper-plated so as to reduce an 1f loss, and 24-waveguide in the same
row are constructed by using of the new fabrication technique based on a diffusion
boding method [ 1 ]. The structural jacket is used to stand up against an electromagnetic
force when disruption happens, and has guard limiters to protect the grill mouth against
plasma bombardment. There are passive waveguides on the both sides of the grill mouth.
The head parts of whole waveguides are carbon-coated for sake of suppression of a
breakdown. The height and the width of the grill mouth are about 500 and 470 mm,
respectively. The length of a sub waveguide is ~1600 mm.

The launcher has a double-probe located at the grill mouth with a view to measure
density in front of the grill. And the probe contains thermocouples in itself. The grill has
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many thermocouples, some of them serve as a means of monitoring breakdowns in
vacuum waveguides. It is especially important to know whether multipactoring discharge
occurs at a zone of the second harmonic electron cyclotron frequency, or not. Since
discharge causes the phase difference to change. Tow of thermocouples inserted between
a jacket and guard limiters are used as a way of measuring a heat load from plasma. The
launcher position can be adjustable shot by shot in order to obtain a good coupling
property with a monitoring a heat load. .
The LH waves were injected to the plasma in the divertor configuration. The plasma
current was 1~2 MA and the toroidal magnetic field was 2~4 T. The averaged electron
density was low up to 2x10!? m-3 and the averaged electron temperature was up to ~1.3
keV. And the temperature of the first wall was mainly sustained at 150 °C.

The experiments were divided into two steps. The coupling characteristics were
investigated in the first step. The low rf power up to ~500 kW was injected to OH and
NB-heated plasma. The working gas was D2. Conditioning of the graphite tiles of the
first wall was not enough, it seemed that out-gassing from tiles occurred when the tiles
were heated. The launcher head was located at 1~3 cm behind from the first wall, and the
launcher was moved with measuring density. The grill mouth was monitored by using a
CCD camera, and temperatures of the grill were also recorded. Then in the second step,
launcher conditioning was done and maximum input power of ~1.5 MW was injected to
H2 plasma.

3. Results and discussion
In the fig. 1 a reflection coefficient is plotted as a function of the distance between the

most outer magnetic surface and the launcher head ( 8 ) . The & is equivalent to the
distance between the magnetic surface and the first wall ( 57) plus between the first

wall and the launcher head ( 5 ) . This investigation was carried out in the various
experimental conditions as written in the figure, in order to search for a good coupling
condition with setting a grill head behind the first wall. The low rf power with a phase of
150 degrees was injected as mentioned in section 2. The refection coefficient of 10~20 %

was obtained, even though 0 was larger than 8 cm. And the good coupling was observed
in two regimes as known from fig. 1. The regimes are represented as follows.

First regime; The good coupling of the first regime was obtained in such a case as
shown in fig. 2. The incident power of ~500 kW was injected to OH plasma, plasma

current was 2 MA and density was low up to 0.5x10'? m-3. We have to pay attention to
the reflection coefficient { R ) during from 3.5 to 6.5 sec., since plasma was approaching
the launcher head ( see 847 ). In the period, the phase difference between main
waveguides ( A®( mod ) ) was 150 deg. and 8 was 2 cm. The R gradually decreased

with 847, and R rapidly dropped at 5.2 sec. after that remained constant at ~12 %. The
input power subsequently ascended with decreasing R, because of keeping the incident
power constant. Emissions from the surroundings of the ports were observed via a CCD
camera when plasma was coming near the first wall. However pressure of neutral gas in
periphery plasma was not measured, it seemed that out-gassing from the wall occurred if

* was smaller than a threshold value under the condition of injecting LH power. And

Ha fluctuated as shown in the figure, the density in front of the grill changed when a

good coupling was observed.
Thus the good coupling condition was obtained during injection of LH power to OH

plasma, even though & was 8~10 cm.
Second regime; The good coupling of the second regime was related to the case of the
combination with NB. The typical discharge was illustrated in the fig. 3. The LH power

was injected to the NB-heated plasma with Ip = 2.5 MA and Mg = 1.9~2.3x10' m3.
The 54? remained nearly constant at ~14 cm, and the s was 3 cm. As known from the
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figure, the injection of NB effected the coupling property of LH. A low reflection
coefficient of ~14 % was observed during the injection of NB. When the injection of NB
was stopped at 7.5 sec., R suddenly rose up to 70 %. Figure 4 allows us to know what
had happened in this phenomena. The time evolution of a probe current ( Iprobe ) is

shown, amplitude of Iprobe is associated with density at the grill mouth ( n¢" ). Iprobe

slightly increased with injection of NB, then Ne" rose from 4x10'3 to 2x10€ m-3 by
addition of LH power, after that a good coupling was observed. The reflection coefficient

was increasing as ng” was decreasing after the stopping the NB injection. This
experimental results might indicate that thin plasma in front of the grill was produced by

LH power under a certain condition.
Thus the good coupling of 2nd regime was obtained in the case of the combination

with NB, even if 6 was up to 15~17 cm.

After the attainment of the good coupling, a propagation of an LH wave had been
investigated in order to know whether a launched LH wave was used to drive plasma
current effectively, or not. This investigations were carried out through the LHCD
performances in the second step as mentioned above, the fig. 5 and 6 show obtained
data. The reflection coefficient is plotted as a function of normalized temperature increase,

which is given by increase in temperature of a probe ( AT ; °C ) divided by an input
energy ( MJ ). As known from figure, the reflection coefficient showed the tendency to
decrease with increasing the normalized temperature. This indicated that the increase in
normalized temperature was caused by increasing density, and as a result the reflection

coefficient decreased. Maximum of AT was ~5 °C at an input energy of 5 MJ. On the
contrary, the Tp tented to ascend with normalized temperature increase, this illustrated

that the Np was not degraded due to the coupling improvement.
Thus the experimental results indicated that main part of the ILH power was not
absorbed by periphery plasma, but propagated into main plasma.

4. Summary

The coupling characteristics were investigated with the object of a low heat load on the
grill mouth. The experiments had been carried out by using the new multi-junction
launcher in the JT-60 Upgrade. It was already found that the head load on the grill mouth
was negligible, as far as the grill was set behind the first wall[2]}. Hence we searched a
good coupling condition with setting the launcher 1~3 ¢cm from the wall. The obtained
results is as follows.

The reflection coefficient of 10~20 % was observed during an injection of LH power
to OH plasma, even though the distance between the most outer magnetic surface and the

launcher head ( 6 ) was 8~10 cm. And the good coupling was obtained in the case of the

combination with NB up to & = 15~17 cm. When good coupling state occurred, the
increase of density in front of the launcher head was also observed without the
degradation of the current drive efficiency. This experimental results indicated that the
main part of the LH power propagated into the core plasma.

The phenomena, however, have not been understood well, it suggests the possibility
of the distant coupling of LHCD launcher. After clarifyimg the mechanism of the
phenomena, we should control a coupling property actively.

References ;
[17 M.Seki, et al., Symposium on Fusion Technology (1990) 1060
[2] Y. Ikeda, et al., Journal of Nuclear Materials 176&177 (1990)306-310.
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11.10 Effect of Phasing Error in the Current Drive Performance

M. Seki, Y. Tkeda, K. Ushigusa, T. Imai,
M. Sawahata, K. Suganuma, and A. Takasa

1. Introduction
It was pointed out that the current drive efficiency observed in the first campaign of the JT-

60U experiments in 1991 was low as compared with previous results in the JT-60. In order to
investigate this cause, rf-properties of the launcher used in the lower hybrid current drive (
LHCD ) experiment were measured after the campaign. It was found that rf-properties,
especially phase settings, had errors from intended values from the measured data.

The phase setting of a phased array antenna is essential for LHCD experiment and will
determine its performance. Therefore effect of phasing error in the current drive performance is
described in this section. The launching spectrum calculated from the rf-properties is firstly
mentioned and effect to the current drive efficiency in the JT-60U will be presented. Next the
spectrum launched from the launcher with correct phase is shown and a high current drive

efficiency in the following campaign is expected after resetting phase correctly.

2, Launcher description

The LHCD launcher is optimized for driving plasma current efficiently and controlling plasma
current profile. For the sake of realizing this characteristics, a multijunction type launcher was
adopted. Because the multijunction launcher is able to have a sharp spectrum with high
directivity and this type launcher in the JT-60 experiments showed high performance. The
structure of multijunction launcher in the JT-60U resembles closely the one in the JT-60. And
theoretical analysis predicts that this new launcher has higher current drive efficiency by 40 %
than that of conventional launcher in the condition of the same plasma parameters.

Outline of the multijunction launcher for LHCD experiments in the JT-60U is briefly
described as follows. A waveguide bundle of this new launcher subsystem is mainly modified
to obtain a narrow and unidirectional spectrum under the condition that one subsystem of three
units in the JT-60 is as remained as possible. The unit consists of eight klystrons generating a
total designed power of 8§ MW in the frequency rang of 1.74-2.23 GHz and a pulse duration of
10 seconds. A wide Ny controllability in launching spectra is a main feature of the launcher.
The Nyis defined as a ratio of light velocity to phase velocity . A directive and sharp N/
spectrum can be changed in the range of 1.2-4.0 by changing frequency and phase difference
between adjacent main waveguides (modules) ( A®( mod ) ). The waveguide bundle has eight
modules lined in the toroidal direction and four in the poloidal direction, then there are thirty
two modules. Each module has main waveguide which is divided by thin metallic wall into three
sub waveguides in the toroidal direction with geometrical phase shifters yielding phase
difference of 60 degrees at a frequency of 2 GHz. Then the launcher results in having 8x4x3=96
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waveguides effectively at the grill front without increasing transmission line. The poloidal phase
difference, which means a phase shift against the second row in the same column, is attained by
changing length of a movable phase shifter shot by shot. This poloidal phase differences are
usually set in a phasing of ( 90,0,0,-90 ), so as to minimize the reflection to the klystrons by
magic Tees. A toroidal phase difference between main waveguides arrayed in the second row is
able to be changed by electronic circuit in every 10 milliseconds. For the sake of reducing power
density at grill front and reflection power arising at junction point of main waveguide, a thin
septum having the thickness of 1.5 millimeters is used to divide main waveguide into three sub
_waveguides as mentioned above. In order to construct this multijunction module without
deformation of a thin septum, which leads an incorrect rf-property from designed one, the new
manufacturing technique based on diffusion bonding method has been developed as reported in
reference [ 1 J. On the other hand the grill may be weak in thermal strength due to joule loss and
rf-discharge, so an injection of a high rf-power should be made carefully in a conditioning

process.

3. Phasing calibration

Before starting LHCD experiment in the JT-60U, the rf-properties of the newly constructed
multijunction grill had been checked. Then the measured data, phase difference in the main
waveguide and power dividing ratio, had shown the allowance of design values. Furthermore
after installation the grill on the JT-60U and connection to the transmission line, the each phase
of waveguide was set by using data which compensate various phase shifts of cables in
measuring system. So at the initial state a launched spectrum was expected to be a pearly
designed one. On the contrary, a current drive efficiency (Ted ) in the first campaign of JT-60U
was still low compared with that of multijunction launcher in JT -60. The experimental result is
seemed to be as follows.

To investigate the low Tcd , after the campaign an rf-property of every waveguide had been
measured by using of an rf-probe and a Network Analyzer in a matched state with dummy
loads. The data had shown that the calibration of the second column in the second row, which is
the reference of the phase measuring system, was wrong and hence the relative phasing to the
reference signal had substantial error. In addition, poloidal phases of from first to fourth
columns in the fourth row were mis-set. The measured rf-properties also indicated that there
existed phase shift error and power dividing error in the some sub waveguides; namely one third

of whole waveguides though the the effect of them is relatively small.

4, Effect of the phasing error

A launching spectrum calculated from measured rf-properties is shown in Fig. 1. The
calculation is done under the approximation of vacuum loading. Both data of phase shift and
distributed power in the main waveguides are used in this calculation. An Nj/ wave spectrum at
a frequency of 2 GHz and a toroidal phase difference of A®( mod ) = 135 degrees is illustrated
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in Fig. 1 and designed one is also for comparison. Theoretical analysis predicts that this
spectrum should have the highest Tcd. As known from this figure, the actual spectrum becomes
broader than the designed one, as a result, a peaked power is reduced by ~ 30 %. Moreover a
spectrum is not so sharp and directive, and has undesired sidelobe. Therefore spectrum
weighted Ny ( 1/ < N%/ >), indicates the capability of current drive as stated in the section of
11.2 , becomes small. The dependence of 1/ < N7 > on Ni° is plotted in Fig. 2 as a parameter
of A®( mod ). NiF° represents the accessibility condition and has been about 1.15 in the
campaign. 1/ < NJ/> is estimated to be ~ 74 % in Ad({ mod ) = 135 degrees compared with that
of design value. Therefore it seems, as mentioned in 5.1.2 section, that the error of phase
setting of main waveguides lead a low current drive efficiency. On the other hand a broad wave
spectrum, especially sidelobe, makes a dependence of some physical phenomena on Ny
indistinct.

The major points of rf-property error are summarized as follows.

1: mis-calibration of the reference signal.

2: mis-setting of semi-fixed phase shifter due to incorrect phase compensation of

measuring system including the effect of the incomplete cable connection.

3: deformation of thin septa of multijunction modules
The first possibility seems to be a main cause of phase setting error. The second cause may be
possible, but it affects only a few waveguides. The third cause is also possible in some
modules, because the RF properties of them are substantially different from that in the initial
state, but effect of them is relatively small, as mentioned before.

The calibration error which is the main cause of the mis-phasing ha already corrected. An rf-
property of sub waveguide is not able to be changed, but an adjustment of phase shift among
main waveguides is possible. Consequently an improved wave spectrum obtained by resetting
movable phase shifter is examined for LHCD experiments in the following campaign. The
improved spectrum on Ny is plotted in Fig. 3. The improved spectrum shows that it is narrow
and directive enough to drive current efficiently. And sidelobe is in a low level. Therefore
1/ <Nj>ata frequency of 2 GHz and A®{ mod ) = 135 degrees , as illustrated in Fig. 4, is

estimated to be ~ 92 % of designed value.

5. Summary
The current drive efficiency with the new multijunction type launcher in the JT-60U is

found to be low compared with that of in the JT-60. To investigate this cause, an rf-property of
the launcher had been measured after the first campaign. The measured data indicated that the
calibration of the reference signal is incorrect. It is also found that there existed some phase
setting error of a few modules and the distortion of a few MJ modules. These errors lead
launched spectrum into being different from designed one. The spectrum weighted Ny shows
the efficiency is ~ 74 % of designed value. This may explain a part of the low current drive

—320—



JAERI-M 92-073

efficiency with multijunction launcher in the JT-60U experiments. And a launched spectrum is
able to be improvcd with up to ~ 92 % of the designed one by calibrating the reference signal
and resetting phase shift in each main waveguide. Therefore the LHCD experiments using the

improved spectrum are expected to approach to the theoretical prediction in the following

campaign,1992.

Reference

[ 1] M.Sek, et al., Symposium on Fusion Technology ( 1990 )1060
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11.11 Estimation of the Fast Electron Power Loss to the Divertor

K. Ushigusa

The soft X-ray (SX) signal from the divertor plates has been observed in low density
LHCD plasmas. As discussed in Sec. 11.8 , this is due to high energy electrons which
come to the divertor plates from the main plasma before they are thermalized by the
collisions since the slowing down time of energetic electrons is long in such a low density
plasma. This section will discuss the power loss through fast electrons by using the SX
signal from the divertor plates.

Figure 1 shows a time evolution of the SX signal (ch.62) from the divertor plate
SX¢2 and the divertor heat load measured by the IRTV. The LH power with phasing of
AQpm, = 150° is injected from t = 5.5 s to 7.0 s. In the employed divertor configuration, the
62th channel of SX array is very close to the outer leg of the separatrix line. There is no
signal in this channe! in OH phase as shown in Fig. 1. The large spikes on §X and the
divertor heat load at t ~ 6.3s is due to the energetic electron pulse (EEP). As discussed in
Sec.5.1.13, the change in SX signal, which is related to the EEP, is thought to be due to
the change in the population of energetic electrons. For EEP phenomena, the SX signal
S$Xg2 is compared to the increment in the divertor heat load in Fig. 2. The SX signal from
the divertor plates is well correlated to the increase in divertor heat load by anomalous loss
of energetic electrons. Therefore we can treat the SX signal from divertor plates as a

measure of the fast electron power loss.
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Fig.2 Divertor SX signal vs. Heat Spike

Fig. 1 Heat Spike of EEP phenomena
on the divertor plates
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Fig. 3 The SX signal from divertor piates versus the line average density

Based on the above discussion, the fast electron power loss for normal LHCD plasma
without EEP phenomena will be analyzed. Figure 3 show the density dependence of the
SX signal from the divertor plates $Xg with PLy = 0.8MW and Aoy, = 180° where only
data without EEP are plotted. The SX signal deceases with increasing the density and is
well fitted by 1/fl.. Hence we can say that the fast electron power loss is inversely
proportional to the electron density in the main plasma. This result is quite reasonable
because the loss of energetic electrons must be proportional to 1/ne when the slowing down
of energetic electrons is dominant process in the main plasma. This results indicates that the
loss of energetic electrons can be negligible when the characteristic time of particle
confinement is much longer than the slowing down time of energetic electrons.

Figure 4 shows the SXg; against the LH power where solid and open symbols show
data with Adp = 120° and 135°, respectively. The SX signal increases linearly with the
injected LH power. The SX signal SXg; is divided by the LH power and plotted against
the wave phasing A¢ny in Fig.5. Although there is large scatter in SX¢2/PrH, which is
mainly due to the difference in the electron density, we can see some dependence of the
ratio SXg2/PLy on the wave phasing. Larger power loss by energetic electrons is observed
in the lower Ny wave injection. This is again reasonable because the slowing down time of

energetic electrons depends on the velocity Ve ; TSD o< ved e« 1/N|3.
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The slowing down time of high energy electron accelerated by the wave with Ny can
be described by

3.368 /InA N> )

Tgp(8)= -
1,(10"m>) 1- N2+ V1-N;f

where InA is the Coulomb logarithm. Figure 6 shows the ratio SXg2/Py i against the
slowing down time where the slowing down time is estimated by Eq.(1) with the launched
peaked Nj. When the slowing down time of energetic electrons is long, the fast electron
power loss becomes large and high energy electrons are lost before they are thermalized by

collisions. As a measure of the characteristic time of energy confinement, we use the
diamagneticalyy measured one; Tgdia = Wy;,/Pabs. This confinement time is lower than the

true total energy confinement time because the energy content Wiy does not contain a large
paralle] electron tail energy. In the parameter rage of fig = 0.4 - 0.6 x 1019m-3, Ip=12MA
and PLyg = 1.2 - 1.AMW, 1gi2 is about 0.3 s and decreases slightly with the wave phasing.
The slowing down time estimated at NyPeak has a comparable value to 1gdi2 for the case

with low Ny wave injection.

1t is very difficult to say the absolute value of lost power through energetic electrons.
In order to estimate the energetic electron lost power roughly from SXgo signal, we use the
correction factor of SXg2 from results in Fig. 2 (APg;v/ASXg2 ~ 15), which were derived
for EEP. If we use this factor directly, the maximum on the vertical axis in Fig. 6
corresponds to Pjoss/PLH ~ 0.1. It should be noted that results in Fig.2 is deduced from a
transient phenomena. It may be difficult to estimate the peak heat load correctly in such fast
phenomena by using the IRTV measurement. To remove this uncertainty, we compared the
time integrated SXgo with the integrated Pgjy for EEP phenomena and obtain
APiv/ASXg2lintegrated ~ 30 If we use this factor, the maximum on the vertical axis in Fig.

6 becomes Plos/PLu ~ 0.2.
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11.12 Accessibility Limit in LHCD Discharges

K. Ushigusa and M. Sato

In an application of LHCD in a future steady state tokamak machine, the most of
launched wave power may be very close to the accessibility condition because a high
wave velocity with a narrow spectrum has a high current drive efficiency and the
maximum parallel phase velocity is limited by the accessibility condition. Under such
circumstances, the most of launched power may become easily an unaccessible power
when some perturbations such as an unforeseeable density increase occur. This is very
dangerous because a large RF power (order of 100MW) is not absorbed by the plasma
and stay in the vacuum vessel. This power may enhance the impurity influx and finally
terminate the discharge (we call this as the accessibility limit). In this section, the
accessibility limit which observed in the first champaign of LHCD in JT-60U is
reported.

A typical example, in which the most of launched wave power is unaccessible, is
shown in Fig.1 where the wave phasing is set to be A¢pm = 95°. In this phasing, the
main component of launched spectrum has a Nj range of Nyj=1.0-1.5 and a peak at
Njpeak ~ 1,
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Fig. 1 A typical example of the accessibility limit
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The accessibility condition, which is estimated with the line average density ne and the
center toroidal field B1(0), shows Nj2c¢ = 1.21. About half of the launched power is
unaccessible in these conditions. At t = 11.4 s, the Hy signals drop abruptly and the
oxygen impurity with a low charge state O+ increases. Then the radiation power from
the main plasma and the density increase gradually and finally the discharge becomes
disruptive. A similar phenomenon has been observed in ASDEX experiments.

The product of the non-thermal ECE (1.50)¢) signal and the electron density is
plotted against the launched peak NyPeak divided by the accessibility condition Nj&c€ in
Fig. 2 where the data have a parameter range of Nyac¢ = 1.13 - 1.19 and n, = 0.27 -
0.63 x1019 m-3, The product nelgce(l.5Wce) increases with decreasing N ypeak for
Nypeak/Nyace > 1, This is reasonable because higher energy electrons, which are created
by a higher phase velocity wave, may radiate stronger non-thermal ECE. However,
when Njpeak/Njacc < 1, the signal nelgcg(1.5@c.) is constant or decrease slightly with
decreasing NyPeak, This indicates that the accelerated electrons are limited by the
accessibility condition and the accessibility condition estimated with the line average
density and the central toroidal field is good measure to estimate the accessibility in
tokamak plasmas. It should be noted that the current dnve efficiency has a peak at Ady
= 135° under the condition of T < 0.7 x1019m=3, I; = 1.2MA in this series of

experiments. This corresponds to NyPeak/Nj@cc ~ 1.25 in Fig, 2.
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Fig. 2 The non-thermal ECE multiplied by the density versus the launched
NjPeak divided by the accessibility condition Njac¢
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In Fig.1, the radiadon loss from the main plasma increased when the unaccessible
wave was injected. This may be a good measure to characterize the accessibility limit.
Figure 3 shows the increment of main plasma radiation against the launched LH power
for the unaccessible power injections where NyPeak/Nac¢ ~ 0.9 and ~ 1.1 for Ay =
95° and 120°, respectively. We can see the difference on the power threshold of the
accessibility limit between these two phasings; the power threshold of the accessibility
limit for Ady = 120° is higher than that for A-¢m = 95° by a factor of ~ 1.3. The
unaccessible power fraction for Ady = 95° is ~40% at Njpeak/Njacce ~ 0.9, while ~60%
for Ady = 120° at Nypeak/Njace ~ 1.1, Therefore the accessibility limit occurs when the
unaccessible power reaches to 0.4AMW and 0.8MW for Ady = 95° and 120°,
respectively. This indicates that the unaccessible power estimated by the launched
spectrum is not suitable to use as the power threshold of the accessibility limit and
suggests that the launched waves may be strongly modified near the accessibility limit.

Ad = 95°

c 0.4 »
5 / . 120°
E&‘— i - D
< 0.2 L s A
0 0.5 1 1.5
PLH  (MW)

Fig.3 The increment of main plasma radiation against the launched power

The increment in the main plasma radiation AP,M4i7 is divided by the injected RF
‘power Py and plotted against NyPeak/Nyacc in Fig. 4. This figure clearly indicated that
the main plasma radiation rapidly increases when the launched peak Ny is close to the
accessibility condition. Therefore we can use the parameter NyPCak/N|ac¢ as one of the
measure of the accessibility limit. When this parameter becomes close to unit by a
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density perturbation, the excited wave phasing must be control so that the wave
spectrum satisfy an accessibility limit condition ( for example Nypeak/Nyace = 1.1 - 1.2).
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Fig.4 The increment of main plasma radiation divided by the LH
power versus Nypeak/Njace

There is some open questions about the accessibility limit. In this series of
experiments, we changed the wave phasing alone. The accessibility condition depends
on the density, the toroidal field and the wave frequency. Other parameter dependence
of the accessibility limit should be studied. In order to estimate power threshold of the
accessibility limit, the unaccessible RF waves should be measured by several RF
probes inside the vessel. These data may give us a measure of the non-accessible
power. We have to show a mechanism of the enhancement of impurity influx by the

unaccessible wave power.

Reference
[1] F.Séldner, F, Leuterer, in private comminucation.
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11.13 Effects of Accessibility on ECE and HX Signal
in LHCD Experiments in JT-60

M. Sato, T. Imai, T. Kondoh, S. Ide and K. Ushigusa

1. Introduction

The study of high energy electrons is important for understanding the mechanism of
the Lower Hybrid Current Drive (LHCD). One of the interesting feature of the Lower
Hybrid Wave (LHW) is the accessibility condition which limits the lowest Ny ( Nj2¢¢) to
penetrate to the core of the plasma. Accordingly, the high energy electrons produced by the
LHW is limited corresponding to the Nja¢¢, Therefore the study of the high energy
electrons gives how the accessibility works in tokamak plasma. Information of high energy
electrons can be obtained from the electron cyclotron emission (ECE) and hard Xray (HX)
signal. The description of the HX measurement is given in the sections 11.4 &5. The ECE
is measured along a horizontal line of sight in JT-60U. The ECE is measured along a
horizontal line of sight in JT-60U. The frequency of ECE from the high energy electrons is
relativistically shifted to the lower frequency. The relativistically shifted second harmonic
ECE may be absorbed in the frequency region where thermal electrons can emit and absorb
the emission. The ECE with frequencies of 1.1< f/fceo <1.6 is not affected by the
absorption, where fee0 is the electron cyclotron frequency at the plasma center. Therefore
the ECE with f/fcel =1.1 & 1.5 are used for the study. If the high energy electrons are
located only in the plasma center, the ECE with f/fceQ =1.1 & 1.5 are emitted by the
electrons with energy of 371keV and 222keV, respectively. The energy correspond to
Ny=1.22 & 1.39, respectively. Here, the observed ECE is analyzed from the points of
accessibility in LHCD. Here the observed ECE is analyzed from the points of the
accessibility of LHW in comparison with HX measurements.

2. Experimental results and discussion

The typical time evolution of the plasma parameters in LHCD are shown in Fig.1.
The plasma parameters are as follows; Ip=2MA, Bt=4T, PLH=0.9MW, PNBI=1.5MW,
A¢=135°(Nupeak=1.4). The line averaged electron density increases from 0.5x1019m-3 1o
3x1019m-3 ,the ECE at l.lfce0 and 1.5f¢eo decreases. Physical quantity which is product
of line density and ECE emissivity are defined in following equations; JNEC].1 = nedl x
IECE(L.1fce0), IneC1.s= nedl x IECE(1.5fceD), where IECE(nfce0) is the ECE
emissivity at nfceo.

The HX spectra viewing the central cord (1/a~0.2) of the same discharge
(Ad=135° Nypeak=1.4) are shown in Fig. 2(a). The spectra of the center cord extend upto
400 keV until t = 6.0sec and then the maximum energy gradually reduced as the density
increases. In case of the higher Ny wave injection (Ap=180°,Nypeak=1.9), the spectra of

the center cord do not change much in spite of the density increase in contrast with the case
of the Ad=135° as shown in Fig. 2(b). The maximum energy is less than 300keV and the
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intensity and effective temperature are lower than those of the A¢=135°. As shown in table
I and 1T, if the high energy electron dominantly exist within the half radius, the electron
energies corresponding to ECE signals of f=1.5 fe and f=1.1fc¢ are 133-302 keV and 308-
399 keV, respectively. We can compare the ECE response and HX spectra.

The density dependence of INgc1.5 and INgC1.1 are shown in Fig. 3 (a) and (b). The

following two facts are found.
(1)The JNeci1 and Jngcis in case of the Ag=180° ( the highest Ny Jare smallest.

(2) The Jneci.1 and JNgc).s decrease as the density increase in cases of A¢g=120°, 135°,
and 150°, and the intensity of the lower N decrease faster,

The power spectra for various LH phases are shown in Fig.4. The ECE with
f/fce0=1.1 & 1.5 is emitted by the electrons at the plasma center with erergy of Ny=1.2 &
1.4, respectively. In the case of 1800, the power is far from the points of Nj/=1.2 & 1.4
in the spectrum. In the cases of 120°, 135° and 150°, there are power in the points of
Ny=1.2 & 1.4. Therefore the ECE in the case of the LH phase of 180° is smallest. The
HX measurements in Fig. 2 (a) and (b) are also consistent with this results.

As for the (2) fact, the power of LH can access under the condition of N/>NyACC,
where NyACC is the accessibility condition. When the central slectron density is changed
from 0.6x101%9m"3 t0 2.5x101%9m3, N/ACC changes from 1.23 to 1.5. If the electrons are
located at R(-a/2 < R< Rg+a/2, the energy of the electrons and N/ACC which correspond to
f/fce0=1.5 and 1.1 are shown in Tablel and 2. In the case of f=1.5f¢e0, N/ is from 1.29
to 1.64. The calculated power between Ny/=NAcC and 1.64 are shown in Fig.5.
Decreasing rate of both JNygci.1 and JNEC1.5 qualitatively agree well with the density
dependence of the Paeci s and Pacc1.1- The HX intensity of the A¢=180° does not change
much as seen in Fig. 2(b), while those of energy range corresponding to the JNgC1.1 and
jNECl.S in case of the A¢=135° decrease as density increase. This is again consistent with
the above. In both JNEC1.1 and JNEC1.5 cases, the crossing points of the different Njjin
the experiments are higher than those of the accessible powers. This fact suggests that
actual Ny spectrum in the plasma upshifts as evidenced previously in JT-60[1]. It is not
clear why the INgC1.1 and JNEC).5 in lower density region reduced substantially, but
higher Zer in the low density region might be responsible for it.

3. summary

Density dependence of the ECE signal and HX spectra were studied to investigate the
accessibility condition of the LHW. Both ECE and HX data reflect well accessibility
qualitatively. The effect of the Njupshift must be taken into account to explain
quantitatively the experimental result. ECE data will be a good cross check of the electron
distribution function, if numerical calculation to get ECE emission by use of the HX
spectra is compared with the experimental data.
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Reference
[1] S. Ide et al; Nucl. Fusion 32 No.2 (1992) (to be published) .

TABLE 1 ; electron energy and Ny corresponding to f=1.5 fze0

Rp-a/22 , Rgp ,  Rp+as2
electron energy 302keV , 224keV . 133keV
Ny 1.29 , 1.39 , 164
TABLE 2 ; electron energy and Ny/ corresponding to f=1.1 fce0
Rp-a/2 , Rp . Rp+a2
electron energy 399keV , 356keV |, 308keV
Ny/ 1.21 , 124 , 1.28
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11.14 Confinement of the Fast Electrons
Produced by LHCD in JT-60U

S W Wolfe, K Ushigusa, T Imai

1. Introduction

The lower hybrid wave drives current in a plasma by collisionless damping on plasma
electrons in the tail of the distribution, where the parallel phase velocity of the wave is typically
about ten times larger than the electron thermal velocity. Collisional processes, however,
counteract this mechanism. The increase in the population of current-carrying tail electrons is
balanced by their slowing down due to interaction with the bulk electrons. But these LH-
produced fast electrons may be affected by other processes such as spatial diffusion or
instabilities. A careful evaluation of these losses, through parameters such as anisotropy and
confinement time, may shed light on the physics of the current drive process and will help to
determine the applicability of LHCD to future steady-state operation in a tokamak reactor.

2. Experimental Conditions

For these experiments, Ohmic discharges in hydrogen with plasma currents of 1.2 MA
were used as target plasmas. A high toroidal field of 4 T and low line-averaged electron density
of €0.5x1019 m-3 were used to allow good accessibility for the lower hybrid wave. The
effective ion charge Zeff, measured by visible Bremsstrahlung, was typiéally 8. The effective
safety factor qeff at the surface was about 9. The central electron temperature, extrapolated from
off-axis Thomson scattering measurements, was about 4 keV.

Lower hybrid power at 2 GHz was launched into the plasma using a multi-junction
waveguide array (see Section 11.9 of this report) of the same designl as that used in previous JT-
60 experiments [1]. The torus input power rangéed from about 1 to 1.5 MW. Various phasings
between launcher modules were used (A from 120° to 180°), so that the parallel index of
refraction N at the peak of the launched wave spectrum ranged from about 1.3 to 1.9. For the
combination of wave frequency, toroidal field, density, and Zeff used in these experiments, the
minimum index for accessibility Nacc was about 1.15.

Typical waveforms for the time evolution of plasma parameters during the LH pulse are
shown in Figure 1. During the pulse, the electron density rises slightly and the non-thermal ECE
signal becomes clear. In the case shown, the one-turn loop voltage drops to near zero. In order
for the measurements not to be affected by high energy electrons produced by the residual loop
vd/Itage, data were only chosen if less than 20% of the loop voltage remains during L.H; that is,
more than 80% of the plasma current should be non-inductively driven.

To determine confinement characteristics, information on the change in parallel and
perpendicular plasma pressure is needed. This is obtained from a free-boundary equilibrium code
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which incorporates data from magnetic probes and flux loops on the vacuum vessel and
diamagnetic loops into its fitting algorithm (see Section 2.4 of this report). The calculation
produces the evolving diamagnetic Bp and Shafranov A (= Bp®4 + j/2, where %4 is the average
of perpendicular and parallel Bp, and 4 is the plasma internal inductance coefficient) shown in
Figure 1d. The precision of the calculations is typically about 10%.

The change in Byt is obtained directly from ABpdia. The change in 3p'is contained in
ABp®Y, and inferring this from AA is usually difficult to do precisely because the change in /; must
generally also be considered. If the measurements taken after the LH switch-on are done within a
time interval short enough so that /; does not change appreciably, then AA = ABped
Measurements of hard x-ray profiles indicate that this time interval should be about 0.3 s. With
this assumption, ABp" is given by ABp" = 2AA — AB,dia, Incremental energies are inferred from
these numbers by using the relations AW [ (MJ) = (2/3)KABpt and AW (MJ} = (1/3)KAB,",
where K = 0.151er[Ip(MA)]2, the proportionality constant between W and ﬁp in the isotropic
case.

In order to be able to infer the fast electron behaviour from these equilibrium quantides,
we must assume that neither ion pressure nor bulk plasma pressure changes. For an Ohmic
plasma at sufficiently low density, LH interaction with the ions is negligible (see Section 11.6 of
this report). Also, at the low densides used here, the change in bulk electron parameters is small

(see Section 11.2 of this report).

3. Anisotropy and Incremental Confinement Time

A measure of the pressure anisotropy resulting from the LH interaction with the fast
electrons is an "incremental” anisotropy defined by Ay= (ABp"-ABy1)/(ABL+ABp!). Figure 2
shows this quantity plotted as a function of N at the peak of the wave spectrum. Surprisingly,
the degree of anisotropy shows at most a weak dependence on the parallel index. As N, increases
and the phase velocity of the wave approaches the thermal velocity, one would expect that
slowing down of the tail electrons on the bulk would become more effective in reducing the
anisotropy produced by the L.H.

To attempt to determine if some loss mechanism is responsible for this anomalous
behaviour, confinement must be quantified. An incremental confinement time for the fast
electrons Ty may be calculated simply as AWg/PLy where AW;= AW, + AW and Pry is the LH
power input to the torus. Its dependence on N is shown in Figure 3. Values of 1f vary from
about 40 ms to 90 ms over the range of N, used. There is a large scatter in the data, but there
seems to be a tendency toward worse confinement at high N.

Simple collisional considerations are consistent with this tendency. If the slowing-down
process is dominant, the fast electron confinement time should follow approximately the slowing-
down time, given by

3.368 / InA N}’

19 - - -
ng10”m® N2+ ¥ 1-N7?
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where ng is the electron density and InA is the Coulomb logarithm (about 18 in these
experiments). At high N, the phase velocity of the wave is too near the electron thermal velocity
and the slowing-down time Tgp is small. On the other hand, at low Ny, the region of interaction
is well out in the tail of the distribution, Tsp is large, and fast electron loss will be slow.
However, if Ny is so low that some portion of the wave spectrum becomes inaccessible, then
only a fraction of the torus input power Py 1y will be absorbed by the plasma. Since this effect is
not taken into account here, the calculation of tr for Ny(peak) less than about 1.5 will be
artificially lowered.

We can look at these data in a different way by normalising tr with the slowing-down time
and plotting with the wave phase velocity vy, at the peak of the spectrum normalised by the
electron thermal velocity vy, This is shown in Figure 4. For low phase velocities, the
confinement seems to be dominated by the slowing down process. As the phase velocity
increases, however, the confinement is determined less and less by slowing down. This may be
due to other electron loss processes becoming important at low Ny such as the recently discovered
EEP phenomenon described in Section 11.8 of this report. Of course, part of the degradation
could be an artifact of accessibility as described above, but uncertainties in the launched spectrum
make it difficult to precisely determine this effect.

The spectrum may also be changed by the plasma -- the so-called N upshift. This effect
becomes more important for a lower N; wave, and the "spreading out” of the spectrum tends to
reduce the effective slowing-down time for the fast electron distribution. Thus, N, dependence

would be weakened, as observed here.

4. Conclusion

Preliminary measurements have been made of the fast electron distribution during LHCD
on JT-60U. The distribution is anisotropic, as expected, but there is no clear phase dependence
observed. The confinement time of the fast electrons at high N, agrees with the slowing down
time, but at lower N, the confinement seems to get worse. This may indicate the presence of
other loss processes such as the recently observed EEP instability. Other factors which should be
carefully considered are the effects of residual dc electric field and the dependence of deposition
profile. Also, variations in the wave spectrum from the designed form, due to either launcher
uncertainties or N; upshift, may affect the interpretation, especially when working close to the
accessibility limit.

S. References
[1] Ikeda, Y et al; Nuclear Fusion 29 (1989) 1052.
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12. Diagnostics

12,1 Charge Exchange Recombination Spectroscopy in JT-60U

Y. Koide, A. Sakasai and N. Asakura

In JT-60 experiments, the following problems on CXRS measurement [1] occur,
(1)The modulation of diagnostic beam is needed to estimated the background spectrum; (2)
The basis of rotation is determined on the assumption that the line emission from CVI ion
is not Doppler-shifted in the period of plasma initiation; (3) The leakage magnetic field
slightly deforms the spectrum; (4) The number of spatial point is limited. The CXRS
system based on CCD camera, which is first developed in NIFS[2], is adopted as the main
CXRS system in JT-60U to settle these problems. The formerly used detector (DIMO),
which has much larger dynamic range than that of CCD camera, is also used for the
measurement of helium and oxygen spectra, which will be discussed in the separate paper.
This paper is focused on the CCD system.

Figure 1 shows the new CXRS system schematically. There are three optical heads
equipped to the JT-60 vacuum vessel. The diagnostic port, on which optical head is held, is
shown in Fig.2. The light from plasma is introduced through a double-sapphire-grazed
viewing window (parts 1) to each optical head. This window is protected from the
contamination by carbon powder during discharge cleaning by the mechanical shutter (parts
2) connected with the rotation introducer (parts 6), which is driven by the air actuator (parts
4). A shock-resistance test for this diagnostic port has been carried out. Under 1000-times
acceleration of 60 G, which is the maximum acceleration anticipated in 7MA disruption, the
test port kept its helium leak rate bellow 1X107 Torr-I/sec [3]. Returning back to Fig.1,
the two of the optical heads numbered '1' and "2' have tangential sight lines but their
directions are opposite to each other; The system '2' detects composite spectrum of CXR
induced spectra and non-CXR spectra from the edge region; The system 'l" measures only
non-CXR spectra; So we can estimate the net CXR spectrum induced by the diagnostic
beam from the difference of these signals. Another system numbered '3' measure poloidal
rotation. The light travels through the fiber optics of 60 m to the 50/100 cm visible
spectrometers. The spectrum is detected with CCD camera, and the electric signal is
digitized and sent to the recorder. The tangential field of view is shown with open circles
and the region of poloidal field of view with lines in Fig.3. The specifications are shown in
Table.1.

Figure 4(a) shows the relation of optical fiber at the entrance slit of spectrometer

and the detective are of CCD. Fibers from system '2' (open circles) and ones from system
'T' (closed circles) are detected with one CCD detector. The measured spectra from CVI
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ion at the transition of n=8-7 is shown in Fig.4(b). The vertical axis is the signal strength
and other two axes have the same meanings of 'spatial direction' and 'wavelength
direction’ in Fig.4(a). Because this data is at the NBI phase, the signal from beam channel
(system '2") is larger by the contribution of CXR reaction. Figure 5(a) shows the
procedure of determination of the basis of rotation velocity, where the abscissa is
wavelength and the ordinate is signal intensity. In the upper pair of cross and square
symbols, the former is from a fiber located at the top of beam channels shown in Fig.4(a)
and the latter the top of background channels. From this pair, a basis of rotation is
- determined. As a matter of fact, we cannot settle the mutual location of detector and the
spectrometer perfectly and they may be inclined to some extent to each other. So another
basis of rotation is determined from another pair of fibers at the bottom of beam channels
and the bottom of background channels in Fig.4(a). The basis of rotation for each fiber is
determined from its geometrical relation between the two pair of basis determined
previously. The ambiguity of this method estimated from the standard deviation of the
spectrum fitting is 2x10% m/sec typically. Two spectra during the beam injection are shown
in Fig.5(b), where cross symbols are from beam channel and squares from background
channel. The spectrum induced by CXR reaction is given by th difference of these spectra
(Fig.5(c)). Doppler width (wT) and shift (xi-xp) are determined by the fitting this to the

following Gaussian;

T (X[ XO)
yi=YTA ] ex +BYT » o;
2 ,—-——2+m2 0 Z 19

, where wj is the width of instrumental function. The result is also shown with a curved
line the the same figure. In this case, the fitted result is slightly blue-shifted from the basis
of rotation (vertical line in this figure) determined as mentioned above.

Figure 6 shows the deduced profiles of ion temperature (Tj) and toroidal rotation

velocity (Vy) ((a) and (b), respectively), where Ip=4 MA, Bt=4 T, Tie~4x10'% m*3 , NB
power of ~20 MW. Maybe due to the good thermal conduction between ions and elections
in this relatively high density region, Tj agrees well with the electron temperatures from
ECE (T.ECE) and from Thomson scattering (T1S). Vi shows the ctr-directed rotation even
though the net momentum input is co-directed, which is discussed in section 6.2.2. After
the 6-month experiment, the transparency of sapphire windows are reduced by ~30 % for
tangential system and the much more for the perpendicular system. The poor S/N ration in
poloidal rotation measurement is partly attributable to this contamination of window. The
more extensive heating power is injected in the coming experiments so this problem
becomes more and more severe.

[1] Y. Koide, et al, in Review of JT-60 Experimental Results from June to October,1988,

JAERI-M 89-033 (1989).
[2] K. Ida, S. Hidekuma, Rev. Sci. Instrm. 60 (1989) 867.
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{3] Y. Koide, T. Kondo, A. Sakasai, Shock-resistance Test of Diagnostic Port Made for
Visible Light Measurement of JT-60U, JAERI-memo 02-352 (1990) (in Japanese).
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12.2 Fourier Transform Spectrometer System in JT-60U
M. Sato, N. Isei, S. Ishida, T. Aoyagi and T. Hirayama

1. Introduction

The electron temperature in tokamaks has been measured using the electron
cyclotron emission (ECE)[1,2]. A Fourier transform spectrometer system (FTS) was
installed in JT-60 for the measurement of ECE. The main parts of FTS in JT-60U were
relocated from the torus hall to the diagnostic room, because the necessary shielding of
the detector for neutrons is heavy. The schematic diagram of FTS is shown in
Fig.1(a). ECE is measured along a horizontal line of sight. The two windows are set
at the Brewster angle for the extraordinary mode. The ECE from JT-60U plasma is
transmitted to the spectrometer through S-band waveguide which is 42m long and
contain 11 bends. The total attenuation of the waveguide, the bends, and the two
Brewster windows is 14dB.
2. Calibration of Fourier Transform System

The schematic diagram of the calibration of FTS is shown in Fig.1(b). For the
calibration of FTS, the bellows between vacuum vessel and window are removed and a
mirror is located on the position of the bellows. The calibration source is Eccosorb
used at the liquid nitrogen temperature and at room temperature[3]. 40000
interferograms are integrated. The obtained sensitivity of the FTS is shown in Fig.2.
3. Correction of the internal fields

The electron temperature profile is obtained from the second harmonic X mode
ECE in tokamak. The position of the electron temperature profile had been obtained on
the assumption that the magnetic field in tokamak is mainly toroidal field which is
inversely proportional to major radius[1,2]. For JT-60, the preprogramed value of the
toroidal field is used for the calculation of the position. The recent study shows that the
internal magnetic fields are fairly important and cannot be neglected as before[4]. The
internal field is the composed of poloidal magnetic field, diamagnetic field and
paramagnetic field, produced by the plasma current, the pressure gradient and the
poloidal current, respectively. The results with all correction and with only the
preprogramed toroidal field are shown in Fig.3. The measured value of the toroidal
field and the ripple field of the toroidal coils are also used in the derivation of the radial
position. The poloidal field correction is important in the outer region, the
paramagnetic and diamagnetic correction is important in the center region.
Reference
[1]A. E.Costley et al:Phys. Rev. Lett. 33(1974) 758
[2]M. Sato et al:Jpn J. Appl. Phys. 19 (1980) 577
[3]F.J.Stauffer et al:Proc.4th Conf. on Infrared and Millimeter Waves,Miami, 1979,p74
[4]S. Ishida et al:ITER-IL-PH-07-0-77
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12.3 Diamagnetic Measurement

S. Tsuji, Y. Neyatani, N. Isei, M. Kikuchi

1. Introduction

It is indispensable to evaluate the plasma stored energy accurately in order to investigate
energy confinement properties. Although a method based on plasma diamagnetism has
difficulties in attaining satisfactory accuracy, it is able to directly measure the time evolution of
the stored energy in every shot. The diamagnetic loop on JT-60 picked up horizontal fluxes since
the loop plane made an angle of about 5° with the symmetric plane through the torus axis.
Consequently the diamagnetic signal was very sensitive to the plasma vertical shift, which was
the primary sources of errors [1]. Diamagnetic loops were wound inside the vacuum vessel of
JT-60U) along more ideal planes to reduce the coupling with the plasma current. The vacuum
toroidal flux is compensated by the use of a loop pair with slightly different pick-up areas instead
of a Rogowski coil previously adopted in JT-60.

2. Arrangement and Evaluation Method

Figure 1 illustrates the arrangement for magnetic diagnostics on JT-60U. There are four
sets of diamagnetic loops; Loops 5, &, 11 and 14, the numbers of which designate toroidal
locations. The best set with least errors is used for routine diamagnetic measurement. The main
loop (four turns) and the compensation loop (three turns) are located along a vessel connecting
ring as shown in Fig. 2 to be rigid enough to neglect any variation in the torotdal field coupling.
The main and compensating loops are separated by 31£1 mm in the radial direction. The toroidal
fluxes through the main and compensating loops in the case of I; = 52.1 KA (B;=4.0T atR =
3.32 m) are ;™ = 96.9 Vs and §¢ = 76.5 Vs, respectively. The balancing coefficent for the flux
compensation, k is about (0.79. Differential integration is made by an analog circuit with a
potentiometer for the adjustment [1]. The cutput of the integrator is proportional to (k ¢;™ - &)
= (4 k - 3) ¢dia ~ 0.16 ¢dia where ¢dia is the diamagnetic flux. Accordingly the net diamagnetic
signal is reduced by a factor of about 6.

The plasma stored energy Wia is calculated from the following equations [2,3] with a fast
boundary identification (FBI) code which approximates the plasma current as six filaments [4,5].

Waia=3Bpl VBp2/41p =3 {s1+s2(1-RT/Rp) )+ } VB2/4pg (1)

sp=n/(VE2 )§RBy2 (Rer+Zez-Rper)endl 2)
s3=TRp/(VEBp2 ){By? Rerend? 3)
w=1/ (VB2 )| (Bu2-B2)dV=4nRoBy¢dia/(VE2) (4)
By=§Bydz/ §ar=poly/§az (5)

where the line integral is carried out along the plasma surface, V is the plasma volume and eg,
ez and n are unit vectors. For the gverage poloidal magnetic field energy we use }§p2 instead of
the usual definition of <Bp2>=¢Bpdf / ¢ 1/Bpdl since 1/Bp diverges at the separatrix in
the case of divertor configurations. The mean radius RT was numerically found to be
approximated by the plasma major radius R, better than by the mean current radius R;.
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Waia=3 Hos1 V (Ip/¢d2 )2/4 - 37 Ro By 6%/ g ()

3. Elimination of Errors
There are several sources of errors in the diamagnetic signal. Thus the output of the
integrator can not be directly used as ¢dia, Note that an error in ¢4i2 can be expressed as an

absolute error in the plasma stored energy by the second term of Eq. 6.

3.1 Eddy Current

The typical plasma discharge duration of 15 sec exceeds the By flattop of 10 sec so that the
effects of eddy currents can not be neglected in the initial and/or last phases of each discharge.
‘The error flux due to the dominant eddy current induced in the structures between the main and
compensating loops is canceled by an additional circuit to the analog integrator with very low
drift. The resulting deviation of zero level is kept within 20 kJ throughout a plasma pulse.

3.2 Stray Flux

The stray coupling of the loops with poloidal magnetic fields were examined by individual
coil excitations. The main sources appear to be the stray field generated by neighboring coil
feeders. Loop 8 couples mainly with the V-coil current and Loop 14 with the F-coil current, the
feeders of which are located at p-6 and p-15 sections, respectively. Major fraction of the stray
fluxes are automatically compensated owing to the installation of each loop pair in nearly the
same poloidal plane. The residual error fluxes are numerically subtracted assuming the following

functional form.
Osray = ( CE+ CerIT) I+ (Cy + CyrIT + Cyv Iv) Iy
+Cylu+Cplp+ (Cpv + CryTIT) IRV (7)

The stray fluxes arising from F and V coil currents were found to be complicated. The nonlinear
terms may reflect the bending of the coil feeders by electro-magnetic force. The coefficients in
Eq. 7 were determined experimentally from coil excitations with several combinations of Ig, Iy
and It like a shot shown in Fig. 3.

Figure 4 displays an example of the integrated signal of a high Bp discharge. The broken
trace stands for the elimination of the stray fluxes. The remaining errors at current flat-tops n the
stored energy normalized to the plasma current are about 15 kJ / MA and 10 kJ / MA with Loop

8 and Loop 14, respectively.

3.3 Ipcoupling

The independent evaluation with Loops 8 and 14 does not agree with each other beyond
the errors estimated in the previous subsection. And the discrepancy appear to be depend on the
plasma position.Thus Ip coupling with the diamagnetic loops should be taken into account.
Figures 5 (a) and (b) show a comparison with the kinetic plasma stored energy [6] of ohmic
discharges as a function of the position of the plasma current center (Rj, Z1). The differences are
normalized to I, since the error is considered to be proportional to the poloidal flux generated by
the plasma current. The data points indicate that the diamagnetic stored energy can have offsets
which depend on Ry and Zj.
The Ip-coupling coefficients were determined experimentally by sweeping the plasma column
vertically or horizontally during low density discharges and by making computed plasma stored
energy not to be so positionally sensitive nor to be negative in extremely shifted cases. The
tentative correction in the elongated configeration is made by the following additional terms.
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AWE™®® =(0.47;+032 (R - 3.23)- 0.06 ) I, (B/4.05) )
AWEP 2 (-0.60 (R - 3.22)1,(B/4.05) ©)

The result of the final correction is shown in Figs 5 (c) and (d). The positionally dependent
discrepancy between the diamagnetic and kinetic stored energies are almost corrected in the case

of Loop 8.

4. Discussion

A systematic error of 0.07x Ip[MA] in the unit of MJ may remain in WizL0ooP8, Larger
errors exist in Wgj,L'00P14 5o that it is used as auxiliary data even though the numerical
subtraction of the stray fluxes without plasma more successful than that in Loop 8 as can be
seen Fig. 2. The Ip-coupling of Loop 14 appear to be too complicated to correct only with linear
terms of Ry and Zj. The similar corrections like Eqs. 8 and 9 are adopted in the standard
configuration, too. However the systematic errors are larger than those in the elongated
configuration since there are not enough calibration data.

An error in I can bring about an offset in the plasma stored energy from the first term of
Eq. 6; an error of 1% corresponds to an error of ~0.02 in Bp. The use of a poorly calibrated
Rogowski coil for I (RKC-3) actually produced falsely "improved ohmic confinement". The
plasma current was overestimated by (1 ~ 2)% than fitted Ip values with the FBI code., A more
accurate Rogowski coil (RKC11) gives (0.5 ~ 1)% lower Ip than the fitting. At the moment, we
use the fitted I, since computed By agrees with that from a full MHD equilibrium code [7] best.

5. Summary
The evaluation of the plasma stored energy with diamagnetic loops has been established in

JT-60U by the elimination of error fluxes. The absolute error [MJ] of W;z109P8 is within 0.07x
Ip and 0.10x Ip [MA] in the elongated and standard configurations, respectively. More
calibration data are required to improve the accuracy of the measurement.

References

[1] S. Tsuji et al., JAERI-M 51-196, [2] V.D. Shafranov, Plasma Phys. 13 (1971) 757.
[3] W.A. Cooper and A.J. Wootton, Plasma Phys. 24 (1982) 1183.

[4] D.W. Swain and G.H. Neilson, Nucl. Fusion 22 (1982) 1015.

[5] K. Ushigusa et al., this report, Sec. 2.4.

[6] N. Isei et al., ibid., Sec. 3.11. [71 S. Tsuji et al., ibid., Sec. 4.2.

One-turn lcops
INSIDE

Main locp
{65 Ml cable) !

] I

s : FAR
| ﬁ %Lj ! |
Square p:,i- ['”‘:"] 1 n E,- [l
'\ " Welding A " \ S
i-wEf, T~ ]
0

mm

First wall (graphite)
/1

Vacuum vessel /
Caonnecling ring

Compensaling loop
{65 Mi cable)

Diamagnetic loop OUTSIDE

Fig. 1 Schematic illustration of the
magnetic sensors on JT-60U.

Fig. 2 A cross-sectional view of the
diamagnetic loops.

—346—



Fig. 3 An example of the stray field
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Fig. 5 Difference between diamagnetic and kinetic stored energies normalized to Ip as a function
of the plasma current center. Squares and circles stand for without and with the correction
by Egs. 8 and 9. The open and closed symbol denoie Loop 8 and 14 data, respectively.
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