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The accumulation of impurities and the accompanying radiation losses
in a core plasma are serious problem to achieve a reactor grade plasma
not only because the radiation losses degrade the energy confinement of
the core plasma but also because the impurities dilute the reacting
plasma to reduce reaction rate. Whereas, appropriate radiation loss
localized in the peripheral plasma is sometimes favorable to reduce the
heat load onto the first wall and influx of impurities from the wall by
cooling edge plasma mamely remote radiative cooling.

Bolometric measurement system and associated diagnostics, soft x-ray
pulse-height-analyzer, soft x-ray intensity and Balmer o line measurement
systems, were developed to investigate the radiation losses of the JT-60
plasmas. The bolometric measurement is the most important diagnostics
in the radiation loss study. The soft x-ray pulse-height-analyzer is
useful to estimaté the metallic impurity concentration, and the soft x-
ray intensity and Baimer o line measurements are monitors of radiation
in x-ray region and particle recycling in the plasma edge, respectively.

Very low radiation loss of the main plasma {10% of the absorbed
power) was realized in NB heated outer X-point discharges with TiC coated
molybdenum wall. Whereas, the limiter plasma with TiC coated molybdenum
limiters was very radiative where the radiated power was more than 607
of the absorbed power in ohmically and NB heated discharges. In the
discharges with graphite wall, radiated power from the main plasma was

20 - 25% for both limiter and lower X-point configurations. The radiated
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power from the divertor region increased from several percent to 407 of
the absorbed power with the increase of Ee. The improved divertor con-
finement (IDC) regime was obtained in NB heated lower X-point discharges
with graphite wall., In IDC discharges the radiation loss from the di-
vertor region increased to be up to 40% {(typically 10 MW) of the absorbed
power. Whereas, that from the main plasma and the heat load onto divertor
plates decreased.

In JT-60, the marfe has been observed fregquently in high~Ip and high
density limited discharges with NB heating after the replacement of the
first wall from TiC coated molybdenum tiles to graphite ones. The thresh-
old electron density of the marfe onset increased with the NB power. The
empirical scaling of the marfe onset taking account of the NB power was
obtained. This scéling was useful to predict the marfe onset conditiom
in NB heated discharges on JT-60, The marfe was modelled based on the
radiative thermal instability. The simple model can explain the marfe
onset condition. The radiated power from the plasma with marfe was about
90% of the absorbed power. Both stored energy and central electron tem-—
peratures did not change by the marfe onset in spite of the such intense
radiation loss.

Finally, this study revealed that the most clean plasma was c¢btained
in the metallic first wall with the divertor on JT~60., This fact is sug-
gesting the capability of the metallic material for the first wall of
next devices. Enhance radiation leocalized in the peripheral plasma such
as marfe and IDC does not degrade the core plasma confinement or somewhat
improves it, sc that marfe and IDC are suitable operational regime in the
high density region for future devices because they have strong remote-

radiative-cooling-effect.

Keywords: Radiation Loss, Global Power Balance, JT-60, Impurity, Divertor,

Bolometer, First Wall, Heat Load, Marfe
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1. Introduction

1.1 STATUS OF TOKAMAK FUSION RESEARCH

Thermonuclear fusion has been studied to obtain the ultimate energy
resource for the human being. The condition for the achievement of fusion
reactor is given as values of nte and Tj, where n in the plasma density, Te is the
energy confinement time and T; is the ion temperature. The condition
presented by Lawson is called Lawson criterion [1]. The Lawson criterion
shows nte of ~1020 m-3 s for DT plasma with T of 10 keV.

The studies of the plasma confinement have been carried out by various
magnetic confinement systems such as tokamak, stellalator, and mirror, and
inertial confinement systems. The excellent characteristics of tokamak was
presented by T-3 tokamak at the third International Conference held on
Novosibirsk in 1968 [2]. After the conference, the tokamak became the main
current of the study in the magnetic confinement. The tokamak experiments
with ohmically heated plasma had been performed on ST [3], JFT-2 [4], etc. in
the first half of the 1970's. The minimum temperature of 7.5 keV to make
fusion work was first obtained in PLT with the neutral beam (NB) heating in
1978, while the requisite minimum confinement quality nte >1020 m-3s was
first reached in Alcator in 1975. The next step was to achieve both high
temperature and high confinement quality simultaneously in the same
tokamak. The three large tokamaks in the world, TFTR (Tokamak Fusion Test



JAERI-M 90-087

Reactor) [5] of United States, JET (Joint European Torus) [6] of EC, and JT-60
(JAERI Tokamak-60) [7] of Japan started experiments in the middle of the
1980's aiming to demonstrate the marginal fusion energy breakeven.

The impurity accumulation in the core plasma is a severe problem to
obtain the reactor grade plasma not only because the energy confinement
degrades by the radiation losses but also because impurities dilute the reacting
hydrogen plasma resulting in the reduction of the fusion power density. The
major source of the impurity is the first wall which consists of limiter, armor
plate, liner and divertor plate. The metallic first wall was popular among the
small and medium size tokamaks in early stage. As the additional heating
power increased, the radiation loss due to metallic impurities became severe
problem. The plasma of 7.5 keV was obtained in PLT with 2.1 MW of NB
heating by the replacement of the first wall from tungsten to carbon. Thus
almost medium and large tokamaks employed carbon for the first wall.
Recently, some tokamaks with high power NB injection are bothered with the
burst of carbon named carbon bloom. So the beryllium limiter is tested in JET.

In order to define the plasma boundary, a limiter has been used in many
tokamaks. Limiters are classified geometrically into three types, rail limiter,
poloidal limiter and toroidal limiter. The rail or poloidal limiters were
popular in the early tokamaks. As the additional heating power increased, the
toroidal limiter has been employed in order to receive high-power heat load.
The limiter touches to the plasma directly, so that it is the major source of the
impurity influx into the plasma. Many studies of the material and structure of
the limiter have been performed for the impurity control.

A divertor was proposed as the most effective technique for impurity
control. The effectiveness of the divertor was indicated experimentally by the
pioneer work of DIVA [8] and confirmed by following tokamaks such as D-III
[9], ASDEX [10] and PDX [11]. Divertors are classified geometrically into three
types, bundle divertor, poloidal divertor and toroidal divertor. Almost
divertor used in tokamaks is a poloidal divertor.

The types of the limiter and divertor, and the materials of the limiter
and divertor plates of the tokamaks are summarized in Table 1.1. Here a
bumper limiter, which is popular in recent large tokamaks, is a large area
toroidal limiter which covers inner side of the vacuum vessel.

In 1982, an H-mode discharge, which had no degradation of the energy
confinement by NB heating, was found in NB heated divertor discharges on
ASDEX [12]. D-III [13] and PDX [14] obtained similar discharges and indicated
that the reduction of particle recycling between the first wall and plasma was

‘._2_
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very important in creating good H-mode discharges. In TFTR, a high-ion-
temperature mode, they called super shot, where the ion temperature reached
up to 30 keV, was obtained by degassing of the first wall using helium
discharge cleaning [15]. Thus the importance of edge plasma physics has been
recognized as an improving effect on core plasma confinement. -

Table 1.1 The major parameters and first wall of the tokamaks.

Device Completion Major ~ Minor Limiter Divertor Materials
(year) radius (m) radius (m} type type Limiter Divertor
T-3 1967 1.0 0.15
ST 1970 1.09 0.14 Poloi./Rail W(P),Mo(R)
ORMAK 1971 0.8 0.23 Poloidal W()
TFR 1973 0.98 0.2 Rail Inco./C
JFT-2 1973 0.9 0.25 Poloi./Rail Mo/SUS/C
DIVA 1974 0:6 0.1x0.14 Movable Inner side Au Ti
PLT 1975 1.32 0.4 Rail W/SUS/C
ISX-B 1978 0.93 0.27 Mushroom TiC/C
PDX 1979 1.38 0.38 Rail 4nodepol. C
D-I11 1979 1.43 0.43x0.65 Blade Inner side C Inco.
ASDEX 1980 1.65 0.4 Poloidal  Upper/Lower Ti Ti
TEXTOR 1982 1.75 0.5 Rail Inco./C
JFT-2M 1985 1.35 0.35x0.53 Rail Upper/Lower C C
TFTR 1982 2.55 0.83 Bumper C
JET 1984 296 1.25x2.1 Bumper Upper/Lower C C
JT-60 1985 3.04 1.93 Toroi./Bump. Out/Lower TiC Mo /C TiCMo/C
DII-D 1986 2.2 0.67x1.41 Blade Upper/Lower C C

1.2 THEORETICAL BACKGROUND
1.2.1 Radiation Losses

A pure hydrogen plasma emits electromagnetic radiation. Micro-
scopically this is due to the acceleration of the charged particles. Because the
electron is much lighter than the ion, electrons radiate much more strongly
and only the radiation by electrons need be considered. The electrons are

_3_
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accelerated in two ways. Firstly they are accelerated by collisions resulting in
the radiation called bremsstrahlung. Secondly they subjected to the
acceleration of the cyclotron motion and the associated radiation is called
cyclotron radiation. In the presence of impurity ions, the bremsstrahlung is

- enhanced.

The power radiated by an electron undergoing an acceleration is

2 :
p=_€2 2
6megc® | (1.1)

The acceleration of an electron during a collision with an ion is caused by the
Coulomb force Ze2/4negr2, where r is their separation and Ze is the charge of
the ion. Because of the resulting r4 dependence of P, close collisions
dominate. There is a cut-off for r at the quantum mechanical distance d = nd?,
and duration of the collision is typically 2d/¥, where ¥ is an averaged electron
velocity. Thus the energy lost per collision, AE = 2Pd/v, is

_ Z2 6
6(2neged P /mi v

(1.2)

Since the effective collision frequency is nzoV, where nz is the density of
charge Z ions, the bremsstrahlung power for an electron density ne is
Ppr~nenzoAE. Taking (1/2)mev2 = (3/2)Te and substituting the numerical
factor obtained from a full calculation gives the bremsstrahlung radiation due
to ions of charge Z as

— eb Z2 ne n T1/2
For g6(3/2)1/21t3/2qa]c3 hm3/?2 £e

(1.3)

where g is the Gaunt factor [13].

The power radiated from a single non-relativistic electron in the
cyclotron motion is given by Eq. (1.1) with the acceleration a = ®ceZPe- By
putting pe = (2Te/ me)1/2/ wee and wee = €B/me, the power density of cyclotron
radiation is obtained as

Pc = (84/3ﬂ80me3C3)B2neTe . (1.4)
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This power is very large and estimated to be ~IMWm-3 in the reactor class
plasma. However, this is not the power loss from the plasma because the
plasma is optically thick to the radiation at the fundamental frequency. The
power in each harmonics falls rapidly with increasing harmonic number, so
that the cyclotron radiation is not significant in the power balance of the
plasma [16]. -

The presence of impurity ions in the plasma produces energy losses
through two types of radiation. The first is the enhancement of
bremsstrahlung because of the higher value of the ionic charge for impurities.
The second is the radiation through the atomic processes of line radiation and
recombination. The power radiated from a given impurity species is
proportional to the electron density ne and the impurity density, and the
radiated power density is given by

Prag =nen; L, (1.5)

where L is the radiative cooling rate which is a function of electron
temperature [17]. The L for light impurities has a maximum value around 10
eV and above the temperature the radiation is substantially reduced. As the
temperature is increased, electrons are successively removed from the
impurity ions. The ions of the light impurities such as carbon and oxygen are
fully stripped at a temperature higher than 1 keV, so that these radiation
losses are negligible in the hot core plasma. However, these are important in
the edge plasma where the light impurities are stripped incompletely. For
temperatures above 100 eV the radiation per ion of high Z impurities is much
greater than for low Z impurities. The high Z impurities are not fully stripped
in the core plasma, even in the reactor class plasma, so that these radiation
losses are dominant in the core plasma.

1.2.2 Global Power Balance

A schematic of the energy flow for the tokamak plasma is shown in Fig.
1.1 [18]. The ohmic input power goes mainly to the electrons in the hot plasma
core. The electron energy is lost from the core by collisional equilibration with
the ions, by line radiation of high Z impurity, bremsstrahlung and cyclotron
radiation, and by transport to the plasma edge in the form of particle outflow
and heat conduction. At the plasma edge, particle outflow along field lines
carries part of input power to the limiter or divertor plates.

_5i
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The portion of the ohmic input power that flows from the electrons to
the ions in the plasma core is lost again by direct charge exchange and by
transport in the form of particle flow and heat conduction to the plasma edge.
In the outer plasma region, the heat flow from the electrons to the ions may
reverse, depending on the relative temperature profiles of the electrons and
ions. When auxiliary heating such as NB is added, overall pattern is similar,
except that ion temperature T; may rise above Te, s0O that the heat flow from
electrons to ions is reversed there.

1.3 PURPOSE OF THIS THESIS

JT-60 is a unique device having a closed divertor chamber among the
three large tokamaks, JET, TFTR and JT-60. JT-60 has three magnetic
configurations ( outer X-point divertor, lower X-point divert and limiter), two
types first wall (TiC coated molybdenum and carbon graphite), and high power
auxiliary heating and.long discharge duration. Therefore, JT-60 is suitable to
investigate the radiation losses and impurity control. This thesis work is
focused on the following subjects:

(1) Developments of radiation-loss-measurement systems for JT-60

In order to investigate the radiation losses of the JT-60 plasmas,
bolometric measurement system and associated diagnostics, soft x-ray
pulse-height-analyzer, soft x-ray intensity and Balmer line measurement
systems, were developed. The bolometric measurement is the most
important diagnostics in the radiation loss study. The soft x-ray pulse-
height-analyzer is useful to estimate the metal impurity concentration,
and the soft x-ray intensity and Balmer line measurements are monitors
of radiation in x-ray region and particle recycling in the plasma edge,
respectively.

(2) Investigation of the radiation losses and global power balance
From the view point of the impurity control, the radiation losses
and global power balance of the plasma with three types of magnetic
configurations and two types of first wall were investigated consistently in
one device aiming to provide the database for the design of the next device
such as ITER.



JAERI-M 90-087

(3) . Investigation of the enhanced radiation in the peripheral plasma

Appropriate radiation losses localized in the peripheral plasma are
sometimes favorable to reduce the heat load onto the first wall and influx
of impurities from the wall by cooling edge plasma namely remote
radiative cooling. As the the enhanced radiation in the peripheral plasma,
the marfe (multifaceted radiation from the edge) and the IDC (improved
divertor confinement) which was found in JT-60 for the first time and
their effects onthe core plasma confinements were investigated. And the
usefulness of the enhanced radiation in the peripheral plasma for the
operation of the reactor class tokamak is discussed.

Chapter 2 presents the overviews of JT-60 machine and the diagnostics.
Development of the bolometric measurement system which is a major
diagnostic in radiation loss study is described in Chapter 3. Chapter 4 presents
the soft x-ray pulse-height-analyzer and its experimental results about the
electron temperature, the metal impurity concentration, and the effective
ionic charge Zefs. Chapter 5 presents the soft x-ray intensity and Balmer a line
measurement systems and their principal experimental-results. The global
power balance of ohmic and NB heated plasmas are discussed in Chapter 6.
Characteristics of marfe and IDC phenomena are described in Chapter 7.
Summary and conclusion are presented in the final Chapter 8.
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Fig. 1.1 Schematic power-flow diagram for the tokamak plasma.
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2. Overviews of JT-60 and its Diagnostics

2.1 JT-60 MACHINE

JT-60 is a large tokamak fusion experimental device aiming at achieving
a break-even plasma condition. JT-60 has various features to study physical
and technological aspects of reactor-grade plasma. JT-60 has a long discharge
duration of 10 seconds, a poloidal divertor for impurity control and
confinement improvement, NB and RF heating with high power and long
pulse duration, RF current drive and real time plasma control. JT-60 started
experiments in April 1985. Figure 2.1 shows a bird's-eye view of JT-60, which
is composed of a vacuum vessel, toroidal field coils, poloidal field coils,
mechanical support structures, NB injectors, RF heating systems, many
diagnostics and other components. Major parameters of JT-60 are listed in
Table 2.1. Detailed technical descriptions of JT-60 are provided in Refs. [1-3].

Original feature of JT-60 is a large tokamak device with a plasma of
circular cross-section and a poloidal divertor outside the torus. The poloidal
cross-section of the original JT-60 are shown in Fig. 2.2. The vacuum vessel is
composed of eight rigid sectors and eight parallel bellows welded together.
Those materials are Inconel 625 alloy. The toroidal limiters, divertor plates,
inboard armour plates, and the protective plates of the divertor coils were
made of molybdenum coated with TiC of 20 pm thickness originally.
Protective plates elsewhere are made of Inconel 625 coated with TiC of the

same thickness.
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Table 2.1 Major parameters of JT-60.

Major radius 3.0 mm
Minor radius 0.95 mm
Aspect ratio 3.16
Toroidal field 45T
Plasma current 2.7 MA
Duration time 10 sec

Figure 2.3 shows the arrangements of the NB injectors and RF heating
systems on JT-60. NB injectors' consist of 8 co-injection units and 6 countor-
injection units. Two injection units are mounted in one tower at top and
bottom of it. The injection angle is 75° against the tangential direction of the
torus. The NB injection system has been operated regularly with a injection
power of about 20 MW at a hydrogen beam energy of 75 keV. The RF heating
system consists of two schemes: three units of the LHRF system operated in a
frequency range of 1.7-2.2 GHz and one unit of the ICRF system in a frequency
range of 110-130 MHz. The frequency of the ICRF system corresponds to the
second harmonics of the hydrogen ion cyclotron frequency in a toroidal
magnetic field of about 4.5 T.

All TiC coated molybdenum limiters and divertor plates were replaced
by the graphite tiles in May 1987. The surface area of the graphite wall
corresponds to half the vacuum vessel area. The vacuum vessel is usually
operated with wall temperature of 200-300°C after the replacement.

It was difficult to obtain a good H-mode in the configuration of outer X-
point divertor. A new divertor coil was installed under the vacuum vessel to
provide a lower X-point configuration in January 1988 [6]. Three
configurations, i.e. limiter, outer X-point divertor and lower X-point divertor
are provided on JT-60 as shown in Fig. 2.4.

Gas fueling is performed by gas puffing usually. A pneumatic pellet
injector was installed in early 1988. This injector produced four hydrogen

_pellets with a velocity up to 2.3 km/s and with cylindrical sizes of 2.7 mm
(diameter) x 2.7 mm (length) to 4.0 mm (diameter) x 4.0 mm (length).
Achieved and design parameters of JT-60 are summarized in Table 2.2.
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Table 2.2 Achieved and design parameters of JT-60.

Parameter Design Achieved

Plasma current

Limiter - 27MA 3.2 MA
Quter divertor 21 MA 2.7 MA
Lower divertor - 2.2 MA 2.0 MA
Toroidal field 45T 48T
(atR=3m)
Heating power (into torus)
NBI 20 MW 25 MW
LHRF 15 MW 11 MW
ICRF 5 MW 3.1 MW
Wall material TiC-Mo TiC-Mo (before March 1987)

Graphite (after June 1987)

2.2 JT-60 DIAGNOSTICS

In the large tokamak like JT-60, the diagnostics become more important
not only for understanding the plasma characteristics but also for operating
the machine safely. Each diagnostics is required to obtain the useful data with
high resolution in time and space simultaneously and also to process the data
quickly within few milliseconds in the on-line feedback loop and within few
minutes (less than 10 minutes) in the shot-by-shot feedback loop.

JT-60 has 23 different kinds of diagnostics to measure the fundamental
parameters of the plasma and three different ways to process the data in the
computer system. Figure 2.5 shows a bird's-eye view of the JT-60 diagnostics
{4]. In this Section, major diagnostics are described.

2.2.1 Electron Density Measuring System

The electron density is measured with the newly developed multi-
channel CW118.8-um CH3OH laser/2-mm wave polari-interferometer. The
FIR system employs 2 MHz beat-modulated twin CH30H lasers [5,6] with

Michelson configuration providing 3 chords (R = 2.53, 3.04, and 3.55 m) in the
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main plasma region and 2 chords in the divertor region [7]. 2-mm wave
interferometer provides 2 chords at R = 2.19 and 3.25 m. The diagnostic chords
are summarized in Fig. 2.6. After modification for lower X-point divertor, FIR
interferometer at plasma center (R = 3.04 m) is not available owing to the new
divertor coil.

2.2.2 Electron Temperature Measuring System

Two different kinds of diagnostics are used for the electron temperature
measurement in JT-60. One is based on the electron cyclotron emission (ECE)
and the other on Thomson scattering of multiples lasers (Fig.2.7).

(1) ECE measurement [8]

Three observing ports are dedicated to ECE system with the different
angle of 7, 45 and 75 degrees to the horizontal plane, respectively. Presently the
Michelson interferometer is installed at the diagnostic platform where it is
possible to observe the plasma almost vertically using the 75 degree port. The
rapid-scan Michelson interferometer measures the ECE in frequency range of
100-800 GHz with the resolution of ~3.5 GHz every 15 ms. The detector is a
liquid-He cooled InSb detector. The system is calibrated using the liquid N2
black-body source and a tunable microwave source with the known power.

(2) Thomson scattering system [9]

The electron temperature and density at six positions inside the JT-60
plasma are simultaneously measured by the Thomson scattering system with
spatial resolution of ~10 cm. The light source is a ruby laser which can be
operated by four different modes; (a) a single pulse with the energy of 20 J, (b)
10 J output at 0.25 Hz, (c) 5 J output at 0.5 Hz and (d) 2.5 J output at 1Hz. A
YAG laser with 1 J output at 100 Hz is also provided for the future extension
improving the time resolution (10 ms) of the electron temperature and
density measurement. The lasers locate at the peripheral room and the laser
beam travels to JT-60 through the transmission pipe for 50 m buried in the
floor. A Littrow type spectrometer is used to analyze the wave length of the
scattered light into the 8 channels for each position. 48 photomultiplier-tubes
~ (PMT) are used to detect the light and the optical fibers are used to connect
between the spectrometer and the PMT.

The electron temperature profiles measured by the ECE system and the
Thomson scattering system are examined each other and also cross-checked
with one obtained from the soft X-ray spectrometer. The electron density
profile is checked with the integrated density obtained by the interferometer.
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2.2.3 Ton Temperature Measuring System

This system consists of charge-exchanged (CX) neutral-particle-mass
energy analyzer, active beam scattering apparatus, and CX neutral-particle-
energy analyzer array for space resolved measurement.

(1) CX neutral-particle-mass-energy analyzer [10,11].

Energetic neutral particles are produced by charge exchange reaction
between plasma ions and neutral atoms in plasma and by recombination of
plasma ions and electrons. These particles convey information of energy
distribution for the ions, so that it is possible to infer ion temperature from
measurements made on the energetic charge exchanged neutral atoms
escaping from the plasma. The charge exchange diagnostics in JT-60 required
the separation of three kinds of particles (H, D, He) over a wide range of
energy, since energy distribution for each jon component is usually not
identical. The E//B charge-exchanged-neutral-particle analyzer measures mass
and energy distributions simultaneously, using parallel electric and magnetic
fields. The basic principle of the analyzer is showed in Fig. 2.8. The analyzer
consists of a stripping cell, a 180 degree deflection magnet and a set of
electrostatic deflection plates. After the charge exchanged neutrals are ionized
again in the gas cell filled with Hj stripping gas, the ions enter perpendicularly
into the magnetic field. The electric field is applied after the ions emerge from
the magnetic field. Micro-channel plates, MCP, are used to detect the ions. The
MCP has 32 channels of charge collector. These arrangements lead to a simple
and compact analyzer.

(2) Active Beam Scattering Method [12-14].

The small angle neutral particle scattering method is provided in JT-60
for the ion temperature measurement in the central plasma region. The
principle of the method is based on the energy broadening analysis of neutral
particles, which is injected into plasma and scattered by plasma ions. A
schematic of the system is shown in Fig. 2.9. According to the figure, the
system consists of two main components. One is a diagnostic neutral beam
source and the other is a scattered particle analyzer. Helium ions with 200 keV
energy, 3.5 A current and 0.1 s duration are converted to helium neutral
atoms by the charge exchange neutralizer, and a 0.6 A neutral helium beam is
injected into the plasma. The neutral atoms, after being scattered through a
small angle by collisions with plasma ions, enter the particle analyzer. The
analyzer, 7° tilted against the injected beam line, is composed of a stripping
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cell, an analyzing magnet with high momentum resolution, ion detectors and
pulse counting electronics connected to the detectors.
(3) Spatial-Resolved Neutral-Particle Analyzer [15]

The multi-channel neutral particle energy analyzer consists of several
identical electrostatic energy analyzers, covering a wide energy range of 0.2
through 110 keV with 2% resolution. It was installed in an oblique access port
(IN2 port), viewing the different parts in a cross-sectional area of plasma (Fig.
2.10). A spatially resolved neutral particle energy spectrum can be obtained by
this system.

2.2.4 Impurity Measuring System

Purposes of this system are to diagnose the behavior of impurity ions
and to determine the plasma parameters (for example ion temperature) of the
JT-60 plasma. This system has six spectrometers. The wavelength region of
this system is from X-ray to visible region (0.15-700 nm). The spectrometers
has been installed and operated.

In JT-60, it is required that spatial and time behaviors of many impurity
lines are to be measured in one discharge. For that reason, a small-sized unit-
type-grazing-incidence spectrometer was developed [16,17]. In this
spectrometer, spectral lines are imaged on the flat plane, where the array
detector is placed, by the holographic grating. The unit-type-grazing-incidence
spectrometer and the set up view of the apparatus are shown in Fig. 2.11. This
apparatus has two unit-type spectrometers. The specification of one unit is
that the wavelength region is from 0.5 nm to 5 nm and the resolving power
A/AM is 90 to 210 with 512-channel array detector. The other is that the
wavelength region is from 0.5 nm to 50 nm and the resolving power A/ AN is
10 to 363 with 1024-channel array detector. The 34 unit-type spectrometers can
be installed in this apparatus. The spatial and time behaviors of many
impurity lines can be measured by this apparatus simultaneously.

The Rowland-mount-type 3-m-grazing-incidence spectrometer and 1-m-
Czerny-Terner-type visible spectrometer were installed at the same toroidal
~ location above and below of JT-60.

The ion temperature is measured by the Doppler broadening of impurity
lines. The ion temperatures at the middle and peripheral region of the JT-60
plasma are measured by Doppler broadening of forbidden lines with the 1.2-
m-normal-incidence vacuum spectrometer. The specification of this
spectrometer is that the wavelength region is mechanically from Oth order
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light to 900 nm and the resolving power A/A\ is about 20000 with 32-channel
(channel pitch is 100 pm) array detector.

The ion temperature at the central region of the JT-60 plasma is
measured by Doppler broadenings of heavy-impurity resonance-lines with the
Johan-type crystal spectrometer [18]. This spectrometer has two crystals. One is
SiO; for resonance line of nickel and the other is Si for titanium. The
resolving powers of this spectrometer A/A are respectively 15000 and 7000
with 32ch (channel pitch is 100 um) array detector.

The impurity behavior in the neighborhood of the outer divertor is
measured by the spectrometer using two unity-type grazing-incidence
spectrometers.

Recently charge exchange recombination spectroscopy (CXRS) has been
regarded as a powei'ful technique for tokamak plasmas to measure the radial
profile of the ion temperature, toroidal rotation speed and light impurity
densities. In JT-60 multichordal CXRS system was installed in March 1988 [18].
The CXR emissions in the beam line of NB are measured with 40 fiber optics
bandle.

2.2.5 Radiation loss measuring system

The radiation losses are measured by four different types of instruments;
the bolometer array, the soft x-ray pulse height analyzer, the soft x-ray
intensity and Balmer o line measurement systems.

(1) Bolometer array system

The bolometer array system measures the total radiation flux from the
plasma in order to investigate the energy balance of the plasma. This
measurement system is described in Chapter 3.

(2) Soft x-ray pulse height analyzer

Soft x-ray pulse height analyzer (PHA) measures the soft X-ray spectra in
the energy range of 3-60 keV with the high purity germanium detector. This
measurement system is described in Chapter 4.

(3) Soft x-ray intensity measurement system

The soft X-ray intensities emitted from the plasma are measured by the

PIN diode array. This measurement system is described in Chapter 5.
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(4) Balmer o line measurement system

Balmer o line (Ha) emissions from the main and divertor plasmas are
measured by photodiodes with Ha band-pass filters to investigate the particle
balance. This measurement system is described in Chapter 5.

2.2.6 Peripheral Plasma and Wall Surface Measuring System

The peripheral plasma and the wall condition are observed by an
infrared TV, a visible TV and a mirror-scanning spectrometer.
(1) Infrared TV system [19]

In several points of view, to monitor the temperature of divertor plates
and the Ha emission at the divertor plates is equivalent to monitor the edge
plasma. Since divertor plates are made of graphite, sputtering of carbon from
the surface can cause a contamination of plasma. A sputtering yield is a
function of temperature of the material. Thus measuring the temperature of
the plate may be a good measure how much carbon is released. At the
disruption large energy is released in a short period of time (several
milliseconds). From the engineering points of view, it is important to know
how the energy of the plasma is released to the divertor plate during the
disruption. From physics points of view, heat flux to the divertor plate and
the Ho emission at the divertor plates has a strong correlations to the
confinement of the plasma and the recycling at the divertor plate.

A new divertor monitoring system was developed for lower-X point
discharges. The system consists of an infrared TV camera, visible TV camera
and the data acquisition system. Figure 2.12 shows schematic view of IRTV
and Ha TV camera system. The half mirror is made of Si with anti-reflection
coating for infrared. This half mirror behaves as a mirror for visible but as a
transparency for infrared. Both IR TV camera and Ho camera have the
identical field of view. It is limited by the port of the vacuum vessel and 51 cm
% 10 cm at the divertor plate.

The calibration of IR camera system is carried out to obtain the
attenuation factor of infrared by the half mirror and the vacuum window for
the temperature range from 100°C to 1000°C. The attenuation factor of infrared
by the half mirror and the vacuum window is 65% at 300°C and 75% at 800°C.
The viewing fields of IR TVand Ha TV cameras are carefully measured at the
setting up of this system. The sight of the line scan is set 3.5 cm from the side
the divertor tile to prevent from seeing the enhance heat flux at the edge of
the tile.
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(2) Plasma TV [20]

The on-line TVs observes vertically and tangentially the visible light
from the plasma using a TV camera. The viewing fields of those TVs are
shown in Fig. 2.13. In the tangential TV, the plasma light is guided outside the
vacuum vessel through a reflection mirror and three relay-lens. The support
structure of the optics is composed of the ceramics, so called Macor, because of
the reduction of the eddy-current effect in the torcidal field. The spatial
resolution is about 10 mm at the plasma.

(3) Mirror-scanning spectrometer [21]

Mirror-scanning spectrometer is composed of two spectrometers; visible
and ultraviolet spectrometers. The former measures the light having the
wavelength of 400 nm ~ 700 nm, and the latter 200 nm ~ 400 nm. This system
is mainly used for the measurement of the hydrogen and light impurity line
radiation, and the bremsstrahlung radiation. The viewing chords of the
mirror-scanning spectrometer is shown in Fig. 2.14.

2.2.7 Data Processing System

Data Processing System controls the diagnostics and collects data from
the diagnostics, processes and stores the data [22,23]. The 50 million words of
data (2 Bytes/word) are obtained by the diagnostics for one discharge, and
some data are processed immediately and presented in the control room for
the operators preparing next discharge. The major part of data are stored in the
mass data recorder (MDR) which has the recording capability of 30 input
channels, 4 Mbit per second for each channel simultaneously. Figure 2.15
shows the flow of the diagnostics data per shot. Inter shot processor (ISP) has
one set of large computers to store and process data so that the sophisticated
analysis is rapidly performed using a large amount of the stored data. The
CAMAC standard [24] is used for the interface between the data processing
system and the diagnostics. The CAMAC crates near the JT-60 machine are
installed in an shield box which can reduce the electromagnetic noise by 60 dB.
The components which are especially weak against the magnetic field are

protected by placing in an jron box to avoid any malfunction.
" (1) CAMAC system

CAMAC system makes not only an interface between each diagnostic
apparatus and the large host computer, but also an interface between human
operator and the apparatus.
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The CAMAC system has following three major functions; (a) Control
diagnostic apparatus under the ZENKEI, which is the control system of JT-60,
operation sequence. (b) Collect diagnostics data and preprocess some of them
using a microcomputer. (c) Transfer obtained the data to the host computer.

The CAMAC system consists of 23 diagnostic systems, and each system
has two types of crates; one is the higher level crate which locates in the
diagnostic room containing a microcomputer module, and the other is the
lower level crate which is located in the torus hall containing modules for
many purposes, for instance, A/D converter, 1/O switch, transient memories,
etc.

These two types of crates are connected by optical serial highways to
prevent electromagnetic noise interferences, and to realize the high speed data
transmission. The newly developed optical transit module BUAO (Byte serial
Undefined port Adaptor with Optical) [25] has a function to regulate the
accumulation of pulse jittering, and has the capability of 5 MB/sec data
transfer by single optical fiber.

(2) Inter-shot processor

One of the main parts in the data processing system is the inter-shot
processor system (ISP), which processes diagnostic data within the time
interval between the discharges (shot interval).

The functions of this system are as follows; (a) Information exchange
between ZENKEI and diagnostic systems for discharge sequence to get ready
diagnostic systems toward the discharge. (b) Supplying the software and
hardware environment for the analysis of collected data. (c) Supervise the
diagnostics and monitor their status. Management of job schedule including
synchronous/asynchronous job with discharge sequence.

The ISP system consists of a general purpose computer of FACOM M-360
dual processor. This system has dual CPU with 24 MB main memory and
installs 24 disk-enclosures of 446 MB, 10.7 GB in total. The ISP system has
many 1/O devices and external storage unit, and those devices are connected
individually to each CPU in order to ensure high reliability and quick I/0
response.

A software in this system is classified into two categories, one is a basic
software of general purpose computer and the other is an application use of a
basic software. ISP has an special application software which is necessary not
only to control diagnostic data acquisition under the discharge sequence, but
also to manage the collected data. |
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(3) Real-time processor

The real-time processor (RTP) system has a role to supply the ZENKEI
control computer with realtime feedback data got from diagnostic systems.
(4) Mass data recorder ‘

In order to memorize the data amounting up to 100 MB/shot, which are
created from a 10 second discharge, the MDR system has been developed using
a high speed PCM tape recorder. MDR is a 30 track tape recorder, and has the
capability to memorize 4 Mb/s data flow for each track. The storage capacity of
one pack of the tape is 78 shots with 10 seconds duration, which amounts to
4.9 G Words.
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Fig. 22 Poloidal cross-sectional view of the original vacuum vessel.
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Fig. 23  Arrangements of the NB injectors and RF heating systems on JT-60.
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Fig. 28  Principle of the E/ /B type mass energy analyzer.
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Fig. 2.14 Viewing chords of the mirror-scanning spectrometer.

100 M_B/shot 10OM B/sho!
! ISP
FAP W2
oraat |0
Diggosti 16 B7shol 16M B/shot |14 Ho.t6M B/shot
W iSM B/ShO' ) CAMAC PSP y
j r.”_'-_'
0.86M B/shol ! '=
1 ]
——>>; Raw Dala 2.6 B/shot RTP Q.76M B/hot |Zenkei|
- S PIZT7Trri> o
ezzz=> ; Analyzed Dalo PU-A, FFTP  '5'86M B/shot '

t

r

I 1
-

b

Fig. 2.15 Diagnostics data flow of each discharge in the data processing
system.



JAERI-M 90-087

3.Bolométric Measurement System of
JT-60

3.1 INTRODUCTION

One of the main objectives of present-day tokamaks, such as JT-60, is to
study the energy loss mechanisms of the magnetically confined plasma in
order to develop techniques of controlling them. Line radiation and
premsstrahlung due to impurities mainly located in the VUV and soft X-ray
region, and neutral particles by charge exchange process are important energy
loss channels. These energy losses are measured with bolometric diagnostics.
Radiation loss is important not only for global power balance study but also
for local energy balance. The radiation profile has a decisive influence on the
profiles of other parameters such as Te(r). To understand plasma parameter
profiles, a knowledge of the radiation profiles is necessary.

The bolometer have to meet all of following requirements in JT-60: they
have to be bakeable to 150° C; they have to meet high vacuum requirements;
they have to reject background signals due to temperature changes of the
mounting support, electromagnetic pickup and common-mode voltages; they
have to be resistant to radiation damage by neutron and gamma radiation for
DD discharges. The available detectors, the thermistor bolometer [1,2], the
thermopile detector [3], the pyroelectric detector [4], and the thermographic
method [5), do not meet all these requirements. S0 a new metal resistor
bolometer was developed for JT-60. Similar bolometers are employed in
ASDEX [6], JET (7], and TFTR [8].
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Before modification for lower divertor, single array of 15 channel
bolometers measured radiated power from main plasma and two bolometers
measured that from outer X-point divertor. After the modification, two arrays
of bolometer measured power from main plasma and a bolometer measured
that from lower X-point divertor.

Section. 3.2 describes the new metal resistor bolometer and electronics.
Section 3.3 presents the arrangement of the bolometer arrays and data
acquisition on JT-60. Analysis of the bolometer signal and calibration are
described in Secs. 3.4 and 3.5, respectively. Section 3.6 presents the
measurements on JT-60.

3.2 BOLOMETER AND ELECTRONICS
3.2.1 Selection of Bolometer

Pyroelectric detector [4] is one of the popular bolometer in tokamak
experiments. The electric polarization of a ferroelectric crystal such as LiTaO3
is a function of temperature and can measure the temperature of the detector
foil. The detector supplies a current which is proportional to the temperature
change, so that it can measure the input power directly. However, it have to be
correct the cooling effect of the detector foil and the temperature change of the
mounting support in the long duration discharge. Farther more the detector
has severe difficulties of the radiation damage and the large time drift of the
sensitivity. So it has less reliability as a bolometer for JT-60 and other large
tokamaks.

Thermistor bolometer was a most popular detector in small and
medium size tokamaks. In D-TI [2] and JFT-2M [9], free standing thermistor
(Veco's thinistor) are used for bolometer array to perform long cooling time of
the detector. Thermistor has a large temperature coefficient dR/dT about -2%
~ -5% at room temperature, so that the sensitivity of the thermistor bolometer
is large. Because the temperature dependence of the resistivity is non-linear as

R =Aexp (%) 3.1)

where B is thermistor constant and T is temperature in Kelvin, data analysis
of the bolometer signal is complicated. In JT-60, thermistor bolometers were
employed for initial ohmic experiments. The bolometers were installed at the
end of the vertical diagnostics port, 6 m away from the plasma center, so they
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" did not have to be bake-up. Figure. 3.1 shows the schematics of the thermistor
bolometer. Thermistor chip is attached by epoxy resin back side of the copper
absorber foil. Front side of the absorber is blackened to be sensitive to visible
and infrared radiation. The sensor is sustained by only two platinum
electrodes which have diameters of 25 um, so that the long cooling time of
about 19 s in vacuum is performed. The obtained characteristics of the
thermistor bolometer is summarized in Table 3.1.

Metal resistor bolometer is employed for the bolometer array by
following reasons: bolometer resistant to radiation damage should be
developed for DD discharges; temperature coefficient of the resistivity is
linear; it is bakeable up to 150°C; metal resistor bolometer is affected by
electromagnetic noises less than thermistor, because resistant of metal
bolometer is much lower then that of thermistor bolometer.

Table 3.1 Characteristics of the thermistor bolometer for JT-60 initial

experiments.
Heat capacity C 0.75m]/°C
Cooling time in vacuum T¢ool ~19s
Response time 9 ms
Electrical resistance R 1MQ

3.2.2 Theory of Metal Resistor Bolometer

Basically, metal resistor bolometer consists of three layers, (1) metal
absorber, (2) dielectric sheet such as kapton and (3) metal resistor as shown in
Fig. 3.2. The radiation absorbed by a thin metal foil results in a small
temperature increase. The change of the resistance caused by the temperature
increase is measured by electric circuit.

When the radiation P(t) input into the absorber, heat diffusion equations

are given as

d T, - 1 .14 '
CldtT1—P(t)-R1 (T1-T2) -k1 (T1-T2) (3.2)
d T, = 1 ™-18)-L
Cza-ETp_— R; (T1-T2) -k2 (Tp - 0)'R2(T2’TO) (3.3)
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" where T1 and T are temperatures of absorber and metal resistor, respectively,
C1 and Cs are heat capacitances of absorber and dielectric sheet, respectively, Ry
is thermal resistance between absorber and metal resistor, Rz is one between
metal resistor and electrode, k1 and ky are radiation coefficients of absorber
and metal resistor to circumstance, respectively. Here it is assumed that the
metal resistor is very thin and its heat capacitance is negligible.

For estimation of the response time of the bolometer, cooling terms in
Egs. (3.2) and (3.3) can be neglected. If input power P(t) is delta function,

dr -.1 -

G o Ty = R (T1-T2) (3'2.)
d7r, -1 (1.-

Ca i T2 R (T1-T2) (3.3)

are obtained. From Egs. (3.2") and (3.3"), the differential equation with Tz is

given by
2 C
c, T, =1 qg+2ydT
222 2 my e a1 (3.4
The solution of Eq. (3.4) is given by
(e
T, =T (t=0)11-e1g (3.5)
where 1R is the response time and given by
=R GG Ry
Ci1+Ca . (3.6

In order to obtain smaller response time, Ci and Cy should be smaller.
Sufficient thickness of absorber is needed to stop soft X-rays, so that thinner
dielectric sheet is needed to obtain fast response time.

For estimation of the cooling time of the bolometer, T1 = T2 can be
assumed because the cooling time is much larger than the relaxation time of
T1 and T2. By summing Eqs. (3.2) and (3.3) with neglecting radiative cooling
terms,
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d71,=-1(T;-T
(C1+C2)dt 2 Rz( 2 o), a7

is obtained. The solution of Eq. (3.7) is given by

To (® ={T2(0)-To}e'z + To, 3.8)
where 1. is the cooling time and given by

1e=(C1+C2) Ra. (3.9)
3.2.3 Metal Resistor Bolometer for JT-60

A schematic diagram of the metal resistor bolometer [10,11] developed
for JT-60 is shown in Fig. 3.3. The sensor consists of three layers. A 11 x 16
mm2, 5-pm-thick gold absorber is laminated on the front of 7-um-thick
polyimide sheet. A 0.1-um-thick gold resistor is laminated on the back of the
polyimide sheet. The resistor pattern is shown in Fig. 3.4. The manufacturing
process is photoetching technique. The sensor foil is mounted on the
stainless-steel frame. The bolometer is composed of two identical sensors. One
is mounted behind the other via 1-mm-thick Teflon sheet. Front sensor faces
to plasma. The backside sensor is shielded by front one and Teflon sheet, so
that it operates as a reference sensor to compensate the change of room
temperature.

Upper limit of the measurement range is determined by the stopping
energy of the absorber foil. Stopping energy defined by 90% absorption is 10
keV. Lower limit of the measurement range is determined by the reflection of
the absorber surface. Reflection coefficient of gold surface in the range from
UV to visible is shown in Fig. 3.5. Reflection is almost constant 5 - 10 % in
VUV range. So the measurement range of the bolometer is 1.2 - 2000 Ain
wavelength.

The response time and cooling time of the bolometer were estimated
from Eqs. (3.6) and (3.9) as follows. The response time is estimated by

C1C K
iR =—
R C1+C2

=35%x10%s (3.10)
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where Ry = 8/AA, 8 is a thickness of polyimide sheet (7 x 106 m), A is a heat
conductivity (0.156 J/s-m- °C), and A is an area of the resistor (1.2 X 104 m2).
Heat capacities C1 and C; are respectively 2.35x 10-3J/°C and 2.04x 10-3}/°C
from Table 3.2. The cooling time is estimated by

=35%x10s (3.11)
where Ry = 8/2XA, § is a length of electrode wire (2 x 10-3 m), A is a heat
conductivity (314 J/sm- °C), and A is a cross-section of the electrode wire (8.04

x 10-10 m2).

Table 3.2 Heat capacitances of the bolometer components

Mass (g) Specific heat (J/g-°C) Heat capacity (J/°C)
Absorber 1.85 x 102 0.127 2.35% 10-3
Polyimide  2.04 x 103 1.1 2.04 x 10-3
Resistor 1.93x 104 0.127 2.45% 103
Electrodes 3.1 x 105 0.127 3.9 %100

3.2.4 Electronics and Data Acquisition

Figure 3.6 shows a block diagram of the bolometer amplifier. The
resistance change of the bolometer is converted to the corresponding voltage
change through the bridge circuit. The bridge output is amplified by three
stage operational amplifiers. The DC offset of the bridge output is
automatically compensated by auto balance feedback circuit before plasma
discharge. Figure 3.7 shows the data acquisition for the bolometer. The signal
of the bolometer amplifier is sent to CAMAC transient recorder (LeCroy 8212A
and 8800A) via fiber optics and stored in CAMAC memory with 3 ms
sampling time throughout 10 s discharge. The data is transferred to the JT-60
data acquisition system and analyzed in the Inter-shot processor.
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33 ARRANGEMENT OF BOLOMETERS ON JT-60

In the first period April 1985-March 1987, bolometer consisting of 15
channel bolometers was installed in the bottom diagnostics port outside of the
vacuum vessel as shown in Fig. 3.8. The bolometer array was mounted in
triangle vacuum chamber (IN2 vacuum chamber). The detectors were exposed
to the plasma through a 4 cm X 6 cm rectangular aperture 3 m away from the
center of the plasma. The viewing field covered more than a half of the
plasma cross-section in the range of tangent radius from 0.73 to -0.19 m. The
spatial resolution of the bolometer array in minor radius was about 0.12 m. A
flash lamp was mounted near the aperture to test the detectors remotely. In
the same vacuum chamber, X-ray imaging system, CX neutral particle
analyzers and Ho monitor were installed. The three channe] bolometers using
thermistor with vertical sightlines were mounted on the diagnostics ports at R
= 2.53, 3.04, and 3.55 m in the basement. One channel thermistor bolometer
viewing near the X-point of the divertor was mounted on the diagnostics port
tilted 75° against the midplane. A couple of the metal resistor bolometer on
electron and ion drift sides measured the radiated power from the divertor
chambers. These were mounted on the divertor pumping ports and 2.4 m
away from the divertor plates. _

In the second period May 1987 - October 1989, additional array consisting
of 16 channel bolometers was installed in the top diagnostics port outside of
the vacuum vessel as shown in Fig. 3.9. The radiated power from the lower
divertor region was measured by single bolometer after the modification for
lower X-point divertor. Note the viewing field of the divertor bolometer
included the X-point in the typical divertor configuration. The three vertical
bolometers and one viewing near the outer X-point were taken off for install
of lower divertor coils.

34 ANALYSIS OF BOLOMETERS SIGNAL

If the radiation power P is incident on the bolometer, the time behavior
of the temperature T is governed approximately by the simple differential

equation
dr _p.T-To
dt _C Te (3'12)

’
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“where C is the heat capacity of the bolometer foil, Tg is the initial temperature
of the bolometer foil, and 1 is the cooling time. By solving Eq. (3.12),

-c(dT . T-To
P=ClG *7 % ) (3.13)

is obtained. The output of the bolometer amplifier is proportional to the
bolometer temperature, so that the chord integrated radiation along ith
shightline is given by

[ Pdlj=—1— {-d— Vi) + No ;CVi © (3.14)

AQj € ,
where Vi(t), AQ; and g; are respectively the output, the slid angle and the
sensitivity of the ith bolometer. Here dV/dT is obtained from the time
derivative of the quadratic function fitted to V(t).

Generally, the total radiated power from the main plasma raa(‘ii“ is
obtained by the volume integral of P(r) which is the local radiation loss
calculated by an Abel transformation from the chord-integrated radiated
powers. However, an Abel transformation is not valid for the radiation profile
which is poloidally asymmetric. The poloidal asymmetry of the radiation

profile is expected in the divertor configurations on JT-60. PIAIN is represented
exactly by

prain _ | onR
rad (3.15)

f P(R,Z) dZ) dR

4

where P(R,Z) is the local radiation loss at point (R,Z) in the poloidal cross-
section. The value in the large parentheses is the radiated power integrated
along vertical chord. The number of the measurement chord is finite, and
furthermore, the viewing chords of the bolometer array are not vertical.
Therefore, simple form

ain
=27k Ar:P;
rad Piz i1 (3.16)
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'is employed as the approximation of Eq. (3.15). Here Rp is the plasma major
radius, and Arj is the averaged width between ith and i+1th chords, and Pj is
the radiated power integrated along ith chord.

A knowledge of the radiated power profile in the divertor region 1is
necessary to estimate the radiated power from the divertor region. But
sufficient information about the profile was not obtained. In the outer X-point
divertor, the bolometers viewed near the separatrix hit line on the divertor

plate only so that the divertor radiation loss P‘ri;g power was assumed to be

radiated only from the separatrix hit line. Thus r;}‘{ was represented by

diy _ pi¥ (electron side) + Piag (ion side)

_ 2R . 4% { py (electron side) + Pg (ion sid
0 AQ{ 4 (electron side) + Pq (ion si e)}' (3.17)

where R was the major radius of the separatrix hit line, | was the length of the
separatrix hit line in the viewing field of the divertor bolometer, AQ was the
solid angle from the separatrix hit line to the bolometer, and Pq was the
received powei' of the divertor bolometer. In the lower X-point divertor, the
bolometer viewed the divertor plasma of both electron and ion drift sides
from the side diagnostics port, and did not view the surface of the divertor

plate, so that Pf;; power was assumed to be radiated from the divertor plasma

uniformly. Thus P?aig was represented by

div _ onRg Zg- £ Py
AQ (3.18)

where R4 was the major radius of the X-point, Z4 was the height of the the
viewing field of the divertor bolometer in the divertor region, AQ was the
solid angle from the bolometer to the divertor plasma, and Pgq was the
received power of the divertor bolometer.

Generally, an Abel transformation is used to obtain the radiation profile
P(r) from the chord-integrated radiated power. However, an Abel
transformation is valid only for a poloidally symmetric radiation profile. It
was estimated from the raw data of the bolometer array that the radiation
profile had a poloidal asymmetry in the divertor discharges. So an Abel
inversion was not available to obtain the radiation profiles. In TiC
molybdenum wall period, additional three-channel vertically-viewing
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bolometers and one channel bolometer viewing near the X-point were
available, so that the reconstruction of the radiation profile was tried by using
an asymmetric Abel inversion. Intense asymmetric radiation around the
outer X-point had been found in the divertor configuration. The radiation
profile was assumed to be simple form as

P(r,08) = Py(r) + P1(r)cos™a, (3.19)

where 6 = 0° was the direction of major radius. Here following function was

employed as P1(r):

P1(r) = asi 1‘—-1) for <<
1) = asiny a(rz 2)

= for -n<f<-X, <<
0 (Or MOy 9% “} (3.20)

where parameters «, m, and n represent respectively the intensity, width in
radial direction, and extent in the 6 direction. These parameters was
determined so that the reconstructed profile most likely reproduced the data
measured by the bolometer array and four bolometers by an iteration method.

3.5 CALIBRATION OF BOLOMETERS

Response time of the bolometer Tr was estimated from the response to
flush lamp. The response of the bolometer V(t) for impulse input is given by

V() = Vo (1- € 7g) (3.21)

where Vg is the saturation voltage. If the pulse width is comparable with the
response time, Eq. (3.21) is not valid and replaced by

t
S .
V(t)=Cf fY(1-e g ) dt (3.22)

0

r

where £(t) is the time history of the input pulse. The pulse width of the flush
lamp was about 2 ms, so that it could not be regarded as a impulse input. Rise
time tg was determined so that Eq. (3.22) most likely reproduced the
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" bolometer response by using flush lamp waveform £(t) which was measured
by a photodiode with 10 psec response time. Thus response fime of 1.4 msec
was obtained. This value is four times larger than expected one of Eq. (3.10). It
is probably because heat capacity of the dielectric sheet out of the absorber area
can not be neglected.

Cooing time of the bolometer was estimated in situ from the time
evolution of the bolometer output signal after the termination of the flash
lamp in the vacuum chamber using Eq. (3.8). Thus cooling time of about 8 s
was obtained. This value is four times smaller than expected one of Eq. (3.11).
It is probably because radiative cooling effect and heat diffusion to the
dielectric sheet out of the absorber area can not be neglected.

Sensitivity of the bolometer was calibrated by a He-Ne laser. Schematic
diagram of the calibration is shown in Fig. 3.10. The laser beam which was
calibrated by the power meter was put on the bolometer with the incident
angle of 45°. The power reflected by the bolometer surface was measured by
the power meter. The sensitivity of the bolometer &€ was given by

g=_—dv / dt
Pinput - Preflect , (3.23)

where dV/dt is the time derivertive averaged in 0 - 200 ms after open of the
incident shutter, and Pinput and Preflect were the powers of input and reflected
laser beam, respectively. Thus the sensitivity of 1.75 V/mW was obtained in
the case that the bias of the bridge was 5V, and the gain of the amplifier was
5000. The measurement uncertainty of the sensitivity was estimated to be 7%.

The calibrated data and other characteristics of the metal bolometer is
summarized in Table 3.3 . The cooling time of the bolometer is about 160 time
longer than that of JET (0.2 s) and the heat resistance is larger than that of JET
(90 °C/W). Therefore high sensitvity is performed.
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" Table 3.3 Calibrated data and other characteristics of the metal bolometer.

Response time 1.4 ms
Cooling time in vacuum 7Tegol ~8s

Heat capacity C 4.4 mJ/°C
Heat resistance too1/C 1800 °C/W
Sensitivity (Vpias =5 V, Gain = 5000) 1.75 V/mW
Electrical resistance R 7kQ

3.6 APPLICATION ON JT-60

By bolometric measurements, the radiation losses and global power
balance of JT-60 plasmas was investigated. These experimental results are
described in Chapters 6 and 7. Typical results of bolometric measurement is
shown in this section.

Figure 3.11 shows the typical waveforms of plasma current Ip, line
averaged electron density Ne, injected NB power PnB, and radiated power

from the main plasma P}.ﬁfn in the outer divertor discharge. The radiated
power from the main plasma increased proportionally to re in OH phase.
When the NB of 20 MW was injected from 6 to 7 s, ra%i“ was in creased
according to PN to be about 2 MW which was 10% of PNnB. The time
evolution of the bolometer signals around the NB injection is shown in Fig.
3.12. Channels 1 and 12 viewed the bottom and center of the plasma,
respectively. The radiated power in the chords passing through the core region
was dominant, so that a center-peaked radiation profile was provided if the
radiation profile was axisymmetric. That was not consistent with the
theoretical prediction and the results of other tokamaks such as TFTR [12] and
JET [13]. The radiation loss around the X-point was expected to be enhanced.
The chord-integrated radiation profile in Fig. 3.12 might be explained by the
asymmetric radiation enhanced around the X-point because the sightlines of
high channel number bolometers were viewing near the X-point. The line
averaged radiated powers measured with the three vertical bolometers and
one viewing near the X-point plotted against the major radius of the sightline
are shown in Fig. 3.13, where major radius of the chord viewing near the X-
point is defined as 3.04 m plus the tangent radius of the chord. This figure
indicates that the intense poloidal asymmetry exists outside of the torus.
Then, the poloidally asymmetric radiation profiles were reconstructed for the
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outer X-point discharge with NB heating by the technique described in Sec. 3.4
The result of the reconstruction shown in Fig. 3.14 indicates an intense
poloidal asymmetry near the X-point. The radiation emissivity in the
asymmetry reached up to 200 kW/m3 in this case. The width of the
asymmetry in the radial direction was approximately 0.25 m. The integrated
powers of the symmetric and asymmetric components were 730 + 150 and 720
+ 140 kW, respectively. It was found from the reconstructions with different
i, that the asymmetry became remarkable for Tie larger than 2 x 10-19 m-3. The
chord integrated emissivities calculated from the reconstructed profile agreed
with the measured data within 25%. It is considered that these errors are
caused by an insufficient number of bolometers with vertical viewing chords
and systematic error of the sensitivities between the metal bolometers and
thermistor bolometers.

3.7 CONCLUSION

A new metal resistor bolometer was developed for JT-60. It is composed
three layers, 5-um-thick gold absorber, 7-um-thick polyimide and 0.1-pm-thick
gold resistor. This bolometer with bridge amplifier shows a linear response to
radiation power, including both neutral particle emission and electromagnetic
radiation in the range from UV to soft X-ray. Very long cooling time and high
sensitivity are performed in this bolometer. The bolometer meets the
requirements of present-day tokamak experiments. The sensitivities of the
bolometers were calibrated by a He-Ne laser. The long cooling time and high
sensitivity of the bolometer are performed.

Before modification for lower divertor, single array of 15 channel
bolometers measured radiated power from main plasma and two bolometers
measured that from outer X-point divertor. After the modification, two arrays
of bolometer measured power from main plasma and a bolometer measured
that from lower X-point divertor. Intense poloidal asymmetries of the radiated
power localized near the X-point outside the torus were observed in divertor
discharges. The profiles of the radiated power were reconstructed by the Abel
inversion with an asymmetric term.
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Fig. 3.3 Schematic diagram of the metal resistor bolometer developed for JT-
60.
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Fig.3.7 Block diagram of the data acquisition for bolometric measurement.
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Fig. 3.9 Sightlines of the bolometers in the period May 1987 - October 1989.
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Fig. 310 Schematic diagram of the sensitivity calibration using He-Ne laser.



JAERI-M 90-087

SHOT NO.: EQ02366

<
=
a.
] | i | J 1
o 15t
an
-—9 {.0F
= 0.5+
'S 00 1 | ! | | ! [ I n
—  30F
=
= 20
£ 10
o
0 1 | | I | l |
20
= ;
= 1.5
£_ 1.0F
E2
O 05F
0.0 i 1 ] L ! I | ! I
0 1 2 3 4 5 9) 7 8 g 10

TIME (SEC)
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heatings.



JAERI-M g0 -087

SHOT No. : EO02366

_— 1001

‘;JE 80

=

S N

g R

s .. \\\ \ \\§\\\\\$\~

& 20 \\\\\\\\\R\k\\\%
0_.
/5

Fig. 3.12 Time evolution of the bolometer signals as a function of channel
around the NB injection

1] I I I ] T 1 I 1
- L [, = 1.5MA ]
'e Pngr= 18 MW ° -3
1| e :29x10°m
= 10} .
~ I :
g - N
=)
NS . _
10_2 ! L I I ! I ! 1 !
2.0 3.0 4.0

R {m)

Fig. 3.13 Line averaged radiated powers measured with the three vertical
bolometers and one viewing near the X-point plotted against the
major radius of the sightline.



JAERI-M 90-087

BOOT

2001
100 -

™
E
-
=
3

0on

heated divertor discharge with Te of

mvers

reconstructed by an Abel

le
ic term for NB-

Fig. 3.14 Asymmetric radiation profi

9 x 1019 m3.

.

with asymmetr

2



JAERI-M 90087

4. Soft X-ray Measurements by Pulse
Height Analysis on JT-60

4.1 INTRODUCTION

The evolution of electron temperature and the behavior of impurities
are important parameters in tokamak fusion plasmas. Soft x-ray spectrum has
an information of electron temperature, low- and high-Z impurities.
Moderate resolution x-ray spectroscopy is a powerfull tool for studing these
parameters [1,2]. In order to estimate the electron temperature and to
investigate the basic performance of impurities in JT-60, the x-ray pulse height
analyzer (PHA) was constructed. The high purity germanium detector cooled
by liquid-nitrogen is used to measure the soft x-ray spectra in the 3-60 keV
energy range with time resolution of 100 ms. The x-ray spectrum consists of an
exponentially decreasing continuum spectrum, due to bremsstrahlung and
recombination radiation, and line radiation of high Z impurities. Electron
temperature can be derived from the inclination of the continuum spectrum,
‘and the concentrations of low- and high-Z impufities can be derived from the
absolute measurements of the continuum and line radiation.

The experimental set-up of the PHA system is described in detail in Sec.
4.2. The analysis procedure of soft x-ray spectrum is reviewed in Sec. 4.3. In
Sec. 4.4 the experimental results for measurements of electron temperature

and the impurity concentrations are presented.
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42 MEASUREMENT SYSTEM
4.2.1 Arrangement and Detector

The spatial arrangement of the PHA on JT-60 is shown in Fig. 4.1. The
PHA is installed under the lower structure and views the center of the plasma
through the vertical diagnostics port. The detailed view of the pulse-height
analyzer system is shown in Fig. 42. The PHA is connected to the vacuum
vessel of the JT-60 by about 4 m long inconel tube and the differetial pumping
system using a turbo molecular pump.

The high purity germanium detector arranged at the bottom of this
system is cooled by liquid nitrogen using the J-shaped cold finger. The high
purity germanium crystal is mounted behind 0.025 mm thick beryllium
window which keeps it vacuum isolated from the vacuum environment of
JT-60. The crystal has an active area of about 80 mm?2 and thickness of 10 mm.
The detector is most sensitive to photons in the rang 2-100 keV as shown in
Fig. 4.3.

The detector views the plasma through the collimator and the thin-foil
filter placed in front of the detector. The collimator is made of the 5mm-thick
lead disk covered by 5 mm aluminium side by side, on which eight different
diameter apertures are arranged. The x-ray intensity incident on the detector is
remotely controlled by this rotating collimator disk. The apertures provides a
large dynamic range of 103 in count rate to adjust the various conditions of the
JT-60 plasma. A set of filters, which consists of 4 beryllium foils and 4
aluminium foils displaced on the aluminium disk, can be set remotely to
adjust the cut off energy of the incident photons. The probability of pulse pile
up is increased by too many photons incident on the detector. Figure 4.4 shows
normal and pile up spectra of soft x-ray measured on JT-60. The pulse pile up
becomes remarkable at count rate more than 40 kcps for this detection system.
Therefore, the count rate has to be kept 10-40 kcps by choosing the suitable
aperture and foil. Checking source of 3.7 MBq 241Am is mounted between the
filters and collimator to do in-situ energy calibration. The checking source is
inserted on the viewing line remotely.

Ceramic breaks in front of the gate valve isolates the supporting
structure of the PHA from the differential pumping system and the vacuum
vessel electrically. Furthermore, the detector is isolated from the supporting
structure by a poli-ether-ether-keton break which was can be use instead of a
conflat type gasket and to be baked up to 180°C. The 30 mm-thick iron cylinder
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surrounds the detector and the pre-amplifier, which are prevented against the
influence of the leakage magnetic field from JT-60 and the electro-magnetic
noise. Lead plates on the iron cylinder shields hard x-rays which are generated
by collisions of runaway electrons with the limiters.

4.2.2 Electronics and Data Acquisition

The block diagram of the electronics is shown in Fig. 4.5. Charges
generated by a x-ray photon in the detector are integrated by the charge
sensitive pre-amplifier which is mounted to the detector directly. The first
atage FET is cooled by liquid nitrogen to reduce thermal noises. The time
constant of the pre-amplifier is made as short as possible in order to get higher
count rate. The gain of the linear amplifier is adjusted so high that the energy
range of measurement is from 3 to 60 keV typically. Though the amplifier has
the pile up rejection drcuit, it is not used in this experiment. Because the gain
is set to be high in this experiment, the pile-up rejector is triggered by the
thermal noise and then generates the event pulses of pulse pile up
continuously. Shorter shaping time constant makes count rate higher,
however, degrades an energy resolution. So the shaping time constant of the
amplifier is set to be 1 us.

The pulse height of the linear amplifier is analized by a CAMAC type
spectroscopic ADC (pulse height analizer). The conversion gain of the ADC is
selectable among 256, 512 and 1024. The degitized data by the ADC was
transferred to four 32 KW histogram memories. The conversion gain of 1024
channels is employed typically, so that the spectrum is measured with time
resolution of 100 ms throughout 10 s. The scalar recorded the total count rate
of the pulses above a discrimination level which is same as that of the ADC.
Furthermore, the dead time of the PHA system is estimated from the
difference between the count rate of the scalar and that of the ADC.

4.2.3 Calibration of Detector

The absolute detection efficiency of the detector was calibrated by 53Fe x-
ray source whose energy was 5.9 keV. The phton emissivity of the source was
calibrated to be 5.7 x 105 + 5% phton s-1 4n-1 (at Sep. 2, 1985) by standard
radiation source at the Electrotchnical Laboratory, Tsukuba. By correction the
absorbtion of air between the detector and x-ray source, the absolute efficiency
of 0.81 + 0.08 was ontained for 5.9 keV photon. Energy calibration was carried
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out by using checking sources of 55Fe and 241Am. The energy resolution of the
detector was 0.38 keV of FWHM for 5.9 keV and 0.51 keV for 59.5 keVusing a
1-us shaping time.

43 ANALYSIS OF SOFT X-RAY SPECTRUM

The spectral distribution of the soft x-ray emission in tokamak discharges
can yield the valuable information on the electron temperature, impurity
concentrations and the presence of runaway electrons. The electron
temperature is obtained from the slope of soft x-ray spectrum in a
semilogarismic plot, but the interpretation 1is complicated by radial profile
effect, because the measured spectra are the line integral signals. The absolute
intensity of the continuum radiation compared to only hydrogen
premsstrahlung is represented by the enhancement factor {, which
characterizes the impurity concentrations in a plasma, as well as the effective
ionic charge Zess. Typical soft x-ray spectrum consists of a continuum
spectrum with a few impurity K- and L-lines. If the runaway electrons are
produced substantially in the discharges, the high energy runaway tails
become prevalent in the continuum spectrum. The metallic impurity
concentrations can be estimated from the K- or L-lines spectra, and the
residual light impurity concentrations from the enhancement factor .

The x-ray emission from a plasma consists of a continuum of free-free
bremsstrahlung and free-bound recombination radiation, and of a bound-
bound line radiation. The energy spectrum of bremsstrahlung radiation for a

Maxwellian plasma is [2]

dPsf,ij(TeEv) 15 njj 1/2 = E
dPeijTev) _ 5 1015 ne ny = Zi i Te i expl- =¥ .
dE, Ne j 7 Zeeij Te "™ BHE ] xp( T, ) 4.1)

[keV/keVecm3esec],

where i, j represent an i-impurity ion species and j-charge state. Ev, Te, Te
represent the photon energy, electron density and electron temperature,
respectively. Zgsj is the effective jonic charge for free-free bremsstrahlung,
which is nearly equal to the nuclear charge [3]. Bftij is the averaged free-free
gaunt factor which is averaged over a Maxwellian electron velocity
distribution, and is a function depending on the electron temperature and
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photon energy,'ni is the total density of the i-impurity species, and nij/ n; is the
relative density ratio of the j-ionic charge state of the impurity.

The formula of free-bound radiative recombination [2], which is obtained
from the Kramers formula for the hydrogenic ions, is

dPﬂJ,ij(Te:Ev) _
dEy

n.-
3% 101 ne Ell—] Z;?j Tol/?2 Bij exp(- %’-) (4.2)
e

7

& . Ii' Ii'
Bij(Te By ) = — Bibi T—i exp (ﬁ) 0 (Ey - Ij)

2

2
_ Z&. Iy Z% - Iy
+ Z 2 gfb,ij ] > exp ( d > ) 0 (Ey - Lijn+od
am1 (n+o) (n+o)° Te (n+a)” Te

f

where Zjj is the charge of ij-ion before recombination, and Iy and Ijj are the
jonization potentials of hydrogen and the recombined electron in a ground
state, respectively. The first term in Bj; represents the recombination to the
valence shell-n with empty spaces £ and the second term is the contribution to
the quantum sfates (n+a). As the photon energy is the sum of the kinetic and
binding energies of the recombining electron, the spectrum has the
recombination steps at the energies equal to Lijn+ond is indicated by the step
function 8(Ey - Lijn+a)- 8 is the averaged free-bound gaunt factor and
assumed to be unity in most cases [8].

From Eqs. (4.1) and (4.2), total x-ray spectrum is given using the
enhancement factor { as

dPioi(TeBy) _ (def,éj . deb,ii]
dEy ~ < \de,  dEy
Ey

=3x 10" (g n n2 Te/? exp(- =
e

(4.3)

Here we define the factor 7jj as well as in Ref. [3], and the relation between ¥jj

and { is given as

dPiotij _ dPehj
dEv .Yl] dEV (4'4)

r
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The charge state fractions of an i-ion are unknown, which is dominated by the
balance between ionization and recombination, and in considerably affected by
the radial direction particle transport. But for the light impurities, it can be
assumed that all ions are stripped perfectly.

The dominant processes of the bound-bound line radiation are through
to be electron collisional excitation and dielectronic recombination [6]. For
metallic impurities, K- or L-line photons are emitted in the energy range
where the PHA detectors are sensitive, which characterize the impurity
olements and their concentrations. The photon emissivity of i-ion S5
[photons/cm3es] is represented by

Si=nen 2], Pl{lil(cv)ij 4.8)

where <ov>jj is the total excitation rate averaged over a Maxwellian velocity
distribution [6,7). The line integrated value is

SL = E‘-Sf ne(ry (ov) dl (4.9)

where 2, (nyj / r\i) {ovkj={ov} and {n; /ne) is the averaged impurity density for
j
the x-ray emitting high temperature region. This value is related fo the

detected photon count rate C [count/s] as

C=efed Sa %% S (4.10)
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where g, €4, Sq, and AQ/ 4, represent respectively the filter transparency, the
detection efficiency, the detector sensitive area and the solid angle.
The neutrality of plasma is represented by

i#p ,

(4.11)

where np is proton density. Therefore the effective ionic charge Zefs is given

by
) (Z? - Zi) I

Zefr=1+2F (4.12)
Nea o,

44 EXPERIMENTAL RESULTS
4.4.1 Soft X-ray Spectrum

Figure 4.6 shows the typical spectrum of the soft x-ray emitted from the
main plasma in the JT-60 divertor discharge. In the spectrum, Ka and KB lines
of titanium and Ko of nickel were identified. The former is the coating
material of the first wall and the latter is the base metal of inconel 625, of
which the JT-60 first wall is made. No significant lines of molybdenum, which
was the base material of the limiter, were observed in the normal discharges
except outer divertor discharges with high-power NB heating. The following
sections describe the electron temperature and the impurity concentration

from the soft x-ray PHA measurements.
4.4.2 Electron Temperature

Figure 4.7 shows the time evolution of the plasma current, electron
density and electron temperature from PHA for the divertor discharge of '
I,=1.5 MA, Br=4.5 T. The electron density was increasing gradually and
reached its peak at about 7.0 s, when inversely the electron temperature
showed minimum value. This tendency was more remarkable in Fig. 4.8. This
data was obtained from the plasma current flat top phases. As the electron
density increased, the effective ionic charge decreased. So the ohmic input
power decreased and therefore the electron temperature decreased.
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The PHA measures the line integrated spectrum along the viewing
chord and it represents central high temperature region. The profile effect is
approximately less than 10% in the central electron temperature. In Fig. 4.9 the
temperature obtained by PHA is compared with the central electron
temperature measured by Thomson scattering. In this figure, PHA
temperature was a little higher than Thomson scattering temperature. But the
good agreement was obtained in the statistical error range.

4.4.3 Impurity Concentration and Effective Ionic Charge

In the JT-60 plasma, the dominant metal impurity species were titanium,
nickel and chromium. In Fig. 4.6 these impurity lines are seen except
chromium line, of which Kg-line is overlapped on Ti-Kg line. During the
strong NB heating discharges, the Mo-Kg line which was generated on the
divertor plate was observed and these discharges were often terminated by the
hard radiation energy loss.

Figure 4.10 shows the effective ionic charge Zeff as the function of
electron density. As the electron density increased, Zegf approached
asymptotically the value of 1. The dependence of Zefs on the plasma current
was not clear, but the values of limiter discharges were far larger than those of
divertor discharges. No difference between the ohmic and NB heating
discharges can be seen and this result is supported by the visible
bremsstrahlung spectroscopy [9]. The value of Zeff estimated by PHA was 1.2 at
M. = 3.0 x 1019 m3, but the values obtained by the other diagnostics, the visible
bremsstrahlung spectroscopy [9] and the active beam scattering system [10},
were about 1.5 at the same electron density. This deviation is under
examination. In order to calculate Zetf, titanium and nickel were included as
the dominant metal impurities and oxygen was assumed to be only light
impurity because of the lack of enough spectroscopic information. The
electron density and temperature profile were given from the 4 channel
interferometers and 6 channel Thomson scattering measurements,
respectively.

In Fig. 4.11, the titanium concentrations of the divertor and limiter
discharges which were estimated from Ti-Ky photons are shown as the
function of electron density. The symbol of He shows the helium discharges
and all the others are hydrogen discharges. To calculate the excitation rate
coefficient, the dominant three processes were considered; the electron
collisional excitation [6,7], the dielectronic recombination and the radiative
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recombination into the K-shell. The titanium concentrations of NB heating
discharges were about factor 2 larger than those of ohmically heating. The
values of helium discharges were far larger than those of hydrogen discharges,
but the exponentially decreasing features with the increasing of electron
density were seen in all discharges.

Figure 4.12 shows oxygen concentration as the function of electron
density. It decreased with the increasing of electron density as well as titanjum
concentration, but its decline was smaller than one of titanium. The oxygen
concentrations of limiter discharges were about factor 5 larger than those of
divertor discharges, but no clear difference could be seen between ohmic and
NB heating discharges for the divertor discharges. These value estimated by
PHA were not about factor 2 smaller than those obtained by the active beam

scattering system.
4.5 DISCUSSION AND CONCLUSION

The x-ray pulse height analysis was performed using a liquid-nitrogen
cooled high germanium detector and by this measurement the electron
temperature and impurity concentrations were estimated. The electron
temperature measured by PHA, which was not the central electron
temperature strictly but represented the central high femperature region,
corresponded to the temperature measured by Thomson scattering system
within the statistical error range. The titanium concentration was decreasing
exponentially with the increasing of electron density and its typical value was
1.0 x 10-3% at fip =3.0 x 1013 m-3, About the effective ionic charge Zeff which
was dominated by light impurities in the JT-60 plasma, there was the
unnegligible difference between the PHA measurement and others; the visible
bremsstrahlung spectroscopy and the active beam scattering system. This
difference may be due to the ambiguity of the atomic cross section considered
in the calculation process or due to the system calibration error.
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5. Soft X-ray Intensity and Balmer o Line
Measurement Systems on JT-60

5.1 SOFT X-RAY INTENSITY MEASUREMENT SYSTEM

5.1.1 Introduction

One-dimensional imaging of soft x-ray intensity (x-ray imaging) can
provide several interesting parameters of tokamak plasmas with excellent
spatial and temporal resolutions in spite of the simple mechanism. So the x-
ray imaging has been applied to most tokamaks [1-8]. The most common use
of the x-ray imaging is to study magnetohydrodynamic (MHD) instabilities.
Especially, sawtooth study originated at the ST tokamak using a single detector
[9] has been evolved via poloidal/toroidal mode analysis [10] to be a MHD
study using a tomography technique [11-14]. Other uses of the x-ray imaging
have been studies of the radiated power and rapid transport of impurity ions
in the plasma, the electron thermal conductivity from the heat pulse
propagation in the sawtooth oscillations, the electron temperature profile
using a filter absorption technique, and the toroidal rotation velocity from the
frequency of the m = 1 oscillations.

In JT-60, thirty channels of PIN diode detectors with the changeable
multi-absorption filters were installed as the x-ray imaging system.
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5.1.2 Theory of Measurement

The soft x-rays radiated from the plasma consists of a continuum
radiation and line radiations of impurity ions. As discussed in Sec. 4.3, the
continuum radiation spectrum is represented by

T
dPiot(Te,Ev) =3x 1010 LBt H n3 T“e1/2 exp(- El) (5.1)
- dEv ’ Te , *

where each notation is same as in Eq. 4.3. The soft X-ray intensity is a function
of the electron density, electron temperature and contents of impurity ions,
however, the intensity in the range Ey > Te is most sensitive to the electron

temperature.
Chord-integrated x-ray intensity received by the PIN diode is given by

4T d Ey d Ey

PDET:Q,DA_QJCH edgf(ﬂ)m.,.z&)dgv 62

where g4 is an absorption rate of the detector, £¢ is a transmissivity of the
detector, Sq is an active area of the detector, and AQ is a solid angle of the
detector. The intensity of line radiation from impurity ion is represented by

Py =iz ne? (o v (53)

’

where <Gv> is an excitation coefficient and n; is an impurity ion density. So
the spectrum of the line radiation is given by

%&=Ei(§ei)ne2(cv)i8(Ei-Ev)’ 54)
where Ej is an excitation energy.

The detection efficiency of the detector is determined by eq*es. Figure 5.1
shows the detection efficiency as a function of the beryllium filter thickness
for the detector with the depletion layer of 10 pm and the dead layer of 0.3 pm.
Lower cutoff energy defined by 1/e transmission of the peak value increases

with the filter thickness.
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The detected x-ray intensity is enhanced by impurity ions. Figure 5.2
shows the enhancement ratio to pure hydrogen plasma on the case mj =
(ni/ne)/¢ =1 x 105 of titanium where { is the enhancement factor. Here the
total excitation coefficient of the impurity ion is calculated from corona
model. The enhancement by titanium increases with the beryllium filter
thickness, and has a maximum value around 1500 pm. The enhancement
decreases with the electron temperature larger than 1 keV.

5.1.3 Measurement System

(1) Detector array

PIN-type silicon photodiode (PIN diode) was employed for the detector of
x-ray imaging system on JT-60. The dead layer of a silicon surface barrier diode
(SBD) is so thin that it is suitable to measure the soft x-ray of the energy lower
than 1 keV. Therefore SBD is popular for the detector in small and middle size
tokamaks. The thick dead layer of PIN diode is no problem in the large
tokamak such as JT-60, where electron temperature is higher than 1-2 keV and
the absorption filter has the cutoff energy more 2-3 keV. And PIN diode is less
expensive than SBD. So the PIN diode is suitable for x-ray detector on JT-60.
Table 5.1 summarizes the characteristics of the PIN diode used in the x-ray
imaging system.

Table 5.1 Characteristics of the PIN diode used in the x-ray imaging system.

Type Hamamatsu 51723
Active area 100 mm?2
Maximum bias voltage 50V

Bias voltage (in JT-60) 15V

Dark current (30 V biased) 100 nA

Surface dead layer ~0.2 um

Depletion layer ~100 pm
Measurement energy range 1-20 keV

Figure 5.3 shows the schematic of the x-ray imaging system. The 30
channels of the x-ray detector were mounted in the same vacuum chamber as
the bolometer array. The changeable absorption filters having four kinds of
filter were mounted in front of the detectors. Each cutoff energies are shown
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in Table 5.2. The detectors view the plasma through the 2 x 4 cm? rectangular
aperture. The detector and aperture sizes were chosen to provide adequate
spatial resolution and sufficient x-ray intensity to give statistic for sampling
period of 20 ps. The viewing field coveres more than a half of the plasma
cross-section in the range of tangent radius from 0.86 to -0.09 m as shown in
Fig. 5.4. The spatial resolution of the bolometer array in minor radius is about
3.5 cm. A x-ray tube is mounted near the aperture to test the defectors

remotely.

Table 5.2 Absorption filters.

Material Thickness {mm) Cutoff energy (keV)
Al 150 10.1

Be 1000 4.5

Be 250 29

Be 25 14

(2) Electronics and data acquisition

Figure 5.5 shows a block diagram of the detector amplifier. The amplifier
consists of two stages of operational amplifier. The current of the PIN diode is
converted to voltage signal by the first operational amplifier. The feedback
resistivity of the first operational amplifier is changeable among 51 kQ, 470 kQ
and 4.7 MQ by a CAMAC command. The DC offset due to the leakage current
of the detector is automatically compensated by auto balance feedback circuit
in the second operational amplifier 1 min before plasma discharge.

Figure 5.6 shows the data acquisition for the x-ray imaging system. The
output of the amplifier is converted to 12 bit digital signals and modulated to
optical signals in the A/D-E/O module. The O/E-D/A module has both digital
and analog outputs. The digital signals are stored in MDR (see Sec. 2.2.3) via
MDR interface module (IMDR) with 20 pus sampling time throughout 10 s
discharge. The analog signals are stored in CAMAC transient recorder (LeCroy
8212A and 8800A) with 3 ms sampling time.
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5.1.4 Experimental Results

The details of the MHD studies using the x-ray imaging system are
described in Ref. [15-17]. This section presents the typical results of the x-ray
imaging system.

A typical sawtooth activity is shown in Fig. 5.7 for a 2 MA divertor
discharge with By of 4.5 T. Figure 5.7 (a) illustrates the temporal evolutions of
the plasma current, soft x-ray intensity and the line electron density from 2
mm-wave interferometer. The sawtooth oscillations started at around 3-4 s in
this discharge. The expanded waveforms of the soft x-rays and the line
electron density for 6.0-6.5 s are shown in Fig. 5.7 (b). The presence of
compound sawteeth, whose period was typically ~100 ms, was found together
with successor oscillations following the complete and the partial relaxations.
From the soft x-ray signals, such oscillations were found to result from the
rotation of the mode with am m = odd (possibly m = 1) structure localized on
the q = 1 surface as shown in Fig. 5.8.

The toroidal rotation velocity, v, can be estimated from the frequency of
the m = 1 mode, fm=1, as V9 = 21 Rp fm=1, where Rp denotes the major radius.
The toroidal rotation velocity is plotted against the absorbed beam power
distinguishing the direction such as co and counter, as shown in Fig. 5.9. The
velocity was apt to increase with the beam power. The scaftering of the plots in
the same beam power is seemed to be due to the difference of the electron
density. The general tendency that the counter -injection experiments appear
to generate higher velocity than the co-injection is explained by taking into
account the Ohmic plasma rotation.

From the inversion radius of the sawtooth, Iy, obtained from the chord-
integrated signals of the soft-x-ray emission, the radius of the q = 1 surface, T,
can be inferred assuming that the inversion radius of the soft x-ray emissivity
profile in the plasma is approximately equal to the q = 1 radius. By correcting
the chord integral effect and the width of the viewing field, rs = 1.4 I1 was
obtained. In accordance with the above statement, the q = 1 radius normalized
by the minor radius as a function of the the inverse ge¢f value for Ohmic
discharges was obtained as shown in Fig. 5.10. Here qeff is the effective safety
factor at the plasma edge defined by

2
/2
R R LR

!
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where g is the cylindrical safety factor at the plasma edge. This figure includes
the data on compound and single sawteeth, and shows the relationship of

1
q eff (5.6)

Is
a

independenf of the plasma species. The same scaling was obtained in other
tokamaks such as TFTR [18] and DIVA with limiter configuration [19].

The electron thermal conductivity can be estimated by the heat pulse
propagation method of the sawtooth oscillation [20-22]. Figure 5.11 shows the
relationship between the heat pulse propagation time, tp, and the diffused area
of the heat pulse, Ar2. Here, Ar? is defined as

Ar2=r2-(Y2 rs)z_ (5.7)

The electron thermal conductivity is given by xe = (1/8) (dAr2/dtp). Two solid
lines in Fig. 5.11 represent respectively the fastest and slowest propagations, in
5.5-5.6 s in a discharge. So the xe of 1.3-2.2 x 10 cm2/s was obtained in this
case.

The electron temperature profile was obtained by the absorption filter
method [23] for the successive two discharges assuming the reproducibility.
The electron temperature profile was derived from the ratio of the soft x-ray
emissivities provided by Abel inversion from the chord-integrated intensities
with different filters. The 25 um-thick beryllium filters were used in one
discharge and the 1000 pm-thick beryllium filters were used in another
discharge. Figure 5.12 shows the obtained electron temperature profile (solid
line) comparing with that from Thomson scattering measurement. Those
electron temperatures coincide each other within + 20%. The absorption filter
method could not provide the electron temperature in the peripheral region
where the x-ray intensity was not sufficient due to the low electron

temperature.
5.1.5 Conclusion

To measure the soft x-ray intensity profile of JT-60 plasma, thirty
channels of PIN diode detectors were arranged with the changeable multi-

absorption filters. The x-ray imaging system was able to operate with the
temporal resolution of 20 ps and the spatial resolution of 3.5 cm. The x-ray
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imaging system was helpful to study the MHD behavior and other plasma
characteristics. The toroidal rotation velocity was estimated from the
frequency of the m = 1 mode. The velocity was apt to increase with the beam
power. The q = 1 radius was estimated from the inversion radius of the
sawtooth oscillation. The relationship I's/a = qefr’] was confirmed in JT-60.
The electron conductivity was estimated from the heat pulse propagation
method of the sawtooth oscillation. The absorption filter method assuming
the reproducibility of successive two discharges provided the electron
temperature profile with good agreement with that from Thomson scattering
measurement. So the additional x-ray imaging system consisting of the
parallel detector arrays with different thickness filters were installed recently
for the absorption filter method, which provided the time evolution of the
electron temperature profile with the high temporal resolution of 0.1-1 ms.

5.2 BALMER o LINE MEASUREMENT SYSTEM

5.2.1 Introduction

The operational gas is neutralized on the surface of the first wall and
returns to the plasma via a reionizing process, which is named as a particle
recycling. The particle recycling diagnostics are important to study a particle
confinement, density control and improving energy confinement such as H-
mode. Particle behavior has been studied in numerous tokamaks with or
without divertor [24-29]. These studies have revealed the fact that refuelling of
hydrogen gas neutralized at the divertor plates plays an important role in the
divertor configuration, while, in the limiter configuration, the particle
dynamics is dominated by recycling at the limiter surface. The plasma density
was controlled satisfactory by gas puffs in medium size tokamaks, because of
the low recycling of refuelling rate. In the large tokamaks with a carbon
graphite wall and long plasma duration, however, plasma density control has
become more difficult. In the early experiments of JET [29] and TFIR, the
electron density remained constant without any additional gas during the
plasma current flat-top, because of high recycling from full loading of the
limiter surface by the hydrogen gas. It is well known that Balmer a line (Ho)
drops rapidly in the H-mode transition. And D-III experiments [30] shows that
the control of particle recycling has proved to be very important in creating
good H-mode discharges.
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Balmer o line (Ha) is one of line radiations of a hydrogen atom. The
particle recycling flux via reionization process can be estimated by the Ho
intensity, because the ratio of the Ho emission to the ionization is known.
The particle behaviors of the ohmically and NB heated plasmas have been
investigated by measuring Ha emissions from the main and divertor plasmas
on JT-60.

5.2.2 Particle Balance of the Tokamak Plasma

A schematic particle-flow pattern for the outer divertor configuration is
shown in Fig. 5.13. The charged particle diffusing from the main plasma into
the scrape-off layer outside the separatrix surface are transported into the
divertor chamber where they are neutralized in collisions with divertor
plates. These particle losses are mainly compensated by the refuelling of the
hydrogen gas flowing back from the divertor chamber and the gas puff. In the
NB heating experiments, the NB injector acts as an additional particle source.
The behavior of the plasma density is dominated by the balance of these
particle flows. In the limiter discharge, local recycling around the toroidal
limiter plays an important role in the particle balance, instead of the refuelling
process taking place in the divertor discharges.

Neglecting the impurity contribution to the total number of electrons in
the main plasma, the global particle balance of equation is given by

g?—te-=nc;5c+ SB+SI-§—‘3— (5.8)

7

where Ne is the total number of electrons in the main plasma, S is the
fuelling rate of neutral or charged particles, 1 is the fuelling efficiency, and 1p
is the global particle confinement time. The subscript G, B and I designate gas
puff, NB injection and refuelling, respectively. A recycling coefficient is
defined as R = 51/(Ne/1p). Since the effective particle confinement time tp* -
corresponding to the decay constant of the electron density is related to the
particle confinement time via the expression Tp* = 1p/(1-R), Eq. (5.8) can be
rewritten as |

dNe _ngSc +SB-2F

dt %, (5.9)
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If the particle recycling is toroidally uniform, the number of recycling
particles can be determined from the measurement of the Ha emission at a
single toroidal location as follows:

S = f ¢{r,R)e(ne) dV (5.10)

!

where, ¢(r,R) is the Ha emission profile in the poloidal cross-section, e(ne) is
the number of ionization events per Ha emission and V is the plasma
volume. The ionization-per-Ha ratio, €, was already analyzed by Johnson-
Hinov [31] as shown in Fig. 5.14. The ¢ for Te above 20 eV is nearly
independent of the electron temperature and varies from 10 to 50 in the range
of the electron density (0.5-10) x 1019 m-3.

The Ha emission profile is calculated by Monte Carlo method to
understand its properties and to introduce a simple expression for it [32]. A
contour map of the calculated Ha emission profile is shown in Fig. 5.15. The
entire Ho emission occurs in the edge region of the plasma and the emission
is enhanced outside the torus. A simple formula showing these features of the
Ho emission profile is introduced to estimate the parameters characterizing
the particle behavior, which consists of the axisymmetric function ¢1(r) and a
nonlinear function in the major radius direction ¢2(R), as

o(r,R) = Np ¢1(r) ¢2(R) , (5.11)
where Np is a constant. Here,
010 =1+ A (r/a)m- (A +1) (/)" | (5.12)

is employed as the axisymmetric function. The parameters A, m and n are
fixed to be 500, 8 and 24, respectively, so that the position of the maximum and
its FWHM agree with the results of the numerical simulation. The
monotonically increasing function in the major radius direction,

B[ 1+ (R-Rp)/a]*
[1+[RRp)/a]?+C (G.13)

2R =1+

is employed as the nonlinear function. Where Rp is the major radius, and B
and C are constants determined to reproduce the measured Ha intensities.
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The electron density in JT-60 increases almost linearly with constant gas
puff during steady state of the plasma current and decays immediately after
termination of the gas feed. The fuelling efficiency of the gas puff is
determined from the time derivatives of the electron density before and after
the gas feed termination by

nG= [(%\_:g) before ) (d_g%e_) aftex] /56 . (5.14)

The fuelling rate by the NB injection, Sp, is derived from the net
absorbed NB power, which is defined as (1-ns)PnB where M5 is the
shinethrough ratio of the NB injection.

The total number of electrons is obtained from the volume integration
of the electron density profile ne(r), which is derived by fitting of line densities
along three chord at R = 2.53, 3.04 and 3.55 m to the parabolic form as

ne(n) = [1-@c/a)2m. (5.15)
5.2.3 Measurement System

(1) Detectors and arrangements

It is popular in other tokamaks that the He emission is measured with a
visible spectrometer. A photodiode detector with a Ha interference filter is
very compact, less expensive, and easy to calibrate the absolute sensitivity, so
that it is suitable as a Ho detector. The wavelength resolution of the detector is
not so good, typically 1-10 nm, that the contamination of other lines in the
measurement window have to be checked by a spectrometer. In JT-60, Ho
emissions form the main and divertor plasmas have been measured by
several channels of the photodiode detector with a Ha interference filter.

The detector is the PIN photodiode which is same as that of the x-ray
imaging system (see Table 5.1). The catalog value of the sensitivity for Ho line
(656.3 nm) is 0.35 A/W or 1.06 x 10-19 A/Photon. The typical transmissivity of
the original interference filters measured by a spectrophotometer is shown in
Fig. 5.16 (a). The FWHM was about 4.5 nm. In the wavelength range from
656.3 - 4.5/2 nm to 656.3 + 4.5/2 nm, a dominant line radiation was Ha only,
which was confirmed by the visible spectrometer. After the replacement of the
first wall from TiC coated molybdenum to carbon graphite tiles, the improved
divertor confinement (IDC) characterized by an enhanced radiation in the
divertor plasma was found. The enhancement of CII line (657.8 nm) was
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observed in the divertor plasma on the IDC discharges as shown in Fig. 5.17.
In order to omit the CII line, all filters were replaced by the filters with FWHM
of 1 nm. The typical transmissivity of new filters is shown in Fig. 5.16 (b).

Figure 5.18 shows the sightlines of the Ha detectors. The four channel
Ho detectors are mounted at the same vacuum chamber as the bolometer
array and the x-ray imaging system. The three channel Ha-detectors with
vertical sightlines at R = 2.53, 3.04, and 3.55 m, and one detector viewing near
the X-point of the divertor are mounted on the diagnostics ports under the
vacuum vessel. A couple of the detectors on electron and ion drift sides
measures Hot emissions on the divertor plates.

After the modification for the lower X-point divertor, the Ho emission
from the lower divertor region is measured by single detector with same
viewing chord as the divertor bolometer (see Fig. 3.9). The three vertical
detectors were rearranged at top of the diagnostics ports above the vacuum
vessel. And one detector viewing near the outer X-point was taken off for the
install of lower divertor coils.

(2) Electronics and data acquisition

Figure 5.19 shows the block diagram of the data acquisition for the
Balmer line measurement system. The amplifier is similar to that of x-ray
imaging system shown in Fig. 5.5 except feedback resistivities. The output of
the amplifier is converted to 12 bit digital signals and modulated to optical
signals in the A/D-E/O module. The analog outputs of the O/E-D/A module
are stored in CAMAC transient recorder (LeCroy 8212A and 8800A) with 400 us
sampling time throughout 10 s discharge. The data is transferred to JT-60 data
acquisition system.

5.2.4 Experimental Results

Figure 5.20 shows the time evolutions of Ha intensities in the ohmically
heated outer-divertor discharge with large gas puff rate. The Ha intensities
increased with the increase of the electron density. The relationship between
the Ha intensity and line-averaged electron density at the vertical chord of R =
3.04 m is shown in Fig. 5.21. This figure indicates that the Ha intensity is
proportional to Tel-.

Fuelling efficiencies of the gas puffs are plotted against the ne in Fig. 5.22.
The fuelling efficiency was almost independent of fie, and 0.32 in limiter
discharges and 0.25 in divertor discharges.
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Figure 5.23 shows the global particle confinement time of OH and
additional heated plasmas as a function of l,. The global particle confinement
time of the OH plasma was about 150 ms at low electron density and decreased
with Te. The 1p of the NB heated plasma was about 2/3 of that of the OH
plasma at same electron density. There was not significant difference between
the NB heated plasmas and plasmas with combined heating of the NB and
LHCD. The 1p of the NB heated plasmas decreased with the NB power as
shown in Fig. 5.24.

5.2.5 Conclusion

The particle behaviors of the ohmically and NB heated plasmas have
been investigated by measuring Ho emissions from the main and divertor
plasmas using Ha filtered photodiodes. The Ha intensity from the main
plasma was proportional to o1 approximately. The fuelling efficiency was
almost independent of Me. The global particle confinement time of the OH
plasma was about 150 ms at low electron density and decreased with Te. The 1p
of the NB heated plasma was about 2/3 of that of the OH plasma at same
electron density. The tp of the NB heated plasmas decreased with the NB
power.
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Fig. 54 Sightlines of the x-ray imaging system. The viewing field covered
more than a half of the plasma cross-section in the range of tangent
radius from 0.86 to -0.09 m
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Fig. 5.18 Sightlines of the Ha detectors. The four channels of the Ho detector
were mounted at the same vacuum chamber as the bolometer array
and x-ray imaging system. The three channel Ha-detectors with
vertical sightlines at R = 2.53, 3.04, and 3.55 m, and one detector
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diagnostics ports under the vacuum vessel. A couple of the
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Fig. 5.19 Block diagram of the data acquisition for the Balmer line
measurement system.
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Time evolutions of Ho intensities in the ohmically heated outer-
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6 . Radiation Losses and Global Power
Balances of JT-60 Plasmas

6.1 INTRODUCTION

The accumulation of impurities and the accompanying radiation losses
in a core plasma are serious problem to achieve a reactor grade plasma not
only because the radiation losses degrades the energy confinement of the core
plasma but also because the impurities dilute the reacting plasma to reduce
reaction rate. Whereas, appropriate radiation loss localized in the peripheral
plasma is sometimes favorable to reduce the heat load onto the first wall and
influx of impurities from the wall by cooling edge plasma namely remote
radiative cooling. The poloidal divertor is one of the most effective methods
of the impurity control as described in Chapter 1. Radiation losses, charge-
exchanged neutral particles and heat load on the divertor plates are main
mechanism of the energy loss from the plasma with divertor configuration. -
Measurement of the radiation losses is important not only for the power
balance study but also for impurity study. The power balance studies have
been performed in various tokamaks in large range of size and heating power
[1-10}.

JT-60 is a unique device among the three large tokamaks, having a closed
divertor chamber. Original feature of JT-60 was a large tokamak device with a
single null divertor outside the torus and with TiC coated molybdenum
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limiter and divertor plates which demonstrated impurity and particle control
successfully [11,12]. The characteristics of the outer X-point divertor is
described in Refs. [13,14]. TiC coated molybdenum limiters were replaced by
the graphite tiles. A new divertor coil was installed under the vacuum vessel
to provide a lower X-point configuration in 1987. Radiation losses and global
power balance of ohmic and high power NB heating up to 25 MW with three
types of magnetic configuration and with two types of first wall have been
investigated consistently in one device by using bolometer arrays,
thermocouples in the divertor plates, and a IR TV camera on JT-60.

Section 6.2 reviews the JT-60 hardware and the diagnostics systems used
in this study. Experimental results of radiation losses and global power balance
are described is section 6.3. Reconstructed radiation profiles are presented in
Section 6.4. Section 6.5 discusses the simulation of radiation losses for outer X-
point discharges and the comparison with the results of spectroscopic
measurements.

6.2 EXPERIMENTAL ARRANGEMENTS

In the first period April 1985-March 1987, the vacuum vessel of JT-60 was
covered with armor plates of Inconel 625, toroidal limiters and divertor plates
of TiC coated molybdenum (see Fig. 2.2). The study of radiation loss and global
power balance was carried out mainly by bolometric measurement. In this
period, radiated power from the main plasma was measured with the lower
array of bolometer consisting of 15 channels and three channel vertically
viewing bolometers and one channel bolometer viewing near the X-point (see
Fig. 3.8). Radiated power from the divertor chambers were measured with a
couple of bolometer on electron and ion drift sides. Heat load onto the
divertor plates was measured with a set of thermocouples in the plates

All of the TiC coated molybdenum limiters and divertor plates were
replaced with graphite tiles in May 1987. And new divertor coils were installed
under the vacuum vessel in order to make a lower X-point configuration in
December 1987. Radiated power from the main plasma is measured by two fan
arrays of bolometer and that from the divertor region is measured by single
‘bolometer after the replacement (see Fig. 3.9). Note the viewing field of the
divertor bolometer includes the X-point in the typical divertor configuration.
An TR TV camera measures the temperature of the divertor plates from the
top of the vacuum vessel in order to obtain the heat load onto the divertor

plates (see Fig. 2.12).
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~ The electron density of the main plasma is measured with FIR
interferometers along the three vertical chords of R=2.53 m, 3.04 m, and 3.55
m (see Fig. 2.6). After the modification for the lower X-point divertor, the
central chord (R=3.04 m) has not been available on account of the new
divertor coil. Instead of the FIR interferometer, new 2 mm wave one was
installed. Ha ‘emissions from the main plasma are measured with
photodiodes with Ha interference filter. Visible and VUV spectrometers
measures impurity lines in the ranges of 50-122 nm and 0.5-50 nm,
respectively, with temporal resolution of 15 ms in the same toroidal section as
the bolometer array (see Fig. 2.11). Ha emission and impurity lines in the
divertor plasma are measured with similar Hoa monitors and visible
spectrometer via fiber optics, respectively, with the same viewing chord as
divertor bolometer in outer X-point configuration.

6.3 GLOBAL POWER BALANCE

6.3.1 Limiter and Outer X-point Discharges with TiC Coated
Molybdenum Wall

The ratios of the radiated power from the main plasma in ohmically
heated discharges are plotted against the line averaged electron density N in
Fig. 6.1. The plots shows that the radiation loss of the limiter discharges is
more than 70% of the ohmically input, which is consistent with the results of
ASDEX in limiter discharges (Praqd/PoH = 45-85%) [5], JET (Prad/PoH = 70-90%)
[9], and TFTR (Prag/Ponu ~ 80%). The outer X-point configuration, however,
fractional radiated power from the main plasma to the ohmically input

raﬁin / PoH was 20% for hydrogen plasma and 15% for helium in the range of
fie 1-5 x 1012 m3 and increased gradually with ne in 1.5 MA discharges. For
the 1.5 MA helium discharge with fie of 4 x 1019 m3, heat load onto divertor

plates P%}‘(r: was estimated from the thermocouples to be about 50% of the
ohmically input, and radiated power from the divertor chambers was 15% of

ain

the ohmically input. In ASDEX, PI4™ / Pop and Phag/ PoH are typically 20%

and 50%, respectively [5]. PS;‘&/ PoH of JT-60 is about one third of that of
ASDEX. The Ip dependence of the fractional radiation loss is shown in Fig. 6.2.
Pi.‘;*éf“/ PoH decreases with the increase of Ip. ra?jin/ Pox of the helium
plasma was smaller than that of hydrogen plasma in 1.5MA and 2MA divertor
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discharges. Whereas, IMA helium plasma was very radiative similar to the
limiter plasma.

NB heating up to 20MW was carried out in the limiter and outer X-point
discharges with TiC coated molybdenum limiter and divertor plates. Figures
6.3 (a) and 6.3 (b) show the global power balance of the NB-heated limiter and
outer X-point discharges as function of the absorbed power Paps which is
defined as Pox+PNB-Pshinethrough Where Pshinethrough is the NB power passing
through the plasma. In the limiter discharges, Prad/Pabs was about 60% and
90% for hydrogen and helium plasma, respectively. In the outer X-point

discharges, however, Prad  / Pabs and Pf.l;‘é/ Pabs for hydrogen plasma were
10% and 15%, respectively. And those for helium plasma and 20% and 5%,
respectively. Heat load onto the divertor plate was about 60% of the absorbed
power for both hydrogen and helium plasmas. The global power balance was
almost independent of the absorbed power. It is remarkable that very low
radiation loss of main plasma was realized in the outer X-point discharge with
metallic wall and divertor plates in NB heating more than 20 MW.

Figure 6.4 shows the global power balance of the outer X-point discharges
with NB heating as a function of ne. With the increase in ne, the reduction of
the fractional heat load onto the divertor plates was observed. The behaviors
of radiated power from the ion and electron drift sides with increasing ne are
different as shown in Fig. 6.5. Radiated power from the electron drift side
increased with the increase in ne, whereas that from the ion drift side had a
maximum value at Tie of 4 x 1019m-3 and decreased steeply with Tie above 4 x
1019m-3. Both of the heat load onto the divertor plates of the ion and electron
drift sides decreased with n,. Simple divertor simulation was performed to
interpret the behavior of the divertor radiation. The calculational results is
presented in Section 6.5. The missing power increased with ne as shown in
Fig. 6.4. Three channel bolometers with vertical viewing chord at R=2.53 m,
3.04 m, and 3.55 m were added in order to investigate the poloidal asymmetry
of the radiation profile in the R direction. Those bolometers indicated that an
enhanced radiative region existed outside of the main plasma and the
asymmetric radiation increased with electron density. The bolometer array
“and the divertor bolometers did not view the X-point region which existed
outside of the torus, so the most of the missing power was considered to be the
radiation loss from the X-point region.

The plasma was disrupted frequently by the burst of the radiation loss in
high power NB injection. Soft x-ray spectra obtained by the PHA
measurements in the NB heated divertor discharge with the radiation burst
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are shown in Fig. 6.6. Before NB heating and initial phase of the NB heating
without the radiation burst (t = 3-3.2 s), a molybdenum line was not observed
although titanium and nickel lines were observed. During the burst (t = 3.3-3.5
s) and after the burst (t = 3.5-3.8 s), a significant peak of molybdenum line was
observed. It was revealed that the radiation burst was caused by the
molybdenum influx. The origin of the molybdenum burst was guessed to be
the melting of the divetor plates in the NB heating, so that the sweep of the
separatrix on the divertor plates were tried to reduce the heat load onto the
divertor plates. The sweep successed to suppress the radiation burst as shown
in Fig. 6.7. In spite of the separatrix sweeping, the injection time of the NB was
restricted to be one second more or less. Therefore all of the TiC coated
molybdenum limiters and divertor plates were replaced with graphite tiles in
May 1987, which cover the half of the vacuum vessel area.

6.3.2 Outer X-point and Limiter Discharges with Graphite Wall

Figure 6.8 shows the global power balance of the NB heated outer X-point
discharges with graphite wall as a function of T in the case of Ip = 2.4-2.7MA
and PN = 17-22MW. With the increase in T, radiated power from the main
plasma increased from 15% to 25% of the absorbed power, that of the divertor
plasma kept constant to be 15%, whereas the heat load onto divertor plates
decreased from 50% to 30%. Radiation loss of the main plasma was larger than
that of TiC coated molybdenum case, however, that of the divertor plasma
was smaller that of TiC coated molybdenum case.

In NB heated limiter discharges with graphite wall, radiated power was
25% of the absorbed power in the range of T from 1 to 6 x 1019m-3
independent of the plasma current as shown in Fig. 6.9, which is not so
inconsistent with the results of JET (Prad/pabs = 30-60%) [10] and TFIR
(Prad/Tabs ~ 20%) [8]. With the increase in T larger than 6 x 101°m-3, radiation
loss increased steeply. In these plasma radiated power from the peripheral
region contributed the increase of the total radiated power. Near the density
limit, marfe [15] appeared on the inside wall [16]. The radiation loss of the
plasma with marfe reached up to 90% of the absorbed power. The marfe had
not been observed in TiC molybdenum wall except a few discharges. After
replacement of the wall by graphite tiles it has observed frequently in high Ip
and high T, of limiter discharges with NB heating. The characteristics of the
marfe is described in Chapter 7.

— 118 —



JAERI-M 50087
6.3.3 Lower X-point Discharges with Graphite wall

The improved divertor confinement (IDC) [17] regime has been obtained
in NB heated lower X-point discharges with graphite wall. The characteristics
of IDC is described in Chapter 7. Figure 6.10 is the global power balance of the
NB heated lower X-point discharges with and without IDC as a function of e
where Ip=IMA and Br=3.3T. Closed and open symbols represent IDC and non
IDC discharges. Radiated power from the main plasma was approximately 20%
of the absorbed power almost independent of the electron density. With the
increase in M, radiated power from the divertor region increased. Similar

increase of P‘,’é}i with T was reported in ASDEX [5]. The increase of the power
in the IDC was larger than that of non IDC discharge. The heat load onto the
divertor plates of the IDC discharge was smaller than that of the non IDC
discharge in the same electron density. The total output'power, the radiation
losses and the heat load onto divertor plates, was not so different between IDC
and non IDC discharges. It indicates that the remote radiative cooling in the
divertor region is enhanced in the IDC discharges, which reduces the heat load
onto the divertor plates.

6.4 RADIATION PROFILES

It was estimated from the raw data of the bolometer array that the
radiation profile had a poloidal asymmetry in the divertor discharges. So an
Abel inversion is not available to obtain the radiation profiles. In the period of
TiC molybdenum wall, additional three channel vertically viewing
bolometers and one channel bolometer viewing near the X-point were
available, so that the reconstruction of the radiation profile was tried by using
asymmetric Abel inversion as described in Sec. 3.4. Figure 6.11 shows the
radiation profiles on the midplane for outer X-point discharges with different
Te . The radiation near the X-point is enhanced in the higher ne case. Whereas
the radiation power density of central region in the lower Tie case was larger
than that in higher T case, which is consistent with the results of
spectroscopic measurements that the titanium concentration decreases with
Ne and the radiation loss in central region is considered to be due mainly to

titanium [18].
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6.5 DISCUSSION

6.5.1 Simulation of Divertor Radiation Losses in Outer X-point
Discharges

The behavior of the radiated power from the divertor chamber with ne
was so curious as shown in Fig. 6.5, that simulation of the divertor plasma
was carried out [14]. The simulation model employed here consists of the
tokamak transport code combined with a divertor fluid model, which solved
the transport of the scrape-off layer plasma and divertor plasma consistently.
The model is based on: (1) one-dimensional fluid equation particle,
momentum and energy transport of the divertor plasma along the magnetic
field lines, and (2) a two dimensional Monte Carlo method for the particle,
momentum and energy source due to ionization and charge exchange
reaction of neutral particles. The model geometry for the simulation analysis
is illustrated in Fig. 6.12, together with the divertor plasma model of width &g
and length L; which is projected onto the poloidal piane. The effective
pumping rate of particles fpump includes the bypass component to main
chamber through the duct, wall absorption and exhaust from the divertor
chamber. In this model, only hydrogen atoms are treated in the Monte Carlo
calculation, and only hydrogen line radiation estimated by a collisional
radiative model is assumed as a source of radiation loss from the divertor
plasma. Figure 6.13 shows the simulation result for NB heated discharge (PNB

= 20MW) comparison with the experimental results. The calculated P‘,i;a’
increases abruptly with e in the range of 1-4 x 1019 m-3. The saturation and

decrease of P?;g are observed both in simulation and experiment, which is due
to the low temperature of the divertor plasma caused by high recycling. Here

measured Pf;g is total radiated power from ion and electron drifts sides. The

measured P‘,’;X is by a factor of about two smaller than the calculated value in
the wade range of fle. More detailed measurements for both divertor and .
scrape-off layer plasmas in the main chamber are needed to investigate this

discrepancy.
6.5.2 Comparison with Spectroscopic Measurements

Though the bolometric measurement is convenient for the investigation
of the global power balance and for monitoring plasma performance, the
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information of impurities causing radiation loss can not be obtained by the
bolometric measurement only. In order to interpret the data from the
bolometric measurements, the results of the spectroscopic measurements
must be referred. The impurity contents, Zqfs, and radiation losses of JT-60
plasmas are summarized in Table 6.1 [18], where the results for NB heated
hydrogen discharges at e =4 x 1012 m-3 are represented. In NB heated
divertor discharges with TiC coated molybdenum wall, Zgsf was 1.6, and
concentrations of oxygen, carbon and titanjum were respectively about 1%,
0.1% and 0.006% of Tie. The radiation loss due to oxygen was dominant there.
The concentration of metallic impurities decreased drastically when the TiC
coated molybdenum wall was replaced by graphite tiles. The titanium
concentration after the replacement was 1/3 - 1/10 of that before the
replacement, and the contribution of metallic impurities to the radiated power
was less than 1%, even in NB heated limiter discharges. The increase of the
carbon concentration in NB heated divertor discharges was by a factor of four
after the replacement. In the limiter discharges with graphite wall, the carbon
concentration increased to 5% and Zeff increased up to 3 comparison with the
divertor discharges.-

Table 6.1 Impurity contents and radiation losses in NB heated JT-60 Plasmas.

Divertor Limiter

TiC coated Zoft 1.6
molybdenum C 0.1%
first wall O 1%

Ti 0.006%

rad /Pabs 10% >60%

Graphite Zetf 2.2 3.0
first wall C 0.4% 5%

@) 2% 1%

Ti 0.0005-0.002% 0.0005-0.002%

Prad  /Pabs 20% 25%

For hydrogen plasmas at i, =4 x 1019m™3
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Figure 6.14 shows the radiated power from the main chamber calculated
from the spectroscopic data as function of @, comparison with that of
bolometric measurement in NB heated discharges with graphite wall. In
limiter discharges (Fig. 6.14(a)), the radiated power from carbon is the same as
that from oxygen. In divertor discharges (Fig. 6.14(b)), the contribution of
oxygen to the radiated power is dominant. The contribution from metallic
impurities is estimated to be less than 1% in this case. The radiated power
calculated from the spectroscopic data is consistent with that measured with
the bolometer array, typically within a factor of two.

The bolometer is sensitive to charge exchange (CX) neutral particles same
as to radiations. So the measured radiated power includes CX losses. The
charge exchange loss is estimated to be less than 2-3% of the absorbed power by
CX neutral particle analyzers.

6.6 CONCLUSION

Radiation losses and global power balances of the plasmas in the NB
heated plasmas with different inner hardware, and with different plasma
configurations have been investigated by bolometric measurements,
thermocouples and IR TV camera on the JT-60 tokamak.

Very low radiation loss of the main plasma (10% of the absorbed power)
was realized in NB heated outer X-point discharges with TiC coated
molybdenum wall. The radiation loss due to oxygen was dominant in this
case. Whereas, the limited plasmas with TiC coated molybdenum limiters
were very radiative where the radiated power was more than 60% of the
absorbed power in ohmically and NB heated discharges. In the discharges with
graphite wall, radiated power from the main plasma was 20 - 25% for both of
limiter and lower X-point configurations. The radiated power from the
divertor region increased from several percent to 40% of the absorbed power
with the increase of Me. The titanium concentration of discharges with
graphite wall was 1/3 - 1/10 of that of TiC coated molybdenum wall. The
dominant contributor to the radiation loss was oxygen in lower X-point
discharges, and carbon same as oxygen in limiter discharges.

'~ The improved divertor confinement (IDC) regime was obtained in NB
heated lower X-point discharges with graphite wall where the energy
confinement time was improved up to 20%. In IDC discharges the radiation
loss from the divertor region increased to be up to 40% (typically 10 MW) of
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the absorbed power. Whereas, that from the main plasma and the heat load
onto divertor plates decreased in IDC.

The radiation profiles were reconstructed by an Abel inversion with an
symmetric term for the outer X-point discharges. Intense poloidal
asymmetries of radiated power localized near the outer X-point were
observed. The asymmetry was enhanced with the increase of M.

The behavior of P?;H with Tl in outer X-point discharge was simulated by

simple divertor model. The simulation indicated that the increase of Pf-laiélr
with Ty was saturated due to the low temperature of the divertor plasma
caused by high recycling in the divertor.

Finally, this study revealed that the most clean plasma was obtained in
the metallic first wall with the divertor on JT-60. This fact is suggesting the
capability of the metallic material for the first wall of next devices such as
ITER and FER.
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Fig. 6.1 The ratios of the radiated power from the main plasma to the

input power in ohmically heated discharges with TiC coated
molybdenum wall as a function of ne.
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Fig. 6.2 The ratios of the radiated power from the main plasma to the
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TiC coated molybdenum wall as a function of Ip.
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Fig. 6.6 Soft x-ray spectra obtained by the PHA measurements in the NB

heated divertor discharge with the radiation burst. Before NB
heating and initial phase of the NB heating without the radiation
burst (t = 3-3.2 s), molybdenum line was not observed although
titanium and nickel lines were observed. During the burst (t = 3.3-
3.5 s) and after the burst (t = 3.5-3.8 s), significant peak of
molybdenum line was observed.

— 130 —



JAERI-M 80-087

6
5 |- ,'H‘l
DA
= 4t [
= . [
~ 3| NBI ,,' \ PMAIN-w 20 _
_ rad =
Sg2 =
CL' —
B aa;
=
0
E 6 E
~ ] =
i H
4 ll}[ I N N T P S N A | _3
6.3 7.0 7.6

time (sec)
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7 . Radiative Thermal Instability in the
Peripheral Plasma on JT-60

7.1 INTRODUCTION

The edge plasma has been studied from the point of view of the plasma
surface interactions such as sputtering or sublimation of the first wall and the
impurity control such as divertor. Récently it has been revealed that the
improvement of the energy confinement such as H-mode [1,2] and IOC [3,4] is
related with the edge plasma conditions. So the importance of edge plasma
physics has been recognized as an improving effect on core plasma
confinement.

A marfe, multifaceted asymmetric radiation from the edge, is one of the
edge plasma phenomena regarded as a radiated thermal instability. As shown
in Fig. 7.1, a marfe is a toroidally symmetric and poloidally asymmetric
radiating belt localized on the inside wall near the midplane where is the high
field edge of the plasma. The width of the marfe is 15-30° of poloidal angle.
The phenomena was reported at ASDEX [5,6] and D-III [7] previously, and
Lipschitz [8] investigated it precisely in ohmically heated Alcator-C plasma and
named it marfe. Now the marfe is a common phenomena among the middle
and large size tokamak such as JET [9-11], TFIR [12-14] and FT [15]. Though the
marfe in ohmically heated limiter discharges has been reported in many
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tokamaks, the marfe in diverted discharges has been observed only on ASDEX
[5]. The marfe in the plasma with intense NB heating has not reported.

On JT-60 the marfe had not been observed in the discharges with TiC
coated molybdenum first wall except only several ones in the high density
ohmiéally heated discharges. After the replacement of TiC coated
molybdenum first wall by graphite tills, a marfe has been observed frequently
in high Ip, 2.5-3.2 MA, limiter discharges with high power NB heating of 10 -
20 MW. Though the marfe occurs close to the density limit and reduced the
Ne, it does not affect the central electron temperature and the energy
confinement. Recently a marfe has been observed in the relatively low Ip and
fle which results in improvement of energy confinement time up to several %
accompanied with the increase of electron density. It has been reported that
the marfe grows up to be detached plasma in some tokamaks [14-16]. The
detached plasma is characterized by large amounts of radiation from its
boundary layer which is poloidally symmetric different from the marfe. The
temperature of the radiative layer is so low that the hot plasma is effectively
detached from the limiter. The detached plasma has never been observed on
JT-60. _
Recently IDC (improved divertor confinement) was found in the NB
heated lower X-point discharges with graphite wall which was the enhanced
radiation loss in the divertor region resulting in the energy improvement on
the main plasma. IDC may be regarded as one of the radiative thermal
instability in the divertor region.

Section 7.2 describes the diagnostics concerned with marfe observation.
The characteristics of the marfe observed in JT-60 are shown in Section 7.3.
Section 7.4 shows the characteristics of IDC. Section 7.5 discusses the marfe
modeling and the estimation of light impurity concentration in the region of
the enhanced radiation. Section 7.6 is the summary and conclusion.

7.2 DIAGNOSTICS CONCERNED WITH MARFE

The behavior of the marfe can be observed by a bolometer array most
effectively. The viewing chords of the bolometer array are shown in Figs. 3.8
and 3.9. Four channel of Ha monitors (see Fig. 5.8) and two channel of VUV
spectrometers (see Fig. 2.11) measures Ha emissions and impurity lines,
respectively in the same toroidal section as the bolometer arrays. Note that the
Ho. monitor signals involves the CII line of 657.6 nm because the Ha
bandpassing filters had 4.5 nm of the FWHM centered at 656.3 nm. Additional
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bolometers and Ha monitors are installed at three vertical diagnostics ports at
R=2.53, 3.04, and 3.55 m. A visible TV is a helpful to see the marfe behavior
directly. On JT-60 a visible TV camera is installed in the top diagnostics port
outside the vacuum vessel and views the inside wall vertically against the
magnetic axis (see Fig. 2.13). The electron density of the main plasma is
measured with FIR interferometers with three vertical chords ( R=2.53, 3.04,
and 3.55 m ) and 2 mm wave interferometer at R=2.2 m where is the marfe
region (see Fig. 2.6).

7.3 PHENOMENQOLOGY OF MARFE ON JT-60
7.3.1 Qutline of M_arfe Phenomena

The marfe had not been observed in the discharges with TiC coated
molybdenum first wall except several ohmically heated discharges with new
configuration where the plasma had a separatrix line and touched to the
inboard limiter by exciting the divertor coil weakly. This experiment was
carried out from January to March 1987 just before the replacement of the first
wall to the graphite tiles. Figure 7.2 shows the typical configuration of the
discharges. The typical waveforms of the marfe in ohmically heated plasma
are shown in Fig. 7.3. The radiated power increases rapidly at 5.7 s. The gas
puffing keeps constant from 1 to 7 s. The line-integrated electron density
which is increasing until 5.7 s saturates from 5.7 to 6.2 s and began to increase
steeply. The enhanced radiation from 5.7 to 85 s is the marfe, which is
indicated clearly by the time evolution of the chord-integrated radiation losses
shown in Fig. 7.4. The radiation is enhanced around channel 11 which views
inside wall 28.5° above the midplane. There is not enhancement of the
intensity of the bolometer signal with vertical viewing chord passing the
plasma center and the increase of Ha intensity is most remarkable among the
three vertical Ho monitors. These facts indicates that the enhanced radiation

is localized near the inside wall. The light impurity spectrometers were not:

operated routinely in the period, so the information of the light impurity
behavior in the marfe was not obtained.

After replacement of TiC coated molybdenum first wall to graphite tills,
marfe was observed frequently in high Ip, 2.5 - 3.2 MA, limiter discharges with
high ‘power NB heating of 10 - 20 MW. Figure 7.5 shows the typical
waveformes of the parametefs of the discharge with the marfe. The marfe
occurs at 6.6 s. Then the intensities of the bolometer and the Ha monitor
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viewing the inner wall on the midplane increase steeply. Remarkable changes
are not observed in the one turn voltage, SX intensities and sawtooth activity.
Though the gas puffing is continuous, the increase of the electron density
saturates at the marfe onset. It is suggesting that the marfe degrades the
fueling efficiency of the gas puffing. Figure 6.7 shows the time evolution of
the chord-integrated radiation losses measured with the bolometer array. The
intensity of the ch. 1 bolometer is increasing during 5.5 - 6.6 s with the increase
of the electron density. The intensities of the ch. 5 - ch. 10 increase rapidly at
the same time as the decrease of the ch. 1 intensity. The enhance radiation is
kept for about two seconds until the NB offset.

7.3.2 Onset Position and Poloidal Motion

If the marfe is assumed to be localized on the inner wall, the poloidal
spread of the marfe can be estimated from the chord-integrated radiation
profile such as Fig. 7.6. The poloidal extent of the marfe is shown in Fig. 7.7.
The center of the marfe was about 10° above the midplane and the FWHM of
the radiative band was 15° of poloidal angle. The visible TV camera observed
the bright emission of the toroidal band corresponding to the radiative band as
shown in Fig.7.8. The marfe occurred on the midplane (8 ~ 180°) in ASDEX,
FT and D-II, and above the midplane (8 ~ 120°) in Alcator-C, and below the
midplane (8 ~ 235°) in TFTR and JET. Though the radial extent of the marfe
has not been measured directly on JT-60, it is said generally to be about 10% of
the plasma minor radius [21]. The radiation power density in the marfe was
estimated to be more than 30 MW/m3 from Fig. 7.7 if the radial extent of the
marfe assumed to be 0.1 m.

The marfe sometimes moved upward in JT-60. The drift motion
appeared often while the plasma current was ramping down and/or NB
power was reduced fully or partially. Figures 7.9 and 7.10 show the two
dimensional plot and contour plot of the time evolution of the chord-
integrated radiation losses of the marfe when the NB power reduced 50% and
the configuration was changed from the outer-X-point-divertor configuration
to the limiter one. The marfe drifted from 174° to 150° of the poloidal angle
‘with the angular velocity of about 30°/s which was much slower than that of
other tokamaks such as Alcator-C. In TFTR the direction of the drift motion
was correspond to the BxVB, which was confirmed by the reverse of the
toroidal field. Whereas the direction of the drift motion was upward
independent of the Br direction in JT-60.
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7.3.3 Impurity Behavior

The time evolutions of light impurity brightness in the marfe measured
by the normal incidence spectrometer are shown in Fig. 7.11. Major lines of
low-ionized light impurities were saturated before the marfe onset, 50 that
relatively week lines were employed here. In this discharge, the marfe
occurred at 7 s triggered by the 25% turnoff of the NB injection. Then the
brightnesses of CII, CIII and OII lines increased steeply to be saturated.
Whereas, the brightnesses of CIV and Lyp lines decreased to be unsaturated
level from saturation one. It is suggested that the low-ionized carbon and
oxygen are major radiation source in the marfe. In JET, enhancement factors
of low-ionized carbon and oxygen by marfe onset was investigated
quantitatively [21] as shown in Fig. 7.12. The enhancement factors of CII, OII
and OII are largest, so that the electron temperature in the marfe is estimated
to be about 30 eV from those jonization potentials. Figure 7.13 shows
diagnostics wave forms of the marfe in relatively low density and plasma
current with NB heating on JT-60 including the time evolutions of CVI and
OVIII brightnesses measured with VUV spectrometer viewing the plasma
center. The brightness of CVI increased according to the increase of electron
density in the marfe period, however, that of OVIII decreased. It can be
estimated that the concentration of oxygen reduces with the marfe onset.
Those impurity behaviors are similar to that of IDC as described in Section 7.5.

7.3.4 Density Behavior

The increases of chord-integrated electron densities along the three
vertical chords at R=2.53, 3.04 and 3.55 m were saturated with same manner at
the marfe onset in spite of continuous gas puffing as shown in Fig. 7.14 (a). In
the discharge shown in Fig. 7.14 (b), the chord-integrated density decreased
once at the marfe onset and kept rising within the marfe period resuiting in a
major disruption at density limit, which was 2 only rare case. The density
degradation by the marfe was helpful to avoid the density limit disruption in
many cases on JT-60. Similar density degradation has been observed in center
and outer side of the TFTR plasma [18]. However, the density in the vicinity of
the marfe increases. In JT-60, the density behavior in the vicinity of the marfe
could not investigated because the 2 mm interferometer at R = 2.2 m could not
be available due to the fringe counting error by the large density gradient at
the peripheral region. In relatively low density and current plasmas with NB
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heating, the density increased in the marfe period as shown in Fig, 7.13.
Similar density increase have been observed in Alcator-C [12] and ASDEX [11].
The mechanisms of these two types of density behaviors are unknown at
present. )

7.3.5 Onset Condition

The Hugill diagram of the plasma at the marfe onset and the plasma
disrupted by density limit is shown in Fig. 7.15. It was indicated that the marfe
was observed in the vicinity of the density limit. Figures 7.16 (a) and 7.16 (b)
show the time trajectories of the plasmas with marfe onset at constant Ip
phase and decreasing Ip phase, respectively. In the constant Ip, the marfe
occurred on the density limit, whereas the marfe occurred in the density
region higher than the density limit in decreasing Ip where the drift motion
was observed frequently.

The threshold electron density for the marfe onset is plotted against the
plasma current normalized by the poloidal cross-section of the plasma in Fig.
7.17. Defining p to be Tie/(Ip/xa?), p = 0.55 + 0.05 for ohmically heated plasma
and p = 0.90 £ 0.15 for NB heated plasma on JT-60. The scatter of the p is
seemed to be due to the NB power and condition of plasma current (rising,
flattop, and falling). The comparison of the p with that of the other tokamaks
is summarized in Table 7.1 as Lipschultz showed in Ref. [21}. The p is about 0.5
and 0.9 for ohmic and NB heated plasma, respectively in various tokamaks,
which is consistent with the results of JT-60.

The NB power dependence of the threshold density for the marfe onset
was investigated in several discharges where the NB powers were different
but the other conditions were almost same. The threshold density increased
with the increase in the NB power as shown in Fig. 7.18. In other words, the
marfe was suppressed by the NB injection. The empirical scaling of the marfe
onset taking account of the NB power is derived from Fig. 7.18 as

e = (pon Ip + pNB PNB) /722, (7.1)

~ where
poH = 0.55 £ 0.05 (1020/MAm),

pNB = 0.07 £0.01 (1020/MWm).
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This scaling is useful to predict the marfe onset condition in NB heated
discharges on JT-60. The validity of the scaling would be confirm for the other
tokamaks.

Table 7.1 Threshold Density of Marfe Onset Normalized by the Poloidal
Cross-section on Various Tokamaks

Machine R (m) " a (m) Bt (T) p =Te/(p/ nwa?) Comments

JT-60 3.04 0.9 4 0.55 + 0.05 CH
3.04 09 4.75 09+0.15 NBI

Alcator-C ~ 0.64 0.165 6-10 0.5+£0.05 - OH

ASDEX 1.65 0.4 22 0.7 £0.05 OH, diverted
1.65 0.4 22 0.85 £ 0.05 NBI

D-1 1.4 0.4 2 0.45 OH

JET 29 - 125 25-34 055-03 CH

TFTR 25 0.82 4 04£0.05 OH

FT 0.83 0.2 6-8 0.75 £ 0.05 OH, Ip down

7 3.6 Total Radiation Loss and Energy Confinement

In general, the total radiated power is derived from the volume
integratibn of the radiation profile, Prad(r), which is provided by the Abel
inversion of the bolometer array signals, where the radiation profile is
assumed to be axisymmetric. The method, however, is not valid for the
plasma with poloidally asymmetric radiation profile like marfe. Therefore
symmetric component and marfe component of the total radiated power were
calculated individually by separating the bolometer signals to each component
as shown in Fig. 7.7, where symmetric component of the marfe viewing
channel was estimated from that of the other channels by interpolation. The
time evolutions of the symmetric and marfe components of the total radiated
. power for the plasma as for Fig. 7.5 are shown in Fig. 7.19. In this discharge,
the power radiated from the marfe was up to 50% of the total radiated power,
however, it was 20-50% usually in other discharges. The total radiated power
from the plasma with marfe reached up to 90% of the absorbed power as
shown in Fig. 6.9.
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Figure 7.20 shows the time evolutions of the stored energy measured by
the diamagnetic loop, the electron temperature measured from the ECE
emission, and other parameters as for Fig. 7.5. Both stored energy and electron
temperatures did not changes by the marfe onset at 6.6 in spite of the intense
radiation loss. In the marfe of relatively low density and Ip, the stored energy
increased accompany with the increase in the electron density as shown in Fig.
7.21. Reducing the increase of stored energy due to decreasing NB
shinethrough with the increase of density, the energy confinement time was
improved about 5%. The effect of marfe on the energy confinement has not
been referred in papers of other tokamaks. But it was presented from Alcator-
C in Ref. [8] that the influx of molybdenum was suppressed by the marfe. One
possibility of the improvement by the marfe is that the marfe reduces the
temperature of the edge plasma except marfe region and suppresses the
particle recydling and impurity influx from the first wall.

74 IMPROVED, DIVERTOR CONFINEMENT (IDC)

Recently IDC was found in the NB heated lower X-point discharges with
graphite wall accompanied with the enhanced radiation loss in the divertor
region. Figure 7.22 shows the typical wave forms of IDC. The IDC begins at

about 5.7 s. In IDC, Pfaig and T, increase gradually and chord integrated
radiated power from the plasma center decrease. The light impurity behavior
in IDC is characterized by the increase of CVI (33.74 nm) and the decrease of
OVIII (18.97 nm). The decrease of the radiated power from the main plasma
corresponds to the decreases of the OVIII brightness in main plasma. Though
the electron density of the main plasma increased in IDC, the central electron
temperature did not decrease. So the energy confinement time was improved
10-20% in IDC discharges. The time evolution of the chord-integral intensities
of the bolometers as a function of channel in the IDC discharge are shown in
Fig. 7.23, where channel 1-13 and channel 14-25 correspond to the lower and
upper arrays, respectively. The intensity of the lowest channel which was
nearest to the X-point increased steeply in IDC, whereas central ones
. somewhat decreased. This figure indicates that the enhance radiation is
localized in the divertor region. And Section 6.3.3 describes that the remote
radiative cooling in the divertor region is realized in the IDC discharges,
which reduced the heat load onto the divertor plates.

The radiated power from the main and divertor plasmas in IDC
discharges are plotted against the absorbed power for different By in Fig. 7.24.
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increased steeply with the Paps than 20MW. The increase in the radiated
power was enhanced by the increase of the toroidal field.

Figure 7.25 shows the radiated power from the divertor region plotted
against the delta Xp which is the distance between the X-point and the
divertor plate for IDC discharges of Ip = IMA and By = 3.3T. The radiated
power from the divertor region increased as the delta Xp was increased. Thus,
Figs. 7.24 and 7.25 indicate that the radiated power from the divertor region
increased according to the connection length of the divertor which was the
length of the field line from the X-point to the divertor plate.

As described above, IDC is characterized by the strong enhancement of
the radiation loss from the divertor region. So the global energy confinement
time of the IDC plasmas is plotted against the radiated power from the
divertor region in Fig 7.26. Global energy confinement time increases with the
increase of the radiated power from the divertor region.

7.5 DISCUSSION,
7.5.1 Modeling of Marfe

The marfe is considered to be a result of a radiative thermal instability
due to light impurity in the peripheral plasma. The radiation loss of an
impurity is given by

Prad = ne n1 L{Te) , ‘ (7.1)

where ne is the electron density, n[ is the impurity density, and L(Te) is the
radiation cooling rate at the electron temperature Te. Because the L of light
impurity such as carbon and oxygen has a negative value of dL/dT, the
temperature becomes lower and lower once it decreases. Here the simulation
of marfe was performed by a simple model of the thermal equilibrium.

The thermal equilibrium of the edge plasma is given by

Kl neTe +neny L = — Pin (7.2)
A? 4nRaAl

where k1 is a perpendicular thermal conductivity, A is the width of the scrape-
off layer, and Pin is the input power to the plasma. The first and second terms
of the left hand side in Eq. (7.2) are heat losses by thermal conduction and
radiation, respectively. The right hand side of Eq. (7.2) is the heat flow from
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the main plasma to the scrape-off layer. The width of the scrape-off layer A is
represented approximately by

_ LYW '
A=Ray KIL (7.3)

where q is the safety factor at the plasma edge and x| is a parallel thermal
conductivity. The transport at edge region is assumed to be Bohm type as

T
17168, (7.4)

and x| |of the classical transport

Tet
K|| =316 —fg—e— (7.5)
is used. Here 1 is the electron collision time given by
L 35x 104 132
(A/10) Zeif Ne (7.6)

where A is the Coulomb logarithm.
Dominant impurity in the marfe is assumed to be carbon. The radiative
cooling rate of carbon around Te = 10 eV is approximated by simple functions

as
L ~ 10-31 (Te/10)4 for Te2 10 eV,
L ~ 1031 for 6 eV < Tp < 10eV,
L =~ 1031 (Te/6)3 for To<6eV. 7.7

‘The condition of the thermal instability is

o (xi
9 (KL p. Te + Li<0
T, Az“e e felll (7.8)
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The solution of Eq. (7.2) under the condition of Eq. (7.8) gives the
criterion of the marfe onset. Figure 7.27 shows the marfe onset plasma in the
Hugill diagram calculated by the criterion for the NB heated plasma assuming
the carbon concentration of 0.3-1%. The density n is the local electron density
in the marfe region. Therefore this calculation result (Fig. 7.27) could not be
compared with the experimental one (Fig. 7.15) in the strict sense, but they
have a good agreement in the case of the carbon concentration of ~0.5%.

7.5.2 Estimation of Light Impurity Concentration in the Enhanced
Radjiative Region of the IDC Plasmas

In the typical IDC discharge, radiated power from the divertor region
reachs up to 10 MW which corresponds to the power density of approximately
10 MW/m3. The spectroscopic measurement of the divertor plasma revealed
that the brightness of carbon lines increased with the similar manner to the
radiated power from the divertor region in IDC. So the dominant contributor
of radiation loss in the IDC divertor plasma seems to be carbon. Though the
spectrometer was calibrated absolutely, the carbon concentration in the IDC
divertor plasma could not be obtained for lack of the knowledge of ne and Te
in the divertor region. Therefore the carbon concentration was estimated by
using simple model of the scrape-off layer [22] form the radiated power from
the divertor region.

A one dimensional model of the scrape-off layer is considered. The heat
conduction equation along the field line is given by

q=xnd- 7.9)

where q is heat flux density along the field line, k| is the heat conduction
coefficient long the field line, which is given by

X1 =Ko T3/2, (7.10)
where xg = 12.5 Wem-1eV-7/2, T is electron temperature in eV, and x is the

coordinate along the field line. The convection heat loss is neglected.
The radiation power Pr,q by impurity ions is given by
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- d
Dep =D (7.11)

where n is electron density, f is the impurity fraction, and L is the radiative

cooling rate. By multiplying Eq. (7.9) by Eq. (7.11) and by using Eq. (7.10), The
equation

1d 2 T/ %2 M4l
zi—(q 1<0T5 nfL(T)dx

1/2 .
= dT
kfpT L(T) o (7.12)

is obtained, where p is the electron pressure( = nT ). By assuming that f and p
are constant along the field line, Eq. (7.12) can be integrated as follows;

- ;= fpA(g(T) - g(T) (7.13)
where

g(T) = 2kof, TV2L(D)dT (7.14)

where the suffix s means the separatrix, and the suffix d means the divertor
plate. From Eq. (7.13),

f= qi i qg
pX(g(T)-g(TY)

(7.15)

is obtained. The typical parameters of the IDC discharges in JT-60 are:

R = 3 m (major radius)
Pin - P{.‘;ﬁin: 16 MW (total power from the main plasma)
div_ 10 MW(radiative power in the divertor))
0 = 0.1 (pitch of the field line)
3 = 0.05 m (thickness of the scrape-off layer )
"d = 0.06 m (distance from the x point to the divertor plate)
1=d/8 = 0.6 m (length of the field line)
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L in
:-___F_m_.__-———-]?t:;ad-—: 8.5)( 107 W/m2

s
47tROd ,
. in _pdiv
Q4 = .______————————-——Pm PI:;% Pgad =3.2% 107 W/m2

47R66

It is estimated that

Tg=10eV,
ng = —3 =08 1020 m-3
T
et () ,

8 (heat transmission coefficient at the sheath), e is electron charge,

where y=
given by

and m is the proton mass. T is approximately

7 2/7
Ts =( qsl) ~110 eV
2Kg

ng = @-%I‘iz 1.5x% 10 m-3
5 .

(T) as function of electron temperature Te for carbon
e cooling rate [20], where T is the

If nt is assumed to be 1017m-3s,

Figure 7.28 shows the g
calculated from the non-coronal radiativ

particle confinement time of the impurity.
g(Ts) =8 x 10-27 W2m2/eV2 >> g(Td),
p=16x1021m>eV.

are obtained. By using these parameters,

2.
f=_B =300
p2 g(Ts)
s 2-4 for Te= 10-110 eV at nt =

is obtained. The averaged ionic charge of carbon i
means that the ion of the

1017 m-3. So the carbon concentration of 30%
divertor plasma in the IDC discharge is almost carbon.
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7.6 CONCLUSION

The marfe characteristics in the high-power NB heated plasmas has been
investigated on the JT-60 tokamak. The marfe is a poloidally asymmetric
radiation band localized near the inside midplane and is a common
phenomenon among middle and large size tokamaks. In JT-60, the marfe has
been observed frequently in high-Ip and high density limiter discharges with
NB heating after the replacement of the first wall from TiC coated
molybdenum tiles to graphite ones.

The marfe occurred around the midplane on the inside wall and the
poloidal extent of the radiative band was about 10° of poloidal angle. The
poloidal drift motion of the marfe has been observed frequently in the
discharges during Ip rump down and/or reducing Png. The direction of the
drift motion was upward independent of the Bt direction and drift angular
velocity was typically 30° s'1.

The marfes occurred near the density limit of the JT-60 plasmas. The
threshold electron density for the marfe onset has been investigated on
ohmically and NB heated discharges in JT-60. Defining p to be fie /{Ip/ na2),
marfe onset condition was p = 0.55 £ 0.05 for ohmically heated plasma and p =
0.90 % 0.15 for NB heated plasma which was consistent with the results of
other tokamaks. The threshold electron density increased with PnB. The
empirical scaling of the marfe onset taking account of the NB power was
obtained as Tie = (pon Ip + pNB Pnp)/maZ where pon = 0.55 £ 0.05 (1020/MAm)
and png = 0.07 £ 0.01 (1020/MWm). This scaling was useful to predict the
marfe onset condition in NB heated discharges on JT-60. The threshold
electron density for marfe onset during Ip rump down was found to be higher
than that in constant Ip.

The marfe was modelled based on the radiative thermal instability. The
simple model can explain the marfe onset condition.

The increases of chord-integrated electron densities along the three
vertical chords at R=Rp- a/2, Rp and Rp + a/2 were saturated with same
manner in the marfe period in spite of continuous gas puffing. The marfe

may degrade the fuelling efficiency of the gas puffing.
| The radiation power density in the marfe was estimated to be 20-30
MW /m3 typically if the radial extent of the marfe assumed to be 0.1 m. The
increases in the brightness of CII, CIIl and OII lines were observed in the
marfe. The major contributors to the large emissively in the marfe were
estimated to be carbon and oxygen in low charge states.
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The-power radiated from the marfe reached 20-50% of the total radiated
power. The radiated power from the plasma with marfe was about 90% of the
absorbed power. Both stored energy and central electron temperatures did not
change by the marfe onset in spite of the such intense radiation loss. The
marfe onset in relatively low Ip improves energy confinement time up to
several % accompanied with the increase of electron density. The marfe was
helpful to avoid the density limit disruption by reducing the rate of the
electron density increase. So the plasma with marfe might be favorable
operational regime in the high density region for the limiter discharges.

The improved divertor confinement (IDC) regime was obtained in NB
heated lower X-point discharges with graphite wall where the energy
confinement time was improved up to 20%. In IDC discharges the radiation
loss from the divertor region increased up to 40% (typically 10MW) of the
absorbed power. Whereas, that from the main plasma and the heat load onto
divertor plates decreased in IDC. It was indicated that the strong remote
radiative cooling was realized in the IDC discharges. Radiation losses from the
divertor region increased with the toroidal magnetic field and the distance
between the X-point and the divertor plates, which suggested that it increased
with the connection length of the divertor. The strong radiated power from
the divertor region in IDC (typically 10MW) can be explained with a dense and
cold carbon plasma in the divertor region by using simple model of the scrape-
off layer. Though the improvement of the energy confinement in IDC is not
so remarkable (only several % to 20%), it is suitable operational regime to long
pulse or steady state operation in future devices because IDC does not
concentrate impurities to the core plasma like as H-mode.
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8. Summary and Conclusion

Chapter.1 reviews the status of the tokamak fusion research and the
theoretical background of the radiation-loss processes. The studies of the
plasma for the thermonuclear fusion are carried out by tokamaks as a leader.
The three large tokamaks in the world, TFIR, JET, and JT-60 are operating
now aiming to demonstrate the marginal fusion energy breakeven. The
accumulation of impurities and the accompanying radiation losses in a core
plasma are serious problem to achieve a reactor grade plasma not only because
the radiation losses degrade the energy confinement of the core plasma but
also because the impurities dilute the reacting plasma to reduce reaction rate.
Whereas, appropriate radiation loss localized in the peripheral plasma is
sometimes favorable to reduce the heat load onto the first wall and influx of
impurities from the wall by cooling edge plasma namely remote radiative
cooling. This thesis describes the developments of radiation-loss-
measurement systems and the investigations of the radiation losses and global
power balance on the JT-60 tokamak.

Chapter 2 presents the overviews of JT-60 machine and the diagnostics.
' JT-60 has various features to study physical and technological aspects of
reactor-grade plasma. JT-60 has a long discharge duration of 10 seconds, a
poloidal divertor for impurity control and confinement improvement, NB
and RF heating with high power and long pulse duration, RF current drive
and real time plasma control. JT-60 is a unique device having a closed divertor
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chamber among the three large tokamaks. JT-60 has three magnetic
configurations, outer X-point divertor, lower X-point divert and limiter, and
two types first wall, one is a TiC coated molybdenum and another is carbon
graphite. Therefore, JT-60 is suitable to investigate the radiation losses and
impurity control. JT-60 has 23 different kinds of diagnostics to measure the
fundamental parameters of the plasma such as electron density, electron and
ion temperatures, impurity contents. The diagnostics data are acquired by
CAMAC systems and processed in the computer system.

Development of the bolometric measurement system which is a major
diagnostic in the radiation loss study is described in Chapter 3. A new metal
resistor bolometer was developed for JT-60. It is composed three layers, 5-pm-
thick gold absorber, 7-um-thick polyimide and 0.1-pm-thick gold resistor. This
bolometer with bridge amplifier shows a linear response to the radiation
power, including both neutral particle emission and electromagnetic radiation
in the range from UV to soft X-ray. Very long cooling time and high
sensitivity were performed in this bolometer. Before modification for the
lower divertor, single array of 15 channel bolometers measured radiated
power from main plasma and two bolometers measured that from outer X-
point divertor. After the modification, two arrays of bolometer measured
power from main plasma and a bolometer measured that from the lower X-
point divertor. Intense poloidal asymmetries of the radiated power localized
near the X-point outside the torus were observed in divertor discharges. The
profiles of the radiated power were reconstructed by the Abel inversion with
an asymmetric term.

Chapter 4 presents the soft x-ray PHA system and its experimental
results. The soft x-ray PHA is useful measurement not only for the electron
temperature but also the metal impurity radiation in the core plasma. The soft
x-ray PHA in the energy range of 3 - 60 keV was performed for JT-60 ohmically
heated and NB heated plasma, using a high-purity germanium detector cooled
by liquid nitrogen. The time evolution of the electron temperature was
derived from the measured spectra with the time resolution of 100 ms. The
electron temperature was obtained up to 3.0 keV in the typical divertor
ohmically heated discharges with plasma current 2 MA. The dominant metal
impurity was titanium. The typical impurity density and the effective ionic
charge Zeff were estimated from these measurements, and the titanium
density of 10 - 3 % and Zeff of 1.2 were obtained for the typical ohmically
heated divertor discharges. And the titanjium concentration of NB heating
discharges was about factor 2 larger than that of ohmically heating.
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Chapter 5 presents the soft x-ray intensity and Balmer a line
measurement systems and their principal experimental results. To measure
the soft x-ray intensity profiles of JT-60 plasmas, thirty channels of PIN diode
detectors were arranged with the changeable multi-absorption filters. The x-
ray intensity profile measurement (x-ray imaging) system can operate with the
temporal resolution of 20 ps and the spatial resolution of 3.5 ecm. Using the x-
ray imaging system not only the observation of the MHD behavior was
performed, but also the toroidal rotation speed, the inversion radius, the
electron conductivity and the electron temperature profile were estimated.

Particle recycling in the edge plasma is important to understand the
particle behavior but also the plasma cooling as well as impurity radiations in
the edge region. The particle behaviors of the ohmically and NB heated
plasmas have been investigated by measuring Ho emissions from the main
and divertor plasmas using Ha filtered photodiodes. The fuelling efficiency
was almost independent of Te. The global particle confinement time of the OH
plasma was about 150 ms at low electron density and decreased with Te. The 1p
of the NB heated plasma was about 2/3 of that of the OH plasma at same
electron density. The 1p of the NB heated plasmas decreased with the NB
power.

The global power balance of OH and NB heated plasmas were described
in Chapter 6. The global power balances of the JT-60 plasmas with different
inner hardware, and with different plasma configurations were investigated
by bolometric measurements, thermocouples and IR TV camera on the JT-60
tokamak. Very low radiation loss of the main plasma (10% of the absorbed
power) was realized in NB heated outer X-point discharges with TiC coated
molybdenum wall. The radiation loss due to oxygen was dominant in this
case. Whereas, the limiter plasma with TiC coated molybdenum limiters were
very radiative where the radiated power was more than 60% of the absorbed
power in ohmically and NB heated discharges. In the discharges with graphite
wall, radiated power from the main plasma was 20 - 25% for both limiter and
lower X-point configurations. The radiated power from the divertor region
increased from several percent to 40% of the absorbed power with the increase
of Re. The improved divertor confinement (IDC) regime was obtained in NB
heated lower X-point discharges with graphite wall. In IDC discharges the
radiation loss from the divertor region increases to be up to 40% (typically 10
MW) of the absorbed power. Whereas, that from the main plasma and the
heat load onto divertor plates decreased in IDC.
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Characteristics of marfe and IDC phenomena, which are enhanced
radiation in the edge plasma and the divertor plasma, respectively, are
described in Chapter 7. The marfe is a poloidally asymmetric radiation band
localized near the inside midplane and is a common phenomenon among
middle and large size tokamaks. In JT-60, the marfe has been observed
frequently in high-Ip and high density limited discharges with NB heating
after the replacement of the first wall from TiC coated molybdenum tiles to
graphite ones. The marfe occurred around the midplane on the inside wall.
The poloidal drift motion of the marfe has been observed frequently in the
discharges during Ip rump down and/or reducing Png. The direction of the
drift motion was upward independent of the Br direction. The threshold
electron density of the marfe onset was investigated in OH and NB heated
plasmas. The threshold electron density increased with the Pnp. The
empirical scaling of the marfe onset taking account of the NB power was
obtained. This scaling was useful to predict the marfe onset condition in NB
heated discharges on JT-60. The threshold electron density for marfe onset
during Ip rump down was found to be higher than that in constant Ip. The
marfe was modelled based on the radiative thermal instability. The simple
model can explain the marfe onset condition. The increases of chord-
integrated electron densities were saturated in the marfe period in spite of
continuous gas puffing. The marfe may degrade the fuelling efficiency of the
gas puffing. The radiation power density in the marfe was estimated to be 20 -
30 MW/m3 typically if the radial extent of the marfe was assumed to be 0.1 m.
The major contributors to the large emissively in the marfe were estimated to
be carbon and oxygen in low charge states. The power radiated from the marfe
reached 20-50% of the total radiated power. The radiated power from the
plasma with marfe was about 90% of the absorbed power. Both stored energy
and central electron temperatures did not change by the marfe onset in spite of
the such intense radiation loss. The marfe onset relatively low Ip improves
energy confinement time up to several % accompanied with the increase of
electron density.

In the IDC discharges, the strong remote radiative cooling is realized.
Radiation losses from the divertor region increased with the toroidal
| magnetic field and the distance between the X-point and the divertor plates,
which suggested that it increased with the connection length of the divertor.
" The strong radiated power from the divertor region in IDC (typically 10MW)
can be explained with a dense and cold carbon plasma in the divertor region
by using simple model of the scrape-off layer.
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Finally, this study revealed that the most clean plasma was obtained in
the metallic first wall with the divertor on JT-60. This fact is suggesting the
capability of the metallic material for the first wall of next devices such as
ITER and FER. Enhance radiation localized in the peripheral plasma such as
marfe and IDC dose not degrade the core plasma confinement or somewhat
improves it, so that marfe and IDC are suitable operational regime in the high
density region for future devices because they have strong remote-radiative-
cooling-effect.
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