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A characteristic feature of the high-confinement (H-mode) regime is the
formation of a transport barrier near the plasma edge, where steepening of the
density and temperature gradients is observed. The H-mode is expected to be a
standard operation mode in a next-step fusion experimental reactor, called ITER —
the International Thermonuclear Experimental Reactor. However, energy
confinement in the H-mode has been observed to degrade with increasing density.
This is a critical constraint for the operation domain in the ITER. Investigation of
the main cause of confinement degradation is an urgent issue in the ITER Physics
Research and Development Activity. A key element for solving this problem is
investigation of the energy confinement and transport properties of H-mode
plasmas. However, the influence of the plasma boundary characterized by the
transport barrier in H-modes on the energy transport of the plasma core has not
been examined sufficiently in tokamak research. The aim of this study is therefore
to investigate the energy confinement. properties of H-modes in a variety of
density, plasma shape, seed impurity concentration, and conductive heat flux in
the plasma core using the experimental results obtained in the JT-60U tokamak of
Japan Atomic Energy Research Institute. Comparison of the H-mode confinement
properties with those of other tokamaks using an international multi-machine
database for extrapolation to the next step device was also one of the main subjects
in this study. '

Density dependence of the energy confinement properties has been
examined systematically by separating the thermal stored energy into the H-mode
pedestal component determined by MHD stability called the Edge Localized
Modes (ELMs) and the core component governed by gyro-Bohm-like transport. It
has been found that the pedestal pressure imposed by the destabilization of ELM
activities led to a reduction in the pedestal temperature with increasing density.
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"~ The core temperature for each species, in turn, decreased only by an
approximately constant factor with a reduction in the pedestal temperature,
resulting in deterioration of the energy confinement of the plasma core. It has been
demonstrated that the edge pedestal structure imposed by ELM instabilities plays a
significant role as a boundary condition in determining the heat transport of the
plasma core.

Hence, a higher pedestal temperature is required to improve the energy
confinement in H-mode plasmas. It has been observed pervasively that high
triangularity and/or argon seeded ELMy H-mode plasmas are capable of
producing improved energy confinement. The present study showed that the
improved performance in such discharges could also be explained by the higher
pedestal temperature through the same mechanism seen in the standard ELMy H-
mode plasmas shown above.

' The effects of conductive heat flux in the plasma core on energy
confinement has been analyzed in low and high triangularity discharges with
changes in the neutral bean injection (NBI) power and in argon seeded discharges
where the enhancement of radiation loss power due to argon gas injection changes
the conductive heat flux profile. As the heat flux in the plasma core was varied in
these plasmas, heat " diffusivity adjusted itself to sustain the edge-core
proportionality in temperature profiles. ‘

~ The role of the pedestal temperature as a boundary condition for core
confinement in other tokamaks has been compared to its role in JT-60U by using
an international multi-machine pedestal database. Increasing the triangularity has
been shown to be a possible method for maintaining high pedestal temperature in
high density discharges and thus attaining hlgh energy confinement in a next-step
experimental device. '

In this study, the energy confinement and transport properties of H-mode
plasmas have been investigated from the viewpoint of plasma edge structure in
various operation conditions. The decisive factor determining the core heat
transport, which is a main argument in H-mode physics research, has been
identified. Optimized operation conditions and methods to sustain enhanced
energy confinement performance have also been investigated quantitatively. This
thesis makes an important contribution to one of the most critical issues in the
ITER Physics Research and Development Activity and, more widely, in tokamak
fusion research.

Keywords: H-mode, ELM, Edge Pedestal, Profile Stiffness, Energy Confinement,
' Transport, Heat Flux, Boundary Condition, High Density,
Triangularity, Argon Gas Injection, ‘High Bpoi H-mode, Multi-machine
Pedestal Database, ITER, JT-60U
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1. Introduction

Nuclear fusion is éxpected to bve a bossible large contributor to the energy
source in the next generation, from the viewpoint of a virtuaily' inexhaustible fuel
supply, safety characteristics and an acceptable environmental impact. The
continuing. population growth and the growing economic aspirations of all
mankind combined with the increasing international concern over the pc‘)tentiai'
climatic threat from d_epen'dence on fossil fuels have led to the demand for a range
of practical energy options for a sustainable energy supply. Establishing the fusion
energy option wouldv make a critical contribution to the welfare of future society.

The major research on controlled nuclear fusion has been mostly focused
on the use of magnetically confined plasma to produce a sufficiently high fusion
reaction rate. Ignition, where, as with fossil fuels, tﬁe burning process becomes
self-sustaining without further applied heating, is an essential requirement for the
operation of thermonuc'leér' fusion reactors. The progress toward ignition can be
measured by means of the product of energy confinement time, temperature and
dénsity, which corresponds to the ratio of the fusion power (o< niz(O) TiZ(O)) to the
| loss power (o< n;(0) T}(0)/ 1¢). Here, n;(0) ar_1d Ti(O) are the éentral ion density and
temperature of the plésma, respecﬁvely, and tg is the energy confinement time.
The form of the dependence of the fusion cross-section on energy fortuitously
allows the requirement for ignition to be expressed by |

n(0)T,T(0) 2 510 m™ -sec - keV | (1.1)
The reactor plasma must therefore achieve -hig'h energy confinement with
sufﬁciel‘ltly= high pressur.e. Although the required density, temperaturé and energy

confinement t_imé have all been obtained in tokamaks, they have not been achieved
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simultaneously. To satisfy thermonuclear conditions in a tokamak, T should be
large enough at a sufficiently high density.

Several schemes of magnetic confinement systems, such as ,a.tokamak,
stellarator, reversed field pinch, Z-pinch and mirror, have been developed towards
a thermonuclear fusion reactor. In particular, research on magnetic confinement
based on a tokamak has progressed éigniﬁcantly. The tokamak is the magnetic
confinement system currently best developed to allow confident extrapolation into
ignition regimes. |

Impressive progress throughouf the magnetic céntrolled fusion research
| programs has reached a stage where a tokamak burning plasma facility can be
seriously contemplated as an appropriate next step. In this facility, the
thermonuclear heating i)alances (oris compérable to) transport and radiation losses
for periods of 1000 sec or longer. Achieving this goal would be a major step
forward, both in scieﬁce and in technology, towards the ultimate goal of magnetic
fuéion generation of electrical power with significant environmental advantages
[1,2]. The leéding large tokamak experiments have achieved the break-eveﬁ of
reactor conditions, under deuterium-tritium (D-T) operation in JET of the Culham |
Laboratories in the United Kingdoni [3,4] and under deuterium-deuterium (D-D)
'operat'io‘n in JT-60U of Japan Atomic Energy Research Ihstitute in Japan (based on
calculations of the predicted fusion reactivity in a 50:50 mixture of deuterium and
tritium under the same plasma conditions) [5-9].

Many of the problems of fusion research have been overcome in
~ tokamaks. It is now necessary to look to the future and the next stage of tokamak
development. In terms of plasma performance, this must include a tokamak which
is capable of achieving extended burn in inductively driven plasmas at Q > 10
(where Q denotes the fusion power gain) and of demonstrating steady-state
operation through current drive at Q > 5, while not precluding the possibility of

controlled ignition [10,11]. Such an enterprise will concentrate effort on the
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critical problems and, if successful, demonstrate the feasibility of a tokamak
reactor. There is already worldwide co-operation in an international team, whose
task is to design a tokamak which will satisfy the above conditions and produce
power in the gigawatt range, and the engineering design of such a tokamak was
completed in July 2001. This large-scale tokamak, the purpose of which is to
demonstrate the scientific and technological feasibility of fusion energy, is called
ITER - the International Thermonuclear Experimental Reactor [12].

However, there were serious problems in early era of tokamak research.
In confinement studies based on the limiter configuration, the energy confinement
time was unfortunately found to be a decreasing function of both density and
temperature. As‘power was applied to the plasma the energy confinement time fell
[13]. These results were disappointing and seemed to be an obstacle which could
not be overcome. Using the empirical scaling derived from a range of experiments,
it was predicted that the energy confinement time would improve with size of
tokamaks and the associated higher plasma currents. On the basis of these
confinement qualities called the L-mode, a tokamak reactor would require a large
value of AX 1 of more than 100 MA, where A is the aspect ratio and I, is the
plasma current. This value is too large from the économic and engineering
viewpoints. Therefore, improved confinement must be achieved in the fusion
plasmas.

A fortunate discovery made in éuxiliafy heated discharges on the
ASDEX tokamak [14,15] was on the existence of a mode of plasma operation in
which the energy- confinement time is typically twice longer than that of the
previous ‘normal’ operation. This is called the H-mode in contrast with a normal
regime called the L-mode. The transition to this state of higher confinement was
found in a plasma with a divertor and at a sufficiently high level of plasma heating.
The transition occurs abruptly and appears to be associated with improved energy

confinement at the plasma edge (see figure 1.1).
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Figure 1.1 Schematic representatibns of the pressure profiles in L-mode
and H-mode (ELMy H-mode). A profile of ELMy H-mode plasma with
an internal transport barrier (ITB) is also shown.

H-mode plasmas produce steep gradients of density and temperature in
the edge region, and because of the steep edge pressure gradient, MHD
instabilities so-called Edge Localized Modes (ELMs) [16-19] are driven. These
instabilities are accompanied by rapid bursts of MHD activity with poor plasma
confinement and producing large heat and particle fluxes to plasma-facing
surfaces. However, from the ;liewpoint of steady-state operation, the H-mode
accompanied with ELMs (ELMy H-mode) is considered to be desirable for
particle control as they expel impurities, including helium ash [20], and stabilize
the core plasma density, although the eﬁefgy confinement i)erformancé 1s 'sligh'tly'

degraded by them. The ELMy H-mode has been chosén over other modes as the
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primary principal operating mode for ITER: It has.now been:seen on a wide
variety of magnetic confinement devicés;f under a wide range of conditions. The.
feature of improved core confinement is sometimes combined with that of H-mode,
and higher performance of the energy confinement has been attained through this
combination. - ,

There has been considerable development of databases and accumulation
of knowledge of the behavior of tokamak.plasmas around the world, making it
possible to design- an experimental fusion reactor such as ITER. HoWev'er,»a‘
significant uncertainty still exists in predicting the energy confinement properties
and plasma performance in such a device. |

A precisevtheory of classical collisional transport losses is established.
Since this' theory does not completely explain -the travnsport‘ process across
magnetic surfaces, an additional transport process driven by plasma turbulence
must be taken into account. Significant theoretical efforts are being devoted to
undersfanding the cross-field transport in tokamaks due to turbulence, and a few
models are broadly consisfent with presént experiments. On'the other hand, since
tokamaks. of various sizes and with vario‘ﬁs operating parameéters and heating
powers have been constructed, empiriéal scaling laws derived, from these
tokamaks are useful for predicting plasma performance of a new Adevice.

The main strength of the empirical energy conﬁnément scaling method is
its simplicity and the fact that all of the physical processes are contained within the
data. Its main weakness is that modeling of the énergy confinement time, T¢, by a
simple log-linear forfn, or even by more sbf)histicated forms, can only, at best, be a
very approximate. description of the physical processes taking place, since no
knowledge of the heating, temperature or density profiles, or atomic physics for
that matter, is built into the analysis. The log-liﬁear form itself_ is equivalent to
assuniing that a single turbulence mechanism is responsible for the transport. This.

seems unlikely to be-the case for the ELMy H-mode, the operational _mode
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foreseen for ITER, where the core region may be dominated by short wavelength
turbulence of the gyro-Bohm type, and the behavior in the-edge region is possibly
determined by MHD events such as the edge localized modes (ELMs).

In the ITER Physics Basis (IPB) report [21], séveral empirical log-linear
(power law) scaling expressions for thermal energy confinement time, Ty, are
presented. According to these scaling laws, Ty, is expected to increase with density.
As a result, high thermal energy confinement could be achieved in the high density
regime. However, high density operations conducted in many tokamaks have
indicated that, when the density exceeds a certain value, the positive density
dependence for the thermal energy confinement time expected by the scaling laws
does not describe correctly the variations of Ty, of ELMy H-mode plasmas. Those
scaling laws predict higher energy confinement than that observed experimentally,
indicating that improved energy confinement leads to high density.

In recent tokamak research, extension of the maximum density at which
high energy confinement can be sustained is a critical issue. Since the energy
losses associated with the ELM activities are of a serious concern for the lifetvime
of the divertor targét [22-24], high density operation is also indispensable for
reducing the peak power load onto the divertor plate by high radiation power loss

in the scrape-off layer (SOL) and divertor region. However, it has been difficult to
' GW 1020

maintain H-mode confinement at densities close to the Greenwald value, n
m’] (= I, [MA]/ nas [m]) with gas puff fueling [25]. Although degradation of the
energy confinement at high density is a common feature 'df the ELMy H-mode
plasmas in many tokamaks, the critical density above which the energy
confinement starts to degrade differs in different devices or equilibrium
~ configurations. |

- The physfcs mechanism of core energy confinement above the critical
density is presently not known. There are several issues which should be solved

one by one to achieve high density and high energy confinement simultaneously.
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In this study, through experiments using the JT-60U tokamak, the confinement and
transport properties in H-mode plasmas are examined in the followivng order: |
(1) Systematic analyéis of the confinement and.pedestal characteristics in
ELMy H-mode plasmas by separating thermal stored energy into the H-
mode pedestal and core components
(2) Inyestigation of the physics underlying the confinement degradation with
increasing plasma density and identification of the dominant boundary
factor determining the core energy confinement
(3) Examination' of the edge-core relationship in alternative advanced
operation modes (high triangularity and/or argon seeded ELMy H-modes)
which are capable of producing high energy confinement at high density

This thesis is organized as follows. In chapter 2, an outline of the JT-60U
tokamak and the required operating regime in the ITER are presented. The
relevant engineering instruments used in tﬁe JT-60U tokamak, such as additional
heating systems and diagnostics, are also described.

In chapter 3, the thermal energy confinement properties in ELMy H- .
mode plasmas are described for the case of the JT-60U tokamak. Based on the
results of low tfi‘angularity experiments (8, = 0.16-0.19, where & denotes
triangularity at the separatrix), the density dependence of the thermal energy
confinement is discussed in terms of the H-mode pedestal and core components. It
is therefore made clear whether the confinement degradation on the basis of the H-
mode confinement scaling law is attributed to the core or pedestal deterioration.
The H-mode pedestal characteristics are also described for a wide range of
densities. The relationship between pedestal structure and core transport based on
the experimental observations is of a significant concern. The role of the pedestal
structure as a boundary condition for the core confinement is discussed from the

viewpoint of temperature profile effects.
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1In. chapter -4, the thermal energy. confinement. properties and -pedestalk
characteristics of high triangularity ELMy H-mode plasmas,. which  are .being;
considered as a means for improving the. energy confinement, are described. High
triangularity discharges, in which the critical edge: pressure gradient (edge o-
parameter) can be raised, have been found to result in high energy confinement of
the plasma core [26-31]. In this' chapter, the density -dependence of the energy
confinement improved. by high triangularity configuration is shown quantitatively.
The H-mode pedestal characteristics of low and high triangularity discharges are
compared. In JT-60U, high energy confinement plasmas, so-called high poloidal-
' befa (Bpo1) H-mode [32,33], have been obtained with improved core confinement at
high triangularity. In these plasmas an internal transport barrier (ITB) is formed.
The ion heat diffusivity, 7;, substantially decreases in the plasma core region down
to the neoclassical level [34]. Across the ITB, the ion temperature increases by
several keV. The pedestal and core confinement properties of high B,, H-mode
discharges with the ITB are also described in this chapter.

*As an alternative operation method aimed at improved confinement in the
high density regime, it has been reported that externally puffed seed impurity is of
great use to the energy confinement improvement with high radiation loss power
[35-38]. In chapter 5, the enefgy confinement and H-mode -pedestal properties in
argon gas injected discharges are described. The influence of pedestal structure on -
energy confinement improvement due to érgon gas injection is shown by
comparing with H-mode discharges only with deutertum gas pufﬁhg;

In ‘chapter 6, the effects of conductive heat flow on energy transport
concerning the temperature profile similarity are described for H-mode plasmas
heated by neutral beam (NB) injection. In standard. H-mode plasmas at low.and
high triangularity, the responses of.the edge-core. relationship on temperature
profiles and its corresponding heat diffusivity in.a variety of heat flux in the

plasma core using NB injection are discussed. The heat transport mechanisms of



JAERI—Research 2004—027

the plasma core are analyzed in argon gas puffed plasmas where the enhancement
of the radiation loss power due to argon gas injection varies the conductive heat
flux at a fixed NB injection power.

It has been observed in many tokamaks that the characteristics of the H-
mode edge pedestal are crucial for characterizing the confinement and stability
properties of the core plasma and for quantifying the effect of ELM energy load on
divertors. To investigate the universal characteristics of the edge pedestal, an
international multi-machine pedestal database has been developed [39]. In chapter
7, the relation of core confinement and pedestal parameters is described using the
multi-machine pedestal database. The H-mode pedestal and core confinement
properties in several tokamaks are compared, and the underlying physics of
confinement degradation in high density ELMy H-mode plasmas are described.

Finally, in chapter 8, the main results of this study are summarized, and

related issues for future study are presented.
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2. JT-60U and ITER

2.1. Tokamak research

The tokamak was invented at the Kurchatov Institute in the Spviet Union,
where the early development took place in the late 1950s. The successful
development of the tokamak was principally the result of the careful attention paid
to the reduction of impurities and the separation of the plasma from the vacuum
vessel by means of a ‘limiter’. This led during the. 1960s to comparatively pure
plasmas with electron temperatures of around 1 keV. [40]. By 1970 these results
were generally accepted and their significance appreciated and many tokamaks
were constructed in the world [41]. Tokamak research concéntration has led to a
largé scale world wide program.

As larger tokamaks were built the expected improvement in confinement
was achiéved and confinement times approaching 100 ms had been obtained by
1980. Since the simplest model consistent with experimehtal results gave Tg o< has ,
where 7 and a, denote the density and the minor radius of the plasma, fespectively,
the design of large tokamak experiments was undertaken in several countries.

During the 1970s, although ohmic heating upon which the early
experiments relied entirely becomes unfortunately less effective at higher
temperature because the electrical re_sistively of the plasma falls as the electron
temperature increases, varying as T?"*, neutral particle injection and RF heating
had been developed as the additional heating methods to achieve success. Both

methods had achieved temperatufes of several keV in the early 1980s.
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Figure 2.1 Development of confinement experiments in n(0) Tt — 7(0),
where np(0) denotes the central deuterium density, T¢ is the energy
confinement time, and T;(0) is the central ion temperature.

In 1982, it was discovered in ASDEX [14,15] that under certain
conditions there is a discontinuous improvement in confinement as the heating
power is increased. Typically there is a factor of two increase in the energy
confinement time. This regime is called the H-mode. The H-mode was also
identified in other tokamaks. In addition to the H-mode characterized by an edge
transport barrier (ETB), a number of other improved conﬁnemeﬁt regimes with an
internal transport barrier (ITB) have also been identified.

By the early 1980s, three large tokamaks: TFTR in Princeton Plasma
Physics Laboratory, United States of America (programs finished in 1997); JET in
Culham Laboratories, United Kingdom; JT-60 of the Naka Fusion Research

Establishment in Japan Atomic Energy Research Institute, Japan, were constructed
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Table 2.1 The main parameters and dimensions of the JT-60U plasma

Plasma current () _ 5.0 MA

Toroidal magnetic field (B,) 4 42T )
Discharge duration time 15 sec

Plasma major radius (R;) 3.0-34m

Plasma minor radius (a,) 0.6-1.1m

Vertical elongation at the separatrix 1.4-1.7

Plasma volume (V) 40-100 m’

Main auxiliary heating (NBI, ICRF, LHRF, ECRF) 55 MW

to satisfy the Lawson criterion. Up to the present, the JET and JT-60 achieved the
break-even plasma condition and TFTR and JET have successfully gained the
fusion power up to 16 MW in actual deuterium-tritium mixture discharges as is

shown in figure 2.1 [3-9,42,43].
2.2. JT-60U
2.2.1. Program of JT-60U

JT-60 (JAERI Tokamak-60), in which the first plasma was obtained in
April 1985, was constructed as one of the large tokamak fusion experimental
devices to contribute to the physics research and development of fusion plasma
and the achievement of the break-even plasma condition [44]. The oﬁginal JT-60
had an enclosed divertor chamber situated on the large major radius side of the
plasma. It was however found that this configuration did not allow H-mode
operation, and the poloidal circuit was modified in early 1988 to permit the
formation of an X-point in the bottom of the vacuum vessel. This constituted an
interim step in a much more extensive modification of the tokamak, which began

in late 1989. The vacuum vessel was replaced, eliminating the original divertor,



JAERI-Research.2004—027 .

.Poloidal field
coils

Toroidal field
. coils

Mechanical support structure

Neutral beam
injector

Vacuum -
vessel

Lower hybrid
launcher

Figure 2.2 Bird’s eye view of JT-60U tokamak device

and the poloidal circuit was extensively upgraded within the existing toroidal field
coil set. In order to distinguish the remodeled machine from the previous JT-60, it
is called JT-60U (JT-60 Upgrade). The divertor of JT-60U was also modified from
an open divertor to a W-shaped divertor with pumps in 1997 [45].

| The operational parameters of JT-60U are summarized in table-2.1. An
qver‘all schematic of the JT-60U device is shown in figure 2.2. The electric power
of ~1.3 GW required to operate JT-60U experiment for exciting magnetic field
coils, producing plasma and heating plasma is supplied by three motor generators.
Most of required power is ‘accumulated before the discharge pulse in these
electrically powered generators. with the form of rotation energy and at the plasma
discharge -all the power are released together with directly received commercial

electric power. The JT-60U device is capable of operating.at hydrogen,-deuterium
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Figure 2.3 NBI heating system of JT-60U tokamak device

and helium gases. The first wall is completely lined with graphite, especially with

carbon fiber composite (CFC) tiles in the divertor target.
2.2.2. Auxiliary heating system

The ohmic heating, acceleration by the toroidal electric field induced by
transformer action heats the plasma up to temperature of a few keV. The ohmic
heating power degrades as the temperature increase with a 7,7 dependence of the
plasma resistivity. To achieve temperature larger than 10 keV, additional heating
such as neutral beam injection (NBI) and radio-frequency (RF) heating are used.
In the former, to penetrate through the magnetic field in a tokamak, high energy
neutral atoms are injected into the plasma. In radio-frequency heating, high power
microwaves are injected into the plasma and heat plasma by resonant interactions.

| The neutral beam injection (NBI) into JT-60U is composed of two

systems (see figure 2.3). One is a positive-ion based NBI (14 units) and the other
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is a negative-ion based NBI (1 units). The NB heating system for the JT-60U
started the beam injection operatidn in 1986 with hydrogén beam. All the original
neutral beam lines were perpendicular injectidh. In 1990-1991, four beam lines out
of 14 units were modified from perpendicuiar to tangential injection. At the same
time, a modification was made to enable deuterium operation.

The positive-ion based NBI system is capable of injecting up to 40 MW
at 85-90 keV for ~10 s with deuterium. On the other hand, the negative-ion based
NBI system, which is aiming at 10 MW at 500 keV, is composed of one beam line
with two ion sources and a set of high voltage power supply.

In radio-frequency (RF) heating, high power microwaves are injected
into the plasma and impart energy by resonant interactions. Three main schemes
are currently exploited in JT-60U, which are composed of ion cyclotron resonance
heating (ICH), lower hybrid resonance heating (LHH) and electron cyclotron
resonance heatihg (ECH). In the ICH system the frequency is chosen to resonate at
the cyclotron frequency or its harmonics, 110-130. MHz, 2Qcy = 116 MHz at B, =
3.8 T. In the LHH system at 1.74-2.23 GHz, the waves undergo Landau damping
by either electrons or ions depending on density. The ECH system at 110 GHz
consists of three gyrotrons and designed to couple the fundamental O-mode from
the lower field side, which is the proposed scheme for EC current drive in ITER.
The “design pulse length of the ICH and LHH systems is ~10 s, the heating.
capability is 6 MW of ICH and 7 MW of LHH. The ECH system is capable of
achieving a torus input ovf 1.5 MW for 3 s [46]. Radio-frequency heating has an
advantage of flexible control of the heating profile since the cycloﬁon absorption
occurs around one value of the magnetic field. Radio-frequency waves can also be

used for driving current.
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Table 2.2 Suinfnary of iﬁe main diagnoétié syétems in JT-60U

i

. Plasma parameter , Diagnostics _. ' '
Ion temperature Charge exchange recombination spectroscopy (CXRS)
Electron temperature "~ Thomson scattering with Ruby laser system '

Thomson scattering with YAG laser system
Electron cyclotron emission (ECE) Diagnostics
Electron density Thomson scattering for Ruby laser system
Thomson scattering for YAG laser system
. Far infrared (FIR) interferometer
CO; laser interferometer

Plasma current profile Motional stark effect (MSE)
Radiation ‘ Bolometer

Effective charge number Visible Bremsstrahlung
Magnetic fluctuation - Saddle coils '

Tangential magnetic probes

2.2.3. Diagnostics

In order to understand the physical processes occurring inside the plasma,
the JT-60U tokamak is equipped vwith a comprehensive range of diagnostic
systems. These measurements can be. used to determine the. general plasma
parameters, to assess the fusion performance and for studies of specific plasma
phenomena. The parameters most commonly monitored ‘are the plasma stored
energy, power input and output, temperature and density profiles of electrons and
ions, magnetic field configuration and current profile, impurity emission intensity,
divertor and edge plasma parameters. Diagnostic tools equipped in JT-60U are

summarized in table 2.2. .
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2.3. ITER

The ITER project has its origin in the common recognition, among the
leading fusion programs worldwide, of the need for a next-step experiment aimed
at demonstrating the scientific and technological feasibility of fusion energy for
peaceful purposes. Built on the performance advances of leading machines and the
wider database including data from smaller machines, ITER prefigures the core of
a working fusion reactor and is thus designed to embody the next-step machine
that serves the imperatives for progress in future research.

The ITER collaboration was set up to provide its parties with the option
to make the next, integrated step within the frame of a global collaboration in
which participants could pool their accumulated scientific and technological
expertise, share the burden of costs and secure a degree of political commitment
consistent with the scope and time scale of the task. After a brief ‘Conceptual
Design Phase’ (CDA), four parties — the European Union, Japan, the Russian
Federation and the United States — embarked, in 1992, on the phase of
‘Engineering Desigh Activities’ (EDA) [12].

The focus of effort in the ITER-EDA since 1998 has been the
development of a new design to meet revised technical objectives and a cost
reduction target of about 50 % of the previously accepted cost estimate. Drawing
on the design solutions already developed and qualified during the EDA and using,
the latest physics results and outputs from technology researched development
projects, a new design of ITER has been developed which meets, in general, the
revised objectives and provides acceptable margins against the unavoidable
uncertainties in performance projections. As such the new ITER design [47],
whilst having reduced technical objectives from its predecessor, will nonetheless

meet the programmatic objective of providing an integrated demonstration of the
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Table 2.3 The main parameters and dimensions of the ITER plasma

Total fusion power 500 MW (700 MW)
O (fusion power/auxiliary heating power) 210

. Average 14 MeV neutron wall loading 0.57 MW m? (0.8 MW m?)
Plasma inductive burn time > 300 sec
Plasma major radius (R,) A 6.2m

~ Plasma minor radius (ap) 20m
Plasma current (/,) . 15 MA (17.4 MA)
Vertical elongation at 95% of the flux surface/separatrix ~ 1.70/1.85
Triangularity at 95% of the flux surface/separatrix 0.33/0.49
Safety factor' at 95% flux surface (gos) 3.0
Toroidal field at 6.2 m radius (B,) 53T
Plasma volume (V) 837 m’
Plasma surface 678 m’
Installed auxiliary heating/current drive power 73 MW (100 MW)

¥ Measure of the pitch of the helical field lines

scientific and technological feasibility of fusion energy. The main parameters and
overall dimensions of the ITER plasma are summarized in table 2.3 [11,48,49].
~ The table shows the parameters and dimensions for nominal operation; the figures
in brackets represent the maximum values obtaining under specific limiting
" conditions, including, in some cases, additional capital expenditures. A cutaway
view of the tokamak and sub-systems in the cryostat are shown in figure 2.4
[11,49].

The reference operating scenario for inductive operation in the ITER is
the ELMy H-mode (i.e. operational mode with high energy confinement time and
regular edge localized modes); and the rules and methodologies for the projections
of plasmz{ performance to the ITER scale are those established in the ITER Physics
Basis (IPB) [21], which was developed from broadly-based experimental and
modeling activities within the magnetic fusion programmes of the ITER parties.

From the statistical analysis of confinement results obtained in many

tokamak devices, an expression of the energy confinement time for ELMy H-
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Figure 2.4 Cutaway view of ITER.

mode plasmas has been established as a function of plasma parameters, verified in
time through three orders of magnitude, and expressed by the IPB98(y,2) scaling
as [21]:

TIEROD) _ 00562 4012107 B3 RIP g0 En0 P00 @.1)
where the units are s, amu, MA, T, m, 10" m™ and MW, respectively. In the above
formula, 4; and Py, denote the atomic mass of the ions and the total loss power
crossing the separatrix corrected for the time derivative of the stored energy. The
quantity K, is the plasma elongation defined as x, = Sy / naﬁ with S, being the
plasma cross-sectional area. In the IPB report [21], five empirical log-linear

(power law) scaling expressions for thermal energy confinement time, Ty, are

presented which are derived from different subsets of the H-mode global
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confinement database containing data from 13 tokamak devices. The IPB98(y,2)
scaling has been selected as a conservative option. To represent either how close
the actual value observed in one experiment is from the scaling, or a level of
uncertainty, a scalar named the Hy-factor can be used. The Hy-factor describes the
enhancement factor of thermal energy confinement time obtained experimentally,
T, based on the predicted standard ELMy H-mode confinement level. The

9 : 1
H}7P*? is therefore given as follows:

T
IPB98(y,2) __ th
H H ~ _IPB98(y,2) (2'2) .
Tth

Key limiting factors for inductive operation are normalized B (Bn), the.
density in relation to the Greenwald value (n./n®") [25], and the L-H mode power
threshold (transition from the lower confinement mo'de of operation to the higher
confinement mode). A range of possible plasma parameters at which Q = 10 by
analyzing the possible operational domains in relation to the above limiting factors,
for given values of Q, the plasma current and the. Hy-factor (Hy'" 2”0y is
illustrated in figure 2.5(a) and (b). The fusion power amplification, Q = 10.1s
maintained within the shaded region by adjusting auxiliary power and density. At
-a plasma current, /;,, of 15 MA, O = 10 will be achieved at a fusion power, Py, of
400 MW with n, _/nGW = 0.85, Hy"?*"» = | and By = 1.8. These parameters are
still in conservative ranges. If necessary, a high field side pellet injector,
stabilization of neoclassical tearing modes:by the electron cyclotron (EC) current
drive and/or mitigation of heat load due to ELMs will be applied for high fusion
power operation up to ~ 700 MW with higher By, higher density and higher stored
energy. The device also has a capability for O = 10 operation at n,/n°" ~ 0.6 and
Bn ~ 1.5 when Hy "% = 1. Provided that energy confinement times consistent
with the confinement scaling are maintained, the results show the flexibility of the
design, its capacity to accommodate uncertainties in projection, and its ability to

maintain the goal of extended burn Q = 10 operation, and also imply its ability to
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explore higher Q operation.

For the performance projection of ITER, there still remain uncertainties
on the H-mode characteristics, such as energy éonﬁnement time scaling, H-mode
power threshold scaling, non-dimensional transport, ELM model and so on. It has
traditionally been difficult to maintain H-mode confinement at densities close to
the Greenwald value. The extension of the maximum density at which high energy
confinement can be sustained is also a critical issue. These i_ssucs are required to

be studied on the present tokamaks as ITER physics research needs.

— 22—
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3. Thermal Energy Confinement of ELMy H-mode
Plasmas |

3.1. Introduction

High density operation with improved energy confinement is essential for
a tokamak reactor to. produce sufficiently high fusion power and to reduce heat
1oad onto the divertor plates [22]. ITER [50,51] is envisaged to operate in the
ELMy H-mode regime at a high density close to the Greenwald density limit, nv
[25]. However, the H-factor, Which describes the enhancement factor of the energy
confinement from the L-mode level, has been observed to decrease with increasing
plasma density in many experiments (e.g. in JET [52,53], ASDEX-Upgrade
[54,55] and JT-60U [56,57]). Therefore the investigation of the dominant causes
of this degradation is an urgent task in tokamak research for the extension of the
~ improved energy confinement regime in the H-mode.

ELMs [16-19] are considered to affect the energy confinement mainly
through two basic mechanisms. One is the direct energy loss from the region near
the plasma boundary due to each burst. Type-I1 ELMs, whiéh appéar when higher
levels of additional power than the H-mode threshold are applied, have the
benéﬁcial effect of regulating impurity content and density rise in a manner that
has essentially allowed steady state operation, while the frequency of ELM bursts
increases with heating power, and the energy loss produced by type-I ELMs
reaches 1-10 % of total stored energy [18]. The other mechanism is the influence
of the edge pedestal structure imposed by the destabilization of ELMs on the

" thermal energy confinement of the core plasmas. The stiff temperature profiles in
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H-mode plasmas, which are evidence of an edge-core relationship, have been
found in many devices [54,58-60). The density dependence of thermal energy
confinement should therefore be analyzed in terms of the core and pedestal
properties.

In this chapter, the thermal energy confinement properties divided into
core and pedestal components are examined in ELMy H-mode plasmas at low
triangularity (& = 0.16-0.19) for the case of JT-60U over the density range of 30-
53 % of nY. The H-factor starts to decrease with density when the density is
increased above a certain value. This reduction in the H-factor at high density is a
common feature of ELMy H-mode plasmas in tokamaks although the critical
density above which the H-factor starts to decrease depends on devices or
equilibrium configurations, such as triangularity.

In order to understand the underlying physics of the reduction in .the H-
factor in the high density regime, the density dependence of the thermal énergy
confinement is analyzed for each component, and then the correlation between the
pedestal characteristic parameter and the thermal transport of the core plasma is
examined. The following research points will therefore be made clear. First, the .
‘dependence of thermal stored energy on plasma density is- investigated. The
reduction in the enhancement factor of the thermal energy confinement is due to
the overestifnated density dependence of the thermal stored energy in the scaling
laws. The second point is whether the confinement degradation based on the H-

~mode confinement scaling law is attributable to core or pedestal deterioration.
Density and temperature profiles are examined over the density range covered in
the experiments. The third point is the pedestal characteristics during the H-mode
regime. The variation in the shoulder of the pedestal temperature due to an

increase in the pedestal density is analyzed in type-I and type-III ELMy H-mode
| plasmas. The dependence of the repetition frequency of ELMs on the absorbed

power and plasma density is also of a significant concern. The fourth point is the
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relationship between the pedestal structure and the core transport on the basis of
the experimental observations in this study. The role of the pedestal structure as a
boundary condition for the core confinement is analyzed from the viewpoint of the
profile effects. This analysis sheds light on why the thermal stored energy does not
increase with density as predicted by the scaling laws. The results could provide
methods to raise the saturated value of the thermal stored energy (e.g. high
triangularity configuration), resulting in a higher energy confinement at a given
density. | . ..

The contents of this chapter are as follows. The operating regime of an
ELMy H-mode discharge is presented in section 3.2. The thermal energy
confinement properties divided into core and pedestal components are analyzed in
section 3.3. The H-mode pedestal characteristics are also studied. The relationship
between the edge pedestal and core plasmas during the type-I ELMy H-mode
regime is discussed in section 3.4. The conclusions obtained from this study are

given in section 3.5.
3.2. Operating regime of ELMy H-mode discharge

ELMy H-mode database analyzed in this chapter consists of a series of
36 discharges (shot 33635-33670) performed in JT-60U. The experiments were
carried out at a plasma current, [, = 1.8 MA, where n®Y corresponds to (8.1-
8.7)x 10" m™. The toroidal magnetic field, B, = 3.0 T and the safety factor at the
95 % of flux surface, gos = 2.9-3.1. The piasma configuration and viewing chords
of the main diagnostics are shown in figure 3.1. The elongation, k, of 1.48 to 1.55
and the triangularity, 3, of 0.16 to 0.19 were fixed. The plasma volume, V,, was in
the range of 60-63 m’. The plasma major radius, R, and the minor radius, a,, were
in the ranges of 3.24-3.25 m and of 0.81-0.85 m, respectively. The spreads of n"

and gos are due to variations in the configuration parameters, such as a, and R,,. A
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Figure 3.1 Sightlines and location of main diagnostics are illustrated on
~ a cross-section of the plasma equilibrium.

- neutral beam (NB) of deuterium was injected into a deuterium plasma, and the NB
injection power, Pyp;, Was varied in steps during a discharge from 4 to 13 MW.

The line-averaged electron density measured with. the far infrared (FIR)

interferometer, 7, [61], was varied on a shot by shot basis from 2.4 x 10" to
4.5%10" m>. The maximum 7, reached was (0.50-0.53)xn°Y. The experiments
were operated so that the density could be kept almost constant at £ = 6.0-8.5 s
during a discharge. The density is increased by deuterium gas puffing at the
beginning of a discharge, and then the particles were fuelled by the NB injection.
Radial profiles of the electron density, n., and electron temperature, T,
were obtained by Thomson scattering measurements with a YAG laser system [62].

The core region T, profiles were also measured using electron cyclotron emission
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(ECE) data [63]. lon temperature profiles, 7;, were measured with charge-
exchange recombination spectroscopy (CXRS) [64]. The effective charge, Zy,
was estimated using visible Bremsstrahlung and its profile was assumed spatially
uniform so that these values were capable of reproducing the measured neutron
emission rate, S, [65].

Figure 3.2 shows the time evolution of plasma parameters in a pair of
typical- ELMy H-mode discharges with different densities. Type-1II ELMs
occurred at a heating power just above the threshold fo.r' L-H transition, and then
.type-l ELMs appeared with a further rise in the heating power, as seen in the Da
emission signals in the divertor region measured with the photomultiplier (PMT)
array. In the higher density discharge (shot 33655; .= (3.0-3.8)X 10" m™), the
global stored energy measured with the diamagnetic loop, Wg,, gradually
increased to 2.9 MJ with increasing Pyp;, while in the lower density discharge
(shot 33638; 7, = (2.3-2.8)x 10" m™), Wy, increased to 3.3 MJ. The energy
confinement properties in the type-I ELMy H-mode phase, which appears when
sufficiently high levels of additional power are applied, are analyzed at the time
when the density and temperature profiles reached a quasi-steady state as shown in
figures 3.3(a) and (b). Note that the plésmas analyzed in this paper are standard

ELMy H-modes without an internal transport barrier (ITB) in the core.

3.3. Thermal energy confinement

It seems.to be helpful‘to analyze the energy confinement properties in
terms of (1) the thermal stored energy and (2) the thermal energy stored in the core
and pedestal plasmas. In this paper, the orbit following Monte Carlo (OFMC) code
[66] and the tokamak predictive and interpretation code system (TOPICS) [67]

were used for the transport analysis of the fast ions and thermal plasma. The
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Figure 3.2 Time evolution of plasma parameters in the high and low
density ELMy H-mode discharges (shots 33655 and 33638). (a) Neutral
beam injection power, Pyg;, and absorbed power, P,s; (b) Do emission
signals, the H-factor based on the ITER89P L-mode scaling, H**, and
the Hy-factor against the IPB98(y,2) H-mode scaling; (c) the global
stored energy, Wy, and line-averaged electron density, 7, .

confinement scaling laws used in this study as references for evaluation of these
energy confinement properties are shown below.

The global stored energy is composed of the energy stored in the fast ions
due to the NB injection, Wy, and the thermal stored energy, Wy In IT-60U, Wy,
is defined as the total energy of the fast ions, ranging from the injected energy in
the range of 85-90 keV down to thermal ion energy of 1.257;. The contribution of
the fast ions varies with neutral beamvenerg’y, plasma electron temperature and

density. To evaluate the performance of enhanced energy confinement discharges,



JAERI—Research 2004—027

®
o
o

SHOT 33655 RRRARRSS SEARNAS N

T 0 F I T
e
o
I,
ol
w-

}

]
X
N
|
o
w

L

O lllllllllllltylp‘ell 1 -

I T T S T |

- SHOT 33638 —> type -

..........
v

n, [10°m?3]
»

0 ......... [ TP T W T ST S W P TS T O S
b)10 T T
®) F SHOT 33655 %—» type-| ]

[ /r/a_OS. . rfa=0.9 1
s -\’_,~~'_ - \_,\_—-‘~!-,1‘\— ‘__,-~/~,..-/~ ~~~~~~ g3
.S‘) O P ‘i:-x T T S (VRN T TR S SN S S S -
=10} sHot 33638 = type-d ]
o % _____________ PP U AL TP - i Tt _
- _4—1../\—'———“——-

O o | PP Lot beeeeiomeebeeebeerebeesedoonh ]

7.0 7.5 8.0 8.5

time [sec]

Figure 3.3 Time evolution of plasma parameters in the high and low

~ density ELMy H-mode discharges at ¢+ = 7.0-8.5 s (shots 33655 and
33638). (a) Core and edge electron density (+/a = 0.3 and 0.9) obtained
by Thomson scattering measurements with a YAG laser system,; (b) core
and edge ion temperature (r/a = 0.3 and 0.9) measured with charge
exchange recombination spectroscopy (CXRS).

the energy confinement of fast ions and thermal plasma should be distinguished.
As for the thermal energy confinement time, the IPB98(y,2) H-mode scaling was

obtained from the ITER H-mode confinement database as follows [21]:
gy R =, 0562A°19I°93B°15R139 058 K24 poo (3.1
where 4; is the effective mass number, P,y is the total loss power to the plasma
corrected for the time derivative of the stored energy given as P,,s — dW/dt with
P.ps being the absorbed power. The units are s, amu, MA, T, m, 10" m™ and MW,
respectively.
For the empirical prediction of thermal energy confinement, a multi-

machine confinement database has been developed and several scaling laws that

can be used to calculate the expected performance of the standard operation
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regime (ELMy H-mode) for ITER have been deduced [21,68-70]. In ELMy H-
mode plasmas, the thermal stored energy can be divided further into the energy
stored in the H-mode pedestal and core plasmas. In an offset non-linear (ONL)
scaling for ELMy H-mode confinement [70], the pedestal component determined
by the MHD stability of ELMs and the core component governed by the gyro-
Bohm-like transport are séparated as follows: |

10 = 0.082kR a,1,B,67" Pk’ +0.043R%a I)°n)*b " "Rt (3.2)

loss loss

with b=BR)* . The first and second terms represent the pedestal and core

components, respectively.
3.3.1. Density dependence of thermal energy confinement time - -

The global energy confinement time, ‘cE,i is given by the following energy
balance equation, in which Wy;, includes the stored energy of the fast ions, Wy,
and of the thermal plasma, Wy,

deia =P - Wdia

(3.3)
dr abs T, (3-3)

P

ripple

Py, =Py + P (3.4)

abs ohmic

~P, —P,, —
where Pghmic denbte's the ohmic heating power, and Pg,, Powit and Prigple are the
. shine-through loss of injected beam, banana orbit loss and ripple loss of fast ions,
respectively. The ohmic heating power, Pgumic, gradually increases from 0.4 to 0.9
MW at Py = 13.0 MW. With an increase in 7, from 2.4x 10" to 4.5x 10" m”,
P, decreases from 4 to 1 % of Pyp;. The fractions of Poit and Prippie are in the

.ranges of 0.5-1.4 % and 15-20 % with some scatter. Accordingly, P, ranges
between 9.3 and 10.6 MW at Pyp; = 13.0 MW. To evaluate the confinement
properties in a quasi-steady state where dWy/dt is negligible, the transport analysis

was done by smoothing the data in time over several ELM cycles (~ 100 ms). The

relevant times of analysis (t,) were chosen for the beam-slowing down. time (Tsq)
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Figure 3.4 The Hy-factor during the type-I1 ELMy H-mode based on the
IPB98(y,2) scaling, H;*®? (closed circles), is shown as a function of
7, /n°Y. For the type-Ill ELMy H-mode, H;*” is plotted as shaded
circles. ‘

after the beginning of each step of NB power (to), i.e. ta > to + Tu. The energy
confinement time of fast ions, Tng, is sufficiently larger than the slowing down '
time of NB injection [71,72]. The thermal energy confinement time, Ty, was

derived from the energy balance equation for a thermal plasma given as:

thh — Pabs _Zh_ (35)
dt Ty
3
Wy =k [, 2om, ()T, ()Y, (3.6)
P

where j denotes species of particles, i.e. electron, deuterium and carbon, and kg is
Boltzmann’s constant.

Figure 3.4 shows the Hy-factor of ELMy H-mode plasmas with Pyp; = 8-
13 MW as a function of 7,/n® . The Hy-factor, H;*?, defined as the thermal
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energy confinement time, 1, normalized to T, >**? | decreases continuously from

1.0 to 0.6 with increasing 7,/n®" from 0:30 to 0.53.

Figure 3.5(a) indicates the density dependence of Wy, Wy, and Wy, with
Pnpr = 13.0 MW. As 7, increases from 2.7 10" to 4.5x 10" _m"", Wia and Wi
decrease from 3.5 to 2.5 MJ and from 0.9 to 0.3 MJ, respectivelyv. Since Wiy 1s
proportional to the energy slowing down time of the fast ions (o< T /n_), it
decreases with 7_. On the other hand, Wy, remains almost constant in the range of
2.0-2.4 MJ. The stored enérgy of thermal ions is 41-49 % of Wy, at all the densities.
The above results refer to ELMy H-modes with type-I ELMs for the entire range
of densities obtained in the experiments.

Figure 3.5(c) shows the density dependence of Ty, and g at Pyg; = 13.0
MW, where P, is in the range of 9.3-10.6 MW (see figure 3.5(b)). As the density
is ra_ised; Tg decreases continuously from 0.38 to 0.24's, While T, undergoes a
slight reduction or is almost constant in the range of 0.19-0.25 s. It should be
emphasized that the reduction in H'*? with density shown in figure 3 is caused
by the positive density dependence of the predicted thermal energy confinement
time, Ty "% (e n?*"') because Ty given by the experiments remains almost
constant or decreases slightly with density as shown in figure 3.5(c). Attention
must be drawn to the saturation of 7, with density at high density.

The profiles of n,, T, and T; for the low and high density ELMy H-mode
discharges with Pyg; = 13.0 MW are shown in figures 3.6(a) and (b). It can be seen
that the central value of T; goes down to that of 7, with increasing 7,. There are
mainly two reasons for this result. One is that the. energy deposition of the fast ions
becomes broader and its spatial peak shifts towards the edge. The other is due to
the equipartition power from ions to électrons in the density range where the ion
heating fraction is predominant. A noteworthy feature, seen in our‘ data, is that the
total therrﬁal stbred enérgy; derived frorﬁ the volume-integration of the total

thermal pressure profile, remains constant over a wide range of densities as shown
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Figure 3.5 (a) The density dependence of the stored energy is shown for
the type-I ELMy regime at P, = 13.0 MW. Open circles, closed circles
and open triangles indicate the global stored energy (Wg), the energy
stored in the thermal plasma (W) and in the fast ions (Weast),
respectively. (b) The absorbed power, P, (open circles), is plotted as a
function of n,. (c) The density dependence of the energy confinement
time is shown for the type-I ELMy regime. Open and closed circles
indicate Tz and Ty, respectively.
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Figure 3.6 Radial profiles of T, T; and n. in ELMy H-mode plasmas (a)
at low density (shot 33638; 1= 8. 48 s, 7,= 2.8x 10" m"), and (b) at high
density (shot 33642; ¢t = 8.39 s, n,= 4.3x 10" m™). The NB injection
power, Pyp, is fixed at 13.0 MW. The electron density, #, (closed
squares), and the electron temperature, 7. (closed circles), are obtained
by Thomson scattering measurement of YAG laser. The core region T
profiles are obtained by ECE measurement (open squares). The ion
temperature, T;, is measured with CXRS (open circles). The separatrix
position is shown by a dark column.
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defined with the T; profile.
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in figure 3.5(a). The ion temperature is seeén to be building up gradually at the
center with a parabolic type of profile as the density is decreased. HoWever, the
thermal pressures at the‘center are almost constant (~ 6x 10* Pa) in both cases. In
this study, the shoulder radius of the H-mode pedestal, 7,4, is defined with the T
profile as shown in figure 3.7(a). The electron temperature at the shoulder, 7., is
determined at ryeq by a linear fitting from the core region as shown in figure 3.7(b),
since the YAG Thomson scattering measurement has a large error especially at
low density owing to the small signal to noise (S/N) ratio and its spatial resolution
is not adequate to determine rpeq from the T, profile itself. Figures 3.8(a) and (b)
plot the electron density at the shoulder of the H-mode pedestal, n**, and at the
center, n,(0), as a function of 7n,. In the type-l ELMy regime, n;’ed and n.(0)
increase in proportion to 7, . The electron and ion temperatures at the shoulder of
the H-mode pedestal, 7> and T, decrease from 1.6 to 0.8 keV and from 2.8 to
1.0 keV, respectively (see figure 3.8(c)). These reductions are attributed to the
limit of the pedestal pressure due to the type-I ELM activity, which is discussed in |
section 3.3.2. With increasing 7, the central temperature of ions, 7;(0), decreases
about by 5 keV, while that of eleétrons, 7.(0), decreases about by 3 keV as shown |
in figure 3.8(d).

The density dependence of the thermal stored energy in the pedestal,
Wp, and in the core, W, is shown in figure 3.9(a), where WP and W are

calculated as:

ed_3 ed .ed
W —EkBJ;/,,Zn? ij dVP
J .
' 3.7
3 ped ped 2 ( )
zEan ky TP - 2MR, - M, K
J

W =W, —Wpr (3.8)
With an increase in 7, from 2.9x 10" to 4.5%10" m™ at Pyg, = 13.0 MW, W‘,‘l""i

and W, remain in the ranges of 0.8-0.9 MJ and of 1.2-1.5 MJ, respectively.
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Figure 3.9 (a) Density dependences of W™ (open circles) and w e

(closed circles) at Pyg; =

13.0 MW. (b) The enhancement factor during

the type-I ELMy H-mode based on the offset non-linear scaling, Hy
(ONL), is plotted as closed squares. Open and closed circles indicate the
enhancement factors of the core, Hy (ONL-Core), and of the pedestal
confinement, Hy (ONL-Pedestal), respectively.
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Figure 3.9(b) shows the enhancement factors of the core and pedestal confinement,
Hy (ONL-Corej and Hy; (ONL-Pedestal), based on the offset non-linear scaling. It
is observed that Hy (ONL-Pedestal) remains almost constant in the range of 0.5-
0.7 over the density range of 30-53 % of nSY. while Hy (ONL-Core) decreases
significantly from 1.3 to 0.8 with density. Here it is noted that Hy; (ONL-Pedestal)
is rather small in these discharges. This result is observed in low triangularity
discharges (8 = 0.16-0.19), where the edge préssure gradient becomes small. This
is discussed further in section 3.3.4. Besides, it may be worth pointing out, in
passing, that the ITER H-mode confinement database predicts Hy (ONL-Pedestal)
~ 0.75 for JT-60U ELMy H-mode plasmas. In this estimation, the pedestal
component of the offset non-linear scaling is statistically determined as the offset

part of Wy, independent of the heating power, Paps [70].

3.3.2. Pedestal structure during ELMy H-mode

In the high density dischafge shown in figure 3.2, it was observed that the
L-H transition occurred at ¢ = 6.6 s and.the energy confinement was improved
afterwards. After a quiescent phase for 0.2 s, type-III ELMs appeared at £ = 6.8 s.
In the type-IIl ELMy H-mode phase, Wai, gradually increased with the heating
power. In this discharge, a ‘;emporarily improved performance was observed with
the appearance of the ELM-free phase at £ = 7.6 s and then 'Wdia was saturated after
the appearance of type-I ELMs at = 7.75 s. The saturated value of Wy;, due to
type-I ELMs in the low density discharge is higher than in the high density
discharge. This is because the lower density plasma retains a higher Weg as
described in section 3.3.1., €.g. Wpg ~ 0.5 MJ at high density and ~ 0.9 MJ at low
density, where Wy, ~ 2.4 MJ at Pyg; = 13.0 MW.

The ELM-free period becomes longer at even lower densities. Figure

3.10(a) indicates the waveform of a low density discharge with 7, = (1.3-2.7)X
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Figure 3.10 (a) Time evolution of plasma parameters in the low density
ELMy H-mode discharge without the type-1II ELMy phase. The ELM-
free phase is indicated by the shaded area. (b) Diagram of n?* =T for
classifying ELM behavior in JT-60U. Open and shaded circles mdlcate
the type-I and type-1Il ELMy H-mode plasmas at Pyg = 8-13 MW,
respectively. Open squares indicate the ELM-free H-mode plasmas. The
arrows (i) and (ii) indicate the time evolutions of the pedestal shoulder in
high and low density plasmas (shots 33662 and 33655), respectively.
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10" m™, where the ELM-free phase continues from the L-H transition until the

first ELM burst occurs at £ = 7.7 s. In this discharge, Tg reaches 0.62 s at 1 =7.52 s.

ped
e

The classification of ELM behavior in n**—T" space is shown in figure 3.10(b).
The arrow (i) indicétes the high density discharge shown in figure 3.2. Both nPe
and TP increase through the type-III'ELM region with additional heating power
after the L-H transition, and theh type-I ELMs appear when T™ increases further
with high power heating. In the .type-I ELMy H-mode phase,‘increases in nP
accompany decreases in.Teped so that the thermal energy stored in the pedestal is
kept constant. The arrow (ii) indicates the low density discharge without the type-
III ELMy H-mode phase shown in figure 3.10(a). Since the L-H transition 6ccurs
at quite a low density, the ELM-free phase is sustained and the type-IIl ELM
region is completely avoided.

The next point is the saturation of the edge pedestal pressure caused by
the type-1 ELM activities. The ELM events involve very rapid expulsion of energy
and particles from the region of the H-mode transport barrier out into the scrape-
off layer -(SOL), and thereby transiently reduce the temperature and density at the
pedestal shoulder. The energy loss produced by type-I ELM bursts, which can
enhance erosion of the divertor targets to the point where component lifetime
becomes unacceptably short, is also a signiﬁcant concern. Type-I ELMs exhibit a
_repetition frequency, fg v, that increases with the absorbed power, Py [73], and
the density, while type-IIl ELMs have a repetition frequency that decreases with
the absorbed power as shown in figure 3.1 l(é). It is generally observed that an
increase in the edge electron femperature due to high power heating stabilizes
type-III ELM activities [74]. During the type-1 ELMy H-mode phase fg;u tends to
increase gradually when the plasma density is raisc_ed at Pygr = 13.0 MW (see
figure 3.11(b)). Each burst of ELM events expels the énergy from the region near

the plasma boundary. The energy stored outside the pedestal shoulder, Wegge, is

evaluated according to the definition shown in figure 3.12. It has to be noted here
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Figure 3.11 (a) Dependence of ELM frequency, feLm, ON Pap in the
ELMy H-mode discharges. The data groups with fg; v increasing linearly
with P, correspond to type-I ELMs. Open triangles, closed circles and
open circles indicate the density regions of 7, = (2.4-2.7)x 10" m?, (2.8-
3.5)x 10" m” and (3.6-4.5)x 10" m™, respectively. The other group
with high fgy at low power corresponds to type-1II ELMs (closed
squares). (b) The average ELM frequency, fem (closed circles), and the
energy stored outside the pedestal shoulder, Wy, (open squares), are
plotted as a function’ of 7, at PNB, = 13.0 MW in the type-I ELMy
regime.
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Figure 3.12 Schematic representation of the thermal energy stored in the
pedestal plasma, WP, and outside the pedestal shoulder, Wedge- The
core component of thermal stored energy, W,,", is also shown.

that Weqge itself could not be the energy loss produced by each burst of ELMs,

AWgim. The energy stored outside the pedestai shoulder, Weqg, is given as: 1
3
Weige = Shs [, Dm, (T, (1)AV, =30 Rty sy (3.9)
7

where Vieq, Ppeq and Ar denote the plasma volume outside the shoulder of the H-
mode pedestal, the pedestal pressure and the spatial width of the edge pedestal,
respectively. The pedestal width, Ar, is defined as the radial distance between the
separatrix radius, 7., and the shoulder radius of the H-mode pedestal, r,eq,
measured with the T, profile. The density dependence of Weye during the type-I
ELMy H-mode regime at Pyg; = 13.0 MW is shown in figure 3.11(b). It can be
seen that Wey,. becomes smaller when the density is increased whereas fgim
becomes larger. The product of fgm and Weqge ranges between 15 and 30 % of Pys

with some scatter. Additional comments on the relationship between AWg v and
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Figure 3.13 (a) Dependeﬁce of the pedestal width, Ar, on n™* during
the type-1 ELMy H-mode. (b) Relationship between the pedestal width,
Ar, and the poloidal gyro-radius of thermal ions, p,;, at fixed poloidal
magnetic field.
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Wedge are glven in section 3 4. The reductlon in Wedge with increasing den51ty is
mainly attributed to the change in Ar The dependence of Ar upon n™* in the type-
[ ELMy H-mod,e is shown in figure 3.13(a). The pedestal width, Ar, is seen to
become narrower with increasing n*. In JT-60U, it has been reported that Ar is
approximately proportional to the poloidal gyro-radius of thermal ions; Ppi
(o< T;"*/By) [75). A similar relationship between Ar and py; was obtained at e fixed
poloidal magnetic field, B,, of 0.36 T at the plasma boundary in this series of

experiments (see figure 3.13(b)).

3.3.3. Corrélati_on between the core and edge pedestal

confinement

It is observed that the edge pedestal structure impesed by the
destabilization of ELMs has a large influence on the thermal energy confinement
of the core plasma. In particular, since the pedestal density and temperature vary
inversely in the type-I ELMy H-mode regime as shown in figure 3.10(b), the
saturation of thermal energy confinement, or the reduction in the Hy-factor, can be
linked to the relatively low pedestal temperatures.

A strong correlntion between T, and Hy (ONL-Core) is found for type-
I ELMy H-mode plasmas as shown in figure 3.14. Since the thermal energy
confinement of the pedestal plasma is almost independent of the density as
expected from the offset non-linear scaling (see figure 3.9(b)), the variation of Hy
(ONL-Pedestal) with T™ is also small. With an increase in 7;** from 1.0 to 2.2
keV, Hy (ONL-Core) continuously increases from 0.8 to 1.3. However, it can be
seen that once a certain pedestal temperature is exceeded (7 22.2 keV) the
impact of the pedestal temperature on the core energy confinement weakens, 1.e.

H,; (ONL-Core) remains constant in the range of 1.1-1.3. The influence of the

— 45 —
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Figure 3.14 Influence of the pedestal temperature on the core and
pedestal energy confinement in the type-I ELMy H-mode plasmas. Open
and closed circles indicate Hy (ONL-Core) and Hy (ONL-Pedestal),
respectively.

pedestal structure on the thermal energy transport of the core plasma is evaluated

core

by using the effective heat diffusivity of the core component, X", given as:

f’“ Yeoie (7) - 270rdr
X =
[M 2nrdr

(3.10)

where % ;(r) is calculated with the transport analysis code for thermal plaémas

(TOPICS) [67]. The heat diffusivity derived from Eq. (3.10) indicates a
characteristic value which can determine the energy transport of the core plasma.

core

The variation in iy  is small or roughly constant over the range of T* with
some scatter as shown in figure 3.15(a). It can be also seen for each species that

the temperature profiles are approximately self-similar and differ only by a
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Figure 3.15 (a) Dependence of the effective heat diffusivity of the core
plasma, X, on T,*** in the type-1 ELMy H-mode plasmas. (b) Profile
similarity during the type-l ELMy H-mode plasmas: the central
temperatures for each species, T(0) (open circles) and T, {0) (closed
circles), are proportional to the temperatures at the shoulder of the H-
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constant factor throughoui a wide range of heating powers (Pyp; = 8-13 MW) in
the type-1 ELMy H-mode plasmas (see figure 3.15(b)). The most significant result
from this edge-core relationship for the temperature profiles is the fact that the

core

trend of x.;° at high density seen in figure 3.15(a) is incompatible with the

core

positive temperature dependence of Y ° expected from Bohm or gyro-Bohm
diffusion, i.€. Xpohm > T OT Xgyro-Bohm & T" .

In the H-mode discharges, where the pedestal pressure is limited by the
type-I ELMs, an increase in the pedestal density due to gas puffing reduces the
temperature at the pedestal shoulder, and if the pedestal temperature becomes
lower than a certain .level, the energy confinement enhancement factor of the
plasma core, H,; (ONL-Core), starts to decrease. Similar agreement is obtained
from the estimate X ~ o< apz/*tth since Ty, is kept almost constant over the range of
densities analyzed. As the density is raised, saturation of the core energy
confinement, or reduction in Hy; (ONL-Core), is also observed. Thus, Hy (ONL-
Core) is expected to decrease with a reduction in the pedestal temperature owing
to an increase in the density. The edge temperature plays a significant role as the

boundary condition in determining the thermal energy confinement of the core

plasma.

3.4. Discussions

Consideration should be given to the question of whether the saturation
of the thermal energy confinement of the core plasma is caused directly by ELM
bursts or by an underlying mechanism of thermal energy transport connecting the
edge pedestal with the core plasma. As shown in figures 3.11(a) and (b), the ELM
frequency, fzim, is seen to increase with the absorbed power and also to increase
with density at a fixed Pyg;. Moreover, the energy stored outside the shoulder of '

the H-mode pedestal, W, tends to decrease gradually with density. When fgim
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increases with density at a constant power flow crossing the separatrix, the energy
loss expelled by each burst of ELMs, AWg; v, would be expected to decrease with
density. The trend in W4, with density seems consistent with that expected for
AWELM as can be seen in figure 3.11(b), although AW\ has not been estimated
quantitatively. The region of the plasma affected by an ELM burst is reported to be
- larger than the pedestal width, and AWg continually decreases with density in
- DIII-D [76]. In this case, the direct heat loss during a short turbulent phase due to
ELM events cannot account directly for the thermal energy saturation of the core
plasma.

It might then be argued that ELMs could be phenomena not located
exclusively near the plasma boundary but rather that there is a large transport
structure connected with the plasma core. As for the saturation of the core energy
confinement, the effect of the edge pedestal structure imposed by the ELM
activities in situations of stiff profiles in the plasma core could be more significant
than the direct heat and particle loss due to each ELM event. The enhancement of
the energy confinement (the H-factor) during H-mode in many cases depends
strongly on the temperature at the shoulder of the H-mode pedestal [54,58-60]. In
particular, it can be seen in figure 3.15(b) that the pedestal and central
temperatures for each species are approximately proportional for the entire range
of densities covered. Besides, similarity of the density profiles is also observed as
shown in figures 3.8(a) and (b). When the pedestai density is increased, the
saturation of W™ during the type-1 ELMy H-mode regime forces a reduction in
the pedestal temperature (see figure 3.10(b)). The core temperature, in turn,
decreases only by an approximately constant factor with a reduction in the
temperature at the boundary. It follows from these results that the thermal stored
energy, Wy, remains almost constant as shown in figure 3.5(a). These observations
naturally suggest that, if a higher sustainable W is produced in type-1 ELMy H-

mode discharges, the pedestal temperature is expected to be higher at a given
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density and a higher energy confinement enhancement factor would be obtained.
_High triangularity discharges have been observed to lead to a higher edge pedestal
pressure and to improvement of the energy confinement in many devices [26-
28,30]. These results might be indicative of supportive evidence fhat the edge
pedestal structure could determine the core confinement because triangularity
strongly affects the peripheral shape of the toroidal magnetic flux surfaces. An
analysis results of the energy confinement and pedestal structure for high

triangularity plasmas are treated in chapter 4.

3.5. Conclusions

The dominant causes of the reduction in the enhancement factor of
thermal energy confinement with increasing plasma density have been analyzed in
ELMy H-mode plasmas on JT-60U. The thermal energy stored in the pedestal,
WP remains almost constant over a wide range of densities in the type-1 ELMy
H-mode regime. The core éomponent, Wi, also tends to remain constant
although the offset non-linear (ONL) scaling, which.is developed in the ITER H-
mode confinement database, predicts that W should increase with density. As
the density is increased, the temperature at the pedestal shoulder drops so that the
pedestal pressure remains almost cons}tant during the type-1 ELMy H-mode regime.
The temperature profile for each species is approximately self-similar and thus the
core temperature varies in proportion to the pedestal temperature. The reduction in
the pedestal temperature at high density leads to saturation of the thermal energy

stored in the core plasma.
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4. Thermal Energy Confinement of High Triangularity
ELMy H-mode Plasmas

4.1. Introduction

ELMy H-modes are currently considered as the most promising plasma
operating regime of enhanced confinement, with a proven capability for steady
state performance in a future reactor-size magnetic fusion experiment. As is
presented in chapter 2, the existing ITER design also requires ELMy H-mode
operation combined with a high energy confinement time [11,48,50,51,77]. The H-
mode plasma conditions at the plasma edge strongly influence the conditions and
limits for plasma operation, including the energy confinement regime, and provide '
boundary conditions for energy and particle transport in the core plasma
[27,54,58,59,78,79]. Most of the confinement properties in these plasfnas indicate
that temperature profiles generally show stiffness, i.e., are limited by a critical
temperature gradient scale length [60,80,81]. High triangularity discharges with
higher critical edge pressure gradient are therefore expected to lead to further
improved energy confinement of the plasma core [26-31]. The improved energy
confinement has also been achieved in high B, H-mode discharges with internal
transport barrier (ITB) at high triangularity [73,82]. Growth of the pedestal width
and higher edge pedestal pressure is observed in these plasmas [75].

In this chapter, thermal energy confinement properties and pedestal
chafécteristics of high triangularity ELMy H-mode plasmas are analyzed carefully
for the case of JT-60U tokamak. A significant research issue is to confirm the

correlation between edge and core temperatures consistently in H-mode plasmas at
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different triangularity, which is seen in a variety of densities at fixed plasma shape.
The influence of density and plasma shape on. the temperature profile, the
comparison of pedestal characteristics between low and high triangularity ELMy
H-mode plasmas and the edge-core relationship of temperature profiles, are
presented in this chapter. The experimental procedure for high triangularity
discharges is presented in section 4.2. Thermal energy confinement properties and
H-mode pedestal characteristics are analyzed in section 4.3 and section 4.4,
respectively. The pedestal structure in high B,, H-mode blasma with ITB 1is also
treated in section 4.4. The boundary condition for thermal energy confinement is
examined in section 4.5. The relationship between the edge pedestal and core
temperatures in ELMy H-mode plasmas is discussed at low and high triangularity.
Thermal energy confinement properties of high ,,, H-mode plasmas are presented

in section 4.6. Finally, the conclusions are given in section 4.7.

4.2. Experiment of high triangularity ELMy H-mode

A typical waveform of high triangularity ELMy H-mode dlscharge in JT-
60U is shown in figure 4.1. The experiments were performed at the plasma current,
I, = 1.0 MA, where the Greenwald density limit, aY [25], corresponds to (4.6-
4.9)x10" m™. The toroidal magnetic field, B, is 2.1 T and the safety factor
calculated at the magnetic surface corresponding to 95 % of the flux, gos, is 3.4-3.6.
The neutral beam (NB) injeétion power, Pyp;, for deuterium plasma was ~ 9.0
MW at the relevant time of analysis. With deuterium gas puffing, the line-
averaged electron density measured with the far infrared (FIR) interferometer, 7,
[61], was varied on a shot by shot basis from 1.8x 10" to 3.2x 10" m?>. The
maximum 7, investigated in these experiments was ~ 0.7xn®", at which the H-
mode edge was sustained with higher frequent ELMs. The plasma configuration

and viewing chords of the main diagnostics are illustrated in figure 4.2(a). The
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Figure 4.1 Time evolution of plasma parameters in an ELMy H-mode
discharge. In the figure 7, denotes the plasma current; Pyg, the neutral
beam injection power; n, line-averaged electron density measured with
the far-infrared (FIR) interferometer; Wy, the global stored energy
measured with a diamagnetic loop. Intensity of D, line emission signals
from the divertor plasma and triangularity at the separatrix are given as
D, and &,, respectively. Time evolution of ion temperatures measured
with charge-exchange recombination spectroscopy, T;, at #/a = 0.2, 0.5
and 0.8 is also shown.

elongation, k, of 1.4 and the triahgularity, d,, of 0.45 were fixed. The plasma
volume, V,, was in the range of 55-56 m’ . The plasma major radius, R, and the
minor radius, a, were in the ranges of 3.32-3.33 m and of 0.80-0.82 m,
respectively. In order to assess the effects of triangularity on the energy
confinement properties and edge pedestal parameters, low triangularity
experiments were also carried out at §, ~ 0.20 for reference (see figure 4.2(b)).
The experiments aimed at achieving quasi-steady state conditions accompanied by
ELM activity, so that each value of triangularity was investigated in different

density scans. The operating parameters, such as /, and B,, were fixed with a series
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Figure 4.2 Cross sections of the plasma equilibrium in (a) high (8, =
0.45) and (b) low triangularity plasmas (8, = 0.20). Sightlines and
location of main diagnostics are illustrated on a cross section of the high
triangularity plasma equilibrium.
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of high triangularity experiments. In this case, gos and ¥ are in the range of 3.6-3.7
and of 1.5-1.6, respectively. Because of a siight reduction of a, (= 0.78-0.80 m),
n%Y becomes (4.9-5.2)x 10" m”.

Radial profiles of the electron density, n,, and electron temperature, T,
were obtained by the Thomson scattering measurement of Ruby [83] and YAG
[62] laser systems. lon temperature profiles, 7;, were measured by charge-
exchange recombination spectroscopy (CXRS) of carbon [64]. The effective
charge number, Z.;, was estimated using visible Bremsstrahlung and its profile
was assumed to be spatially uniform so that these values were capable of
reproducing the measured neutron emission rate, S, [65]. The orbit following
Monte Carlo (OFMC) code [66] and the tokamak predictive and interpretation
code system (TOPICS) [67] were used for the transport analysis of the fast ions

-and thermal plasma.

4.3. Thermal energy confinement properties

Figure 4.3 displays the Hy-factor based on the predictions of the

IPB98(y,2) H-mode scaling [21] as a function of the line-averaged electron density,

GW  For reference, figure 4.3 also includes data from the

n, , normalized to n
density scan ¢xperiments of the low triangularity ELMy H-mode in JT-60U (7, =
1.8 MA, B=3.0T, gos = 3.0, 8, = 0.16 and P, = 8-13 MW) [79]. In any plasma
cc;nﬁguration, the Hy-factor decreases continuously as the density is raised. It is
however seen most clearly that the thermal energy confinement quality is
improved by high triangularity discharges at low densities. The discharges in
steady state at low densities are characterized by type-1 ELMs. When the density is
increased, the ELM frequency becomes larger. In the medium density regime

(7. 1n%Y ~ 0.5), the type-I and type-IIl ELMs are mixed and thus the ELM

frequency increases rapidly. In the high triangularity discharges, the cases at
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' Figure 4.3 The Hy-factors in the low and high triangularity ELMy H-
mode based on the [IPB98(y,2) H-mode scaling, H,'"®%®0?  are shown as
a function of 7, /n®¥ . Closed and shaded circles indicate the Hy-factor of
8, =0.45and 0.20 at I,/ B, = 1.0 MA / 2.1 T, respectively. Open circles
are of §, = 0.16-0.18 at [,/ B;.= 1.8 MA /3.0 T.

n, /nY < 0.5 and 7, /%Y > 0.5 are considered as mostly type-I and type-111 ELMs,
respectively. At high densities (7, /%Y ~ 0.7), ELMs with much higher frequency

are generated. The confinement improvement due to the high triangularity

w
/nS

configuration becomes smaller at high densities (n, > (.5) as is seen in figure

4.3. This seems due to the low level of Pyg; of 9.0 MW, which would not be
enough to produce the type-I ELMs at this experimental condition.

Profiles of n., T. and T; for low and high density plasmas at a fixed
plasma shape of 8, = 0.45 are showﬁ in figure 4.4(a), (b) and (c). The enlarged
pedestal T; profiles are also shown in figure 4.4(d). A comparison of the profiles
between low (fgw ~ 0.40; where fow = 7, /n®™) and high density plasmas (fow ~
0.52) at high triangularity reveals that an increase in density leads to a reduction in
the both pedestal and core temperature for each species. This observation is

consistent with that obtained by low triangularity ELMy H-mode discharges in JT-
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Figure 4.4 Radial profiles of (a) the electron density, (b) electron
temperature and (c) ion temperature in ELMy H-mode plasmas with
Pxgi = 9.0 MW at low (fow ~ 0.40) and high density (fow ~ 0.52). The
electron density and temperature are obtained by the Thomson scattering
measurement of YAG laser system. Profiles of the electron temperature
obtained by the Ruby laser system are also shown as open and closed
squares for fow ~ 0.52 and 0.40, respectively. The ion temperature is
measured with the CXRS. Profiles of triangularity in low and high
density plasmas are also shown as dotted and dotted-broken lines,
respectively. The separatrix position is shown by a dark column. (d) The
enlarged pedestal T; profiles are also shown for the low and high density
plasmas. '
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Figure 4.5 Radial profiles of (a) the electron density, (b) electron
temperature and (c) ion temperature in low and high triangularity ELMy
H-mode plasmas (5, = 0.20 and 0.45) with Pyg = 9.0 MW at fixed
density of fow ~ 0.40. Profiles of triangularity in low and high
triangularity plasmas are also shown as dotted and dotted-broken lines,
respectively. (d) Detail of the edge region in T; profiles is also illustrated
for the low and high triangularity plasmas.

60U, where the density increase is accompanied by a cooling of the central and
edge pedestal temperature for each‘ species [79]. The pedestal characteristics in
high triangularity plasmas are discussed in section 4.4.

The variation of the plasma triangularity in ELMy H-mode plasmas is
correlated to changes in the density and energy confinement. It is the effect of
increasing triangularity in ELMy H-modes that the same Hy-factor is reached at

higher densities, as shown in figure 4.3. Profiles of n,, T, and T; for low and high
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triangularity plasmas with Pyg; = 9.0 MW at a fixed density of fow ~ 0.40 are
shown in figure 4.5(a), (b) and (c). It i$ seen in figure 6(a) that the density profiles
are similar in both cases. The increase in triangularity, however, produces higher
temperature for each species over the entire range of the minor radius. In fact the
~ core temperature is also improved by a factor of ~ 1.3 as well as the peripheral
temperature (see figure 4.5(d)) in the high triangularity discharge. This is of
significance because the plasma shaping affects most strongly edge toroidal
magnetic flux surfaces as seen in figure 4.5(c). The pressure gradient is highest in
the H-mode barrier region, and strongly shape-sensitive modes, such as ballooning
or interchange modes, are destabilized only in the edge. Thus, there seems to exist
a large transport structure under which the core temperature is influenced strongly
by a boundary value. Note that instabilities driven by ion temperature gradients
(ITGs) [84-87] and trapped electron modes (TEMs) [88] show exactly the
observed feature of a temperature gradient scale length limit. Since the
temperature at the shoulder of the H-mode pedestal is raised owing to high
triangularity, the core témperature may be increased due to the effect of profile
stiffness. The edge-core relationship of temperéture profiles is analyzed in detail in

section 4.5.

4.4. Pedestal characteristics

As is seen in figure 4.5(c), triangularity affects directly the edge toroidal
magnetic flux surfaces. In this section, the pedestal structure imposed by the ELM
activities is examined for the cases of low and high triangularity. A comparison of
the pedestal characteristics between low and high triangularity ELMy H-mode
plasmas is shown as a diagram for the pedestal density () and temperature
(T in figure 4.6. The values of n”* and T.) are deduced by the time average

over several ELM cycles (not only in time intervals just before ELMs but
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'Figure 4.6 Diagram of n?* - T for ELM H-mode plasmas in JT-60U.

Closed and shaded circles indicate high and low triangularity ELMy H-
mode plasmas (8, = 0.45 and 0.20) at I, / B, = 1.0 MA / 2.1 T,
respectively. Open circles indicate high B, ELMy H-mode plasmas
with ITB which were performed at 7,/ B,= 1.0 MA /2.1 T.

| including the phase immediately after ELMs) of each quantity calculated at the
shoulder of the H-mode pedestal. The time window is ~ 100 ms during the steady
state phase of a discharge. At a fixed /, of 1.0 MA, high triangularity ELMy H-
mode plasmas produce higher pedestal temberature than low triangularity plasmas -
at a given density. Besides, it is seen in high triangularity plasmas that the pedestal
pressure, p*, tends to decrease gradually with density. Figure 4.6 also indicates a
time trace of the pedestal for a high B,, ELMy H-mode discharge with an ITB
[32,33,75,89] due to high power additional heating, the density and temperature
profiles of which are shown in figure 4.7(a) and (b). With high triangularity, it can
be seen that the high B, H-mode plasma reaches higher critical pedestal pressure.
The dependence of the poloidal beta at the pedestal, ﬁpolped, upon

triangularity is plotted in figure 4.8. Here Bpolped represents the pedestal pressure,



JAERI—Research 2004—027

0 02 04 0.6 .
rla

Figure 4.7 Radial profiles of (a) the electron density, (b) electron and
ion temperatures in high B,y ELMy H-mode plasmas at high
triangularity (8x = 0.45).

", normalized to the averaged poloidal magnetic field on the plasma surface, By,

defined as:

ped

Bpolped = ZP
B, /21,

(4.1

where |1y denotes the vacuum permeability. A comparison of standard ELMy H-
modes without ITB between low and high triangularity discharges indicates that
the achievable upper boundary of Bpolped tends to increase gradually- with

increasing triangularity. In the high B,, H-mode plasma, which corresponds to the

discharge shown in figure 4.6 (open circles), the pedestal confinement is improved
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Figure 4.8 Dependence of the pedestal poloidal beta, B,o"*, upon
triangularity at the separatrix, 6, in ELMy H-mode plasmas. Closed and
shaded circles indicate the standard ELMy H-mode plasmas without ITB
at I, / B, = 1.0 MA / 2.1 T, respectively. Shaded squares are also the
standard ELMy H-modes at 1, / B, = 1.8 MA / 3.0 T. Open circles are
high B, ELMy H-mode plasmas with ITB which were performed at I, /
B,=1.0 MA /2.1 T at high triangularity.

further compared with the standard H-mode plasmas at high triangularity (0 ~
0.45). This finding might be indicative of the‘ stability improvement at the edge
due to total B, increased by ITB formation. Thus, significantly high confinement
is obtained by high pedestal pressure as well as the core improvement due to ITB
forrhation. In JT-60U, the pedestal improvements have been observed in ELMy H-
mode discharges with high -triangularity and high Byo [90]. A detailed stability
analjsis is required to investigate the feasible correlation among core and pedestal
parameters in high B, discharges. The thermal energy confinement properties of

high B, H-mode plasmas are presented in detail in section 4.6.
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Figure 4.9 Similarity of ion and electron temperature profiles of ELMy
H-mode plasmas for a variety of density and triangularity. Shown are
cases with I, = 1.0 MA, B,= 2.1 T and Pyg, = 9.0 MW.

4.5. Boundary condition for thermal energy confinement

It has been identified in many tokamaks that the thermal energy
confinement in H-mode plasmas depends strongly upon the tempefature at the
shoulder of the H-mode pedestal [27,54,58,59,78,79]. These results may be mainly
linked to the profile similarity in the temperature. The profiles of temperature aré
seen to be self-similar in the sense that there is a minimum scale length of
temperature gradient, |

L =[ 1 dT]“ _ [d(ln T)T 42)

T dr dr
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Figure 4.10 Profile similarity of ELMy H-mode plasmas in JT-60U: the
core temperatures at #/a = 0.3 at high triangularity (8, = 0.45) for ions
(open circles) and electrons (closed squares) are proportional to the
temperatures at the shoulder of the H-mode pedestal, respectively.
Shaded circles and squares indicate the core 7; and 7, at low
triangularity (8, = 0.20), respectively.

which can be achieved and the energy transport adjusts to maintain this scale
length [59]. In figure 4.9, the profile stiffness is shown both for ion and electron
temperatures in a variety of discharges with a range of densities and plasma shapes.
The core temperatures are varied according to a vertical offset of the profiles on a
log scale where changing boundary temperatures at constant gradient scale length
result in self-similar profiles.

Figure 4.10 shows .the proportionality of the core temperatures to the
- pedestal temperatures for eagh species. It can be seen that this proportionality is
the same for high and low triangularity plasmas. Therefore, the pedestal

temperature is a key boundary factor for the core energy confinement through the
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stiff profile of temperature. Higher triangularity plasmas have higher temperature
at the pedestal shoulder at a given density, which in turn leads to an increase in-the
core temperature, resulting in the improveﬁiént of thé energy confinement of H-
mode plasmas. The effects of the pedestal temperature for each species on fhe
energy confinement of the plasma core are shown in figure 4.11(a) and (b). At all
triangularities, the Hy-factor of the plasma core based on the offset non-linear
(ONL) scaling [70] increases as the pedestal temperature increases for each
species. It can be expected consistently from figure 4.10 that, at a fixed I, (= 1.0
MA) and B, (= 2.1 T), the Hy-factors of higher triangularity discharges (0, ~ 0.45)
show approximately similar trends for the temperatures at the pedestal shoulder to

those of lower triangularity discharges (8 ~ 0.20).

4.6. High B,, H-mode plasmas

In ITER, the investigation of improved confinement modes accompanied
with ITB [91-93] is required from a viewpoint of development of an economically
attractive fusion reactor. Besides, tokamak operation in the high B, regime is a
promising concept for a steady-state tokar{xak reactor [94,95]. Of the several
advanced confinement modes in tokamaks, the high B, mode was discovered
during high B, experiments in JT-60 [32]. The safety factor profile of the mode is
basically monotonically increasing with the minor radius. This mode needs a
strong central heating into the plasma without sawtooth oscillations, with the
safety factor at the center larger than unity. Because of its steep pressure gradient,
it had been difficult to sustain high energy confinement at steady state. However,
in JT-60U [96], quasi-steady high By, ELMy H-mode discharges with enhanced
confinement and high P stability have been obtained at high triangularity without a
harmful increase in impurity and particle recycling. Optimization of the pressure

profiles characterized by the double transport barriers enabled sustainment of high
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Table 4.1 Parameters of high B,, H-mode discharges at high triangularity

Shot  I,[MA]  B[T] 7, [x10°m™] X F qos
32226 1.0 2.1 2.1 125 0.43 - 0.45 3.5
32358 1.0 2.1 3.0-4.0 5 0.45 3.5
32511 1.0 3.6 2.1-3.1 1153 0.48-051 5.8-6.1
32519 1.0 3.6 1.7-1.9 16 0.44-047 56-59
32520 1.0 3.0 1.7-2.4 45 0.45-049 48-52

performance in long pulses. As shown in section 4.5, the energy confinement
properties in the standa_rd ELMy H-mode plasmas are determined by the close
relationship betweer‘l the pedestal and core temperature profiles. A formation of
the ITB has been considered to break the edge-core relationship and enable an
unrestrained development of thermal energy stored in the plasma core. In this
section, thermal energy conﬁnerhent properties in high B,, H-mode plasmas are
presented and the correlation between the pedestal and core confinement are
discussed.

Data treated here are compoéed of high B, H-mode discharges with high
triangularity (8, = 0.43-0.51) at I, = 1.0 MA. Table 4.1 shows the main plasma
- parameters in each discharge. Toroidal magnetic field, B,, and gos are in a wide
rangé of 2.1-3.6 T and 3.5-6.1, respectively. The time evolﬁtions of main plasma
parameters in two high triangularity ELMy H-mode discharges with an unclear
ITB (case (a); shot 32519) and with a clear ITB (case (b); shot 32520) are given in
figure 4.12(a) and (b), respectively. In these experiments, the NB injection power,
Pnp1, Was varied in steps during the discharge from 4 to 15 MW. In the case (a), r_ze'
was raised from 1.5x10" to 1.7x10" m™ by the L-H transition and then kept
roughly constant. The global stored energy, Wai,, was increased from 0.6 to 2.0 MJ

with an increase in Pyp. On the other hand, in the case (b), i, remained almost

constant at (1.7-1.9)x 10" m™ until an ITB was formed at = 8.6 s, and the ITB

formation increased n, to 2.5x 10" m>. The ITB formation also increased Wy, to

()
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Figure 4.12 Time evolutions of plasma parameters in high triangularity
ELMy H-mode discharges (a) with an unclear ITB (shot 32519) and (b)
with a clear ITB (shot 32520). In the high B, H-mode discharge (shot
32520), the start of ITB formation is shown by a dark column.
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Figure 4.13 Radial profiles of n., T, and T; in high triangularity ELMy
H-mode plasmas with an unclear ITB (shot 32519) and with a clear ITB
(shot 32520). (a) The . profile of shot 32519. (b) The n, profile of shot
32520. (c) The profiles of T, and T; of shot 32519. (d) The profiles of T,
and T; of shot 32520. The separatrix position is shown by a dark column.
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Figure 4.14 (a) Power dependence of the thermal stored energy (W) in
high triangularity ELMy H-mode plasmas. Open and closed symbols
‘indicate the plasmas with and without the ITB, respectively. (b) Power
dependence of the core and pedestal stored energy (W™ and W) in
the plasmas shown above. -

2.5 MJ at ¢t = 9.4 s. After the L-H transition, the H-factor =1/ ‘CEITER”P'L) and By
increased gradually from 1.5 to 1.9 and from 0.7 to 1.3 in the case (a), while it
increased from 1.5 to 2.3 and from 0.8 to 1.8 in the case (b), respectivély. It can be
found in the case (b) that the ELM activities become weaker after the ITB
formation at # = 8.6 s. In JT-60U, such small ELMs, which are referred to as
Grassy ELMs, can be observed at 8 = 0.3-0.4, gos 2 5-6 and Byq 2 1.6 [97].
According to the ideal stability analyses including finite surface current, in type-I
ELMy H-mode discharges, the plasma edge is in the first stability regime and the
pressure gradient hits the critical value for the ballooning mode. The access to the
second stability regime for high-n ballooning mode is considered as one of the
candidates for disappearance of type-I ELMs [98]. In the case (b), an increase in
Bp;,l due to the ITB formation might improve the edge stability as discussed in

section 4.4.
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Radial profiles of n, T, and T; for these two high triangularity ELMy H-
mode discharges wifh an unclear ITB (shot 32519) and with a clear ITB (shot
32520) at Pygr = 11 MW (2 = 9.0 s) are shown in figure 4.13. In the high B,y H-
mode, such double transport barriers are produced in the ion heat transport channel
over a wide range of operation regions. In contrast, a drop in the electron” heat
transport at the ITB is not always observed. However, in the high triangularity
discharges, the ITB for electrons tends to be observed. The dependence of the
thermal stored energy, VWth, on the absorbed power, Py, in high B,y H-mode
plasmas is shown in figure 4.14(a). In case that a clear ITB is not formed, Wy, is
increased gradually with Py, and is saturated at a further increase in the heating
power. On the other hand, in the discharges accompanied with the ITB at 7, = 1.0
MA, it can be seen that Wy, is increased rapidly from 0.8 to 1.3 MJ by the
formation of the ITB at P, ~ 8 MW. '

In the high B,,; mode, it is also observed that the ITB formation occurs at
an approximately constant Py in spite of a wide range of B, [99]. It has been seen
in the standard ELMy H-mode plasmas that the energy confinement of the plasma
core can be described by edge pedestal parameters as well as global barameters.
To relate the observed variation in the thermal energy confinement to the changes
in the edge parameters in high B, H-mode discharges, one can separate out the
pedestal eﬁergy content from the total thermal energy content, and analyze how
the two components vary with Py,. A simple way to do this is to assume that the
thermal stored energy, Wy = WP + W, in accordance with the definition
presented as Eqgs. (3.7) and (3.8) in chapter 3. Figure 4.14(b) indicates the
dependence of the thermal energy stored in the core and pedestal components
(W and W[') on Py, The présence of the ITB improves explicitly the core
performénce, while it is observed that W also tends to increase in discharges
with the ITB.

As can be expected by this result, it is found that W;°* is correlated to
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Figure 4.15 Correlation between the pedestal and core stored energy
(W™ and WyP®) in high triangularity ELMy H-mode plasmas. Open
and closed circles indicate the plasmas with and without the ITB,
respectively.

WP, with the higher thermal energy stored in the plasma core corresponding to
higher pedestal energy. This is shown for high triangularity and high B,
- experiments performed at I, = 1.0 MA in figure 4.15. As shown in this figure, in
the standard ELMy H-mode plasmas without the ITB, the variation in p*® or W
is small, while higher W tends to be obtained in high B, H-mode plasmas with
the ITB. The improvement of the edge pedestal stability in the type-1 ELMy H-
mode regime has been observed with high 6 and high B, in JT-60U [90]. Possible
linkage among pedestal and core parameters has also been proposed based on
variety of high B,, H-mode experiments, where the Bpo-dependence may be
attributed to increasing Shafranov shift or increasing field line curvature at the

lower field side. It has not been concluded whether higher edge pedestal pressure
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or temperature helps the ITB formation. However, at least for high B, mode
discharges, higher triangularity plasmas seems to have relatively lower threshold
heating power for the ITB formation accompanied with a clear transport barrier for

T. [96].
4.7. Conclusions

High triangularity ELMy H-mode experiments (8, ~ 0.45) were carried
out in JT-60U. In relatively low density reginie (n, /nSY < 0.5) where the type-I
ELMs were observed, high triangularity discharges produced higher pedestal
pressure; higher pedestal temperature was obtained at a given density. In the high
density regime (7, /nY > 0.5) at fixed NB heating power type-Ill ELMs were
generated and the pedestal pressure reduced gradually with density. A comparison
between low and high density plasmas at high triangularity has shown that an
increase in density led to a reduction in the both pedestal and core temperatures as
observed in low triangularity ELMy H-mode plasmas. Compared to low
triangularity plasmas at low densities, higher pedestal temperature was obtained at
high triangularity and the core temperéture was also improved by an almost same
factor. The observed proportionality between the core and pedestal temperatures
 was independent of triangularity. In the standard ELMy H-mode plasmas, the
| profiles of temperature were stiff in the sense that theré existed a minimum scale

length of temperature gradient. The improvement of the edge stability by
triangularity led to higher pedestal temperature, which in turn raised the core
temperature, and thus the high thermal energy confinement was obtained. High
Bpoi H-mode plasmas characterized by ITB with the H-mode edgé produced higher
pedestal confinement. It was observed at high triangularity that the H-mode
pedestal height, which was affected by the edge stability for ELMs, was raised,

when the core energy confinement was improved, or when f,, was increased.
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5. Thermal Energy Confinement of Argon Seeded
ELMy H-mode Plasmas |

5.1. Introduction

It has been proved possible in present day experiments to demonstrate
high density operation modes that lower the peak heat flux onto the divertor plates
sufficiently with é high level of radiation for a tokamak reactor [22]. However, it
has generally been seen that such regimes operated with the standard ELMy H-
mode discharges also have diminished core plasma conﬁnemént quality [52-57].
The ITER design requires ELMy H-mode operation at H}y***? =1 and 7, /n°" =

0.85. A high radiation loss power fraction, P /p ~ 0.8, could be desirable,

rad abs

where PS5 and P, denote the total radiation loss power and the total absorbed
heaﬁng power, respectively [47]. As one of the pfomising techniques for avoiding
the performance deterioration with increasing density, controlled injection of
impurity gases in ELMy H-mode plasmas are envisioned to be beneficial for
energy confinement improvement in a high density regime with enhanced
radiation loss power either in the main chamber or in the divertor region [35,36].
Through impurity'injeétion, energy confinement has been improved with high
radiation loss power at a high density in TEXTOR (RI-mode) in a limiter
‘configuration [35]. Confinement improvement due to impurity injection and
formation of a radiating mantle have also been reported in DIII-D in a divertor
configuration [36]. High radiation and high density ELMy H-mode plasmas have

been investigated using neon gas injection into the divertor region in JT-60U

[100,101]. Externally puffed seed neon.improved the energy confinement- by ~
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15 % at n, /n®¥ ~ 0.65. On the other hand, since the presence of impurities can
dilute the fuel ions in a reacting plasma, enhance radiation losses, and impairs the
performance of a tokamak reactor, the impurity concentration in the core plasma
must be kept very low to guarantee a burning plasma. High radiation loss power

fraction near the surface and in the divertor can be, in principle, accomplished by
selecting low-Z impurities, which radiate mainly at temperatures in the 100 eV
range and below, and/or by confining the radiating particles to the edge and
divertor region. Many tokamaks have been successful in radiating a large fraction
of injected power [35,36,58,100-112]. In present day experiments, argon radiates
most intensely on closed flux surfaces among neon, nitrogen and argon. Controlled
injection of argon gas is also being considered to enhance the radiation loss power
in ITER [47]. This has motivated H-mode experiments using argon gas injection |
into the main chamber in JT-60U for confinement improvement and radiation loés
enhancement due to a radiating mantle at a high density [37].

An intense gas puffing for achieving the high density operation regime
can cause a state of plasma discharge so-called divertor detachment, which is
characterized by a simultaneous decrease of electron temperature and density
towards the target, i.e. parallel momentum is dissipated in the divertor region and
plasma pressure is not constant along the magnetic field lines [113-122]. The
detached plasma state favors a high plasma density and low power reaching the
target [119,122]. However, plasma detachment from the divertor plate is often
associated 'with an X-point MARFE [118,121], which is characterized by
appearance of strongly enhanced radiation loss 'power around the X-point and
causes a degradation of the energy confinement in the core plasma or even a major
plasma disruption. In addition, as the gas fuelling is increased in the high density
operation (without impurity gas injection), the temperature at the shoulder of the
H-mode pedestal drops in the type-I ELMy H-mode plasmas. As is presented in

chapter 3, the confinement degradation of the plasma core is accompanied by a
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low pedestal temperature. A role of the pedestal structure determined by the ELM
activities is seen to be significant for the thérmal transport of the plasma core
through the profile stiffness [54,59,60,123]. |

Numerous edge pedestal quantities, such as the density and temperature,
which tend to vary monotonically together, prevent us from revealing the decisive
factor being the boundary condition in determining the core confinement quality.
In argon gas seeded discharges, since it has been observed in many experiments
that peripheral temperatures produced are higher than those of the standard ELMy
H-mode plasmas without argon gas injection [35-38], the comparison of the
pedestal - structure between the H-mode plésmas with and without argon gas
injection may give explicit information on the influence of the boundary
temperathre on core energy confinement, which is separated from its
corresponding variation in the boundary density.

In this chapter, focusing on ELMy H-mode discharges with argon gas
puff, the density dependence of the energy confinement properties at the H-mode
pedestal and core plasmas is analyzed in JT-60U. The boundary condition for core
confinement is also examined in comparison with discharges without argon gas
injection. The effects of radiation loss power due to argon gas puffing on the heat
transport of the core plasma are presented more carefully in chapter 6. The details
of the ELMy H-mode experiments with and without argon gas puffing are
described in section 5.2. The general results of the experiments are summarized in
section 5.3. A role of the pedestal temperature as a boundary cbndition for the core
confinement is discussed in section 5.4. Finally, conclusions are summarized in

section 5.5.
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5.2. Experiments of ELMy H-mode discharges with and
without argon gas injection

ELMy H-mode experiments were performed with and without argon gas
injection in JT-60U at [, = 1.2 MA, where the Greenwald density limit, v,
corresponds to (5.4-5.8))( 10" m™ [37]. The tor_o_idal magnetic field, B;=2.5-2.6 T
and the safety factor at the 95 % of flux surface, gos = 3.3-3.6. Neutral beam (NB)
of deuterium was injected into deuterium plasma at Pyg; of 16; 18 MW. The
plasma configuration is illustrated in figure 5.1. Elongation, k, of 1.4 and
triangularity, 8, of 0.35-0.36 were fixed. The plasma volume, V,, was in the range
of 57-58 m’. The plasma major radius, R, and the minor radius, a,, were in the
ranges of 3.35-3.38 m and of 0.82-0.83 m, respectively. |

The positions of gas puff and divertor pump are also shown in the figure.
Deuterium gas was puffed into the main chamber from the top, and argon gas into
the main chamber from the lower outside in order to form a radiating mantle in the
edge region of the main plasma. Neutral particles in the divertor were pumped
from the private flux region through exhaust slots near both the inner and the outer
strike points. The time constant of exhaust for argon was ~ 0.5 s in the high
density ELMy H-mode discharges. In some discharges, the radiation loss power
from the edge region (#/a >-0.55) was controlled with a feedback technique ﬁsing
argon puffing. The area observed with bolometers to control the radiation lhoss
power from the edge plasma is also depicted in figure 5.1.

With the feedback control, quasi-stationary ELMy H-mode plasmas were

where P__ denotes the total loss power

loss

sustained in the region of Py < 0.8 A,

oss ?

given as P =P, —dW/dt. The error in the total radiation loss power was

estimated to be less than 20 %, and it was mainly ascribed to uncertainty in

estimation of the spatial distribution of the radiation loss power. In a series of
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Figure 5.1 Positions of gas puff and divertor pump on the poloidal cross
section of JT-60U. Also shown is the area observed with bolometers to
control the radiation loss power from the edge plasma.

experiments without argon gas injection, the line-averaged electron density
measured with the far infrared (FIR) interferometer, n, [61], was varied from
2.5x 10" to 3.4x 10" m>. In argon gas injectedAdischarges, n, increased to
3.9%10" m™. The maximum 7, reached was ~ 0.7xnSY. In the case with argon
‘gas puffing, the effective charge number, Z, was in the range of 2.5-4.9, which
- depended upon the injected argon densities,' nar, of (0.2-0.8)%xn,, while Zg
ranged with a scatter between 2.1 and 2.5 without argon injection.

A Time evolutions of ELMy H-mode discharges with and without argdn gas
injection are shown in figure 5.2(a) and (b), respe‘ctively.' In-the discharges without

argon gas injection, an intense deuterium gas puff is necessary to increase the
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Figure 5.2 Time evolutions of plasma f)arameters in ELMy H-mode
discharges (a) without and (b) with argon gas injection. Total radiation
loss power, radiation loss power from the main plasma, and the puffing
rate of deuterium and argon gases (D, puff and Ar puff) are also shown.
Radiation loss power from the edge plasma, P %%, is controlled with a
feedback technique (Ref.) using argon gas puffing.
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electron density. As 7, increases with the deuterium gas puffing, the stored energy

decreases. An X-point MARFE appears at ¢ = 7.3 s, and the radiation loss power
increases in the divertor plasma. The radiation loss power in the main plasma,
however, remains constant and low. The D, line intensity increases with the
deuterium gas puffing. In the discharge with argon gas injection, the radiation loss
power from the edge plasma, P, is controlled with a feedback technique using
argon gas puffing. As is seen in figure 5.2(b), P is well controlled near the
reference value by changing the argon gas puffing rate. In the argon seeded ELMy
H-mode discharges, the deuterium gas puffing rate required to increase the
electron density becomes lower. This might be attributable to the improvement of
particle confinement. In the discharge shown in figure 5.2(b); the electron density
is increased by beam fueling énd recycling without deuterium gas puffing. In the
" high density regime, the stored energy is maintained .at a high level. The basic
intensity of D, emission signals remains low, and type-I ELMs are maintained.

The radiation loss power from the main plasma increases to the same level as that

from the divertor plasma.

5.3. Thermal energy confinement properties

Externally puffed seed impurities as well as intrinsic impurities affect the
energy balance of plasma through radiation loss. In JT-60U, the first wall is
composed of graphite tiles and the divertor target is lined with carbon fiber
composite (CFC) tiles. The fast particles which escape from the main plasma
sputter these materials, which become impurities for the bulk plasma. In order to
evaluate the impurity content, the charge neutrality condition and the estimation of

Zir are used as follows:

DZ,f, =1 (5.1)
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Zw =22}/, (5.2)

where Z; and f; (= n; /ne) denote the charge number and the fraction of ion density
for j-species. Due to the deuterium NB injection, the deuterium density, np,
includes both thermalized component, ng‘ , and unthermalized or slowing down
component, n=*. The ionization energy of the light impurities such as carbon is
sufficiently lower than the bulk electron temperature of JT-60U plasmas. Therefore
except for the plasma edge region these materials are in the fully ionized state. In
the following anaiysis in this chapter, only two species of impurity, which are
carbon and argon, are taken into account. Then,' an argon concentration, fa,, 1S

given as:

Zeff_ZC(ZC_I)fC_l - |
Zu(Z4 -1) e

S =

For simplicity, the average charge state of argon, Zy,, is assumed to be 17 in the
bulk plasma at T, of several keV [124]. A carbon concentratioh, fc, is measured
with charge exchange recombination spectroscopy (CXRS) [125].

Figure 5.3(a) shows that the Hy-factor on the basis of the IPB98(y,2)
scaling for different argon densities (fa, ~ 0.2, 0.5, and 0.8) as a function of
7./n°Y . In the plasmas without argon gas puffing at I, = 1.2 MA, the Hy-factor
decreases continuously from 0.9 to 0.7 with increasing 7,/ n® from 0.44 to 0.61.
In contrast, in argon injected discharges, the Hy-factor remains in the range of 0.9-
1.0 until 77./n®" reaches 0.64, and then the Hy-factor declines gradually with a
further increase in density. Figure 5.3(bA) indicates the density dependence of
thermal stored energy, Wy,. As #, is increased, Wy, decreases gradually from 1.5 to
1.2 MJ in the case without argon gas puffing, while it increases to 1.9 MJ in argon
injected plasmas.

The profiles of n,, T, and T; in the ELMy H-mode discharges with and

without argon gas injection are compared at 7,/ n®" = 0.58 (see figure 5.4(a) and
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Figure 5.3 (a) The Hy-factors in ELMy H-mode discharges in JT-60U
as a function of 7, /nCY. Open and shaded squares indicate the Hy-
factors in the discharges at [, = 1.2 MA, B, =
at [, = 1.8 MA, B, = 3.0 T and & ~ 0.16 without argon gas puffing,
respectively. The Hy-factors in the discharges with argon gas injection
are shown for different argon densities. Open, shaded and closed circles
are of the fraction of argon density, fa, (=na/n.) ~ 0.2, 0.5 and 0.8 %,
respectively. (b) Density dependence of thermal stored energy, Wy, is
shown for ELMy H-mode discharges with and without argon gas

injection.

n, [10"°m3]

2.5-2.6 T and & ~ 0.36, and



JAERI—Research 2004—027

10
- 8
S | ®
= =
| %
2 4f 3
S &
I-_z'
0
r[m]
(b) D, + Ar puff
10 e
s L
%' ; =
X : o
-—q-,s 13 =
- | 2
2 4t -‘23
® <
= 2] 11
o...l...l...l .:.l.o
0 02 04 06 08 1

r[m]

Figure 5.4 Radial profiles of T,, T; and n. in the ELMy H-mode plasmas
“at 7,/n®Y = 0.58 (a) without and (b) with argon gas injection. The
electron density, n. (closed squares), and the electron temperature, 7,
(closed circles), are obtained by the Thomson scattering measurement
with a YAG laser system. The ion temperature, T}, is measured with the
CXRS (open circles). The separatrix position is shown by a dark
column. '
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Figure 5.5 Density dependence of (a) T, (b) T (r/a = 0.2), (c) T™

and (d) T. (#/a = 0.2) in ELMy H-mode discharges with and without

argon injection. Closed squares indicate the discharges without argon

gas injection. Open, shaded and closed circles are of the fraction of
* argon density, fa, (=na./ne) ~ 0.2, 0.5 and 0.8 %, respectively.

(b)). In the plasma with argon gas puffing, both T, and T; are higher at the H-mode
pedestal and in the core region than those of the plasma without argon gas puffing.
It is also seen in the figures that the density profile in the argon seeded plasma is
peaked at the center. It is noted in the plasma with argon gas puffing that, while the
radiation loss power is predominantly enhanced in the edge region, the power
radiated from the region of r/a < 0.6, which is several times larger than that
without argon injection, is ~10 % of the heating power injected into the region

[38]. Figure 5.5(a) and (b) plot the ion temperatures at the shoulder of the H-mode
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pedestal, T”; and near the center, T; (r/a = 0 2) as a function of #,, respectively.
It is observed in the plasmas w1thout argon gas mjectlon that both T Pd and T, (r/a
= 0.2) decrease continuously with -increasing n,. However, it can be seen in the
argon seeded case that the reduction in 7," due to an increase in density weakens
and T,* remains rather high even in the high density regime in comparison with
the case without argon gas injection. The core temperature, 7; (r/a = 0.2), also
tends to decrease slowly with an increase in density. A similaf behavior is also
seen in the electron temperatures as shown in figure 5.5(c) and (d). More scattered
TP, evaluated using the Thomson scattering measurement with a YAG laser
system, is attributed to its small S/N ratio at lower densities.

Another noteworthy feature in the argon seeded ELMy H-mode
discharges is a peaked density profile seen in figure 5.4(b). Figure 5.6(a) and (b)
plot the density dependence of the pedestal electron density, n*, and the peaking
factor of electron density profile, n.(0)/<n.>, where n,(0) and <n.> denote the
electron density at the center and - the volume-averaged electron density,
respectively. Density profiles become flatter with increasing density in the
discharges without argon gas injection, while the peaking factor of electron density
‘profile does not decrease as the density increases in the argon seeded discharges.

Impurity concentration enhances the dilution of the fuel ions. The effect
of argon gas injection on the fraction of thermal deuterium ion density, f,' (=
ng‘ /n.), is shown in figure 5.7(a). As ths: argon clbncentration, far (5 nar/ne), 1s
raised from 0.2 to 0.8 % with increasing density, the dilution of thermal deuterium
ions is enhanced gradually by 10 %, i.e. f,' decreases from 60 to 50 %. The
fraction of carbon density, f¢ (= nc/n.), remains constant in the range of 4-6 %. On
the other hand, f,' and fc are in the ranges of 70-79 % and 4-5 % in the
discharges without argon gas injection, respectively. Under the condition of f, <
1 %, the dominént intrinsic impurity is carbon, whose density. fraction is not

changed by argon gas injection, i.e. Z.n. (~ 30 % of n) is larger than Z, n, ,
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Figure 5.6 Density dependence of (a) the pedestal electron density, nP*,
and (b) the peaking factor of electron density profile, n.(0)/<n.>, where
n.(0) and <n.> denote the electron density at the center and the volume-
averaged electron density, respectively. Open squares indicate the
discharges without argon gas injection. Open, shaded and closed circles
are of the fraction of argon density, fa, (=714 /n:) ~ 0.2, 0.5 and 0.8 %,
respectively.
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Figure 5.7 (a) The influence of impurity concentration on the dilution of
thermal deuterium ion density. Closed and open circles indicate the
fraction of thermal deuterium ion density, /" (= np"/n.), in the plasmas
with and without argon gas injection, respectively. Closed and open
squares denote fc (= nc/ne) in the cases with and without argon gas
injection, respectively. Shaded circles indicate the argon concentration,
far (5 na/ne), which is in the range of 0.2-0.8 %. (b) The dependence on
the total thermal density, <n,+n>, of Wy, Open squares indicate Wy, in
. the discharges without argon gas injection. Open, shaded and closed
circles are of the fraction of argon density, fa, ~ 0.2, 0.5 and 0.8 %,
respectively.
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Figure 5.8 Density dependence of the edge pedestai pressure. The
charge state of argon, Z,,, was assumed to be 16 at the plasma edge.
Open squares indicate p,cq in the discharges without argon gas injection.
Open, shaded and closed circles are of the fraction of argon density, fx, ~
0.2, 0.5 and 0.8 %, respectively.

which could reach at most ~ 14 % of n.. Therefore, the improvement of thermal
energy confinement more than compensated for the dilution of deuterium ions due
to impurity contamination, resulting in higher neutron production rates. As seen in
figure 5.7(b), the total thermal density of ~ 5x 10" m? at fo, ~ 0.8 % corresponds

to about a 30 % increase in Wy, where n,(0)t.T,(0) is improved by a factor of ~ 2.

In JT-60U, the energy confinement improvement by argon gas injection is higher

than that by neon gas injection (~ 15 %) [100,101].

5.4. Pedestal characteristics

As 7, is incréased in the discharges without argon gas injection, the

temperature at the pedestal shoulder drops as shown in figure 5.5(a) and (c). This
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reduction in the temperature seems to be determined as a pedestal structure by the
ELM activities. In figure 5.8, the pedestal PresSures, Pped; are plotted in the ELMy

H-mode plasmas with and without argon gas injection as a function of 7,. The

pedestal pressure, ppeq, is evaluated as:
Ppea = nfedkB[T Wi ,-T}’°d} (5.4
j . -

In argon gas injected plasmas, ppeq is kept constant in the range of 6.5-8.0x 10* Pa
over a wide range of density. Compafed with theé discharges without argon gas
puffing, higher ppeq (~ 8 %) is obtained in argon seeded plasmas. As the density
increases in the case with argon gas injection, the increase in the pedestal density
is smaller compared with the case without argon gas injection since the thermal
deuterium ion density decreases slightly and the peaked density profiles are
sustained (see figure 5.6(a) and (b)). Thus, as showh in figure 5.5(a) and (c), the

reduction in the pedestal temperature weakens so that p,eq remains constant.

3.5. Boundary condition for core confinement

It has been observed in ELMy H-mode plasmas without impurity
injection that the pedestal femperature imposed by the destabilization of ELMs
affect strongly the energy confinement of the plasma core as presented in chapter 3.
With argon gas injection, the confinement is improved in the core region and the
pedestal temperature is increased (see figure 5.5(a) and (c)).

To estimate the variation in the heat transport of the plasma core, the
effective heat diffusivity of the plasma core, X , is evaluated in the same way as

in chapter 3:

[ Xex(r) - 2mrdr
[~ 2mrdr

core

Xeff -

(5.5)

— 89 —
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Figure 5.9 The dependence of the éffective heat diffusivity of the core

core

~ plasma, X, on TP in the ELMy H-mode plasmas with and without

core

argon gas injection. Open squares indicate Y. in the discharges
without argon gas injection. Open, shaded and closed circles denote
Yoo in the cases where fy, ~ 0.2, 0.5 and 0.8 %, respectively.

~where Yen(r) is calculated by the transport analysis code for thermal plasmas
(TOPICS) [67]. Figure 5.9 plots x5 as a function of T in the discharges with

core

and without argon gas puffing. It can be seen that x;° tends to decline gradually
with increasing T;**. It is of most significance in figure 5.9 that the trend of y°
on]}"“’ is roughly similar in cases with and without argon gas injection. This
finding might be indicative of a profile similarity of the temperature in ELMy H-
mode plasmas with and without argon gas injection. The lower Xc;° with argon
gas puffing might be affected by higher temperature at the pedestal shoulder
through the profile stiffness. However, compared with the plasmas without argon
~ gas injection, it should be noted in figure 5.9 that ¥ ° tends fo be systematically
smaller only by < 15 % with a scatter at a fixed 7, of ~ 1.7 keV in the argon
seeded plasmas. This further reducﬁon of x ¢ , could be explained by the effect of

the radiation loss power on the energy balance and it is described in chapter 6.
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Figure 5.10 Profile similarity of the temperature profiles between a high
density argon seeded ELMy H-mode plasma (n, /Y ~ 0.60 and f, ~
0.5 %) and a low density plasma without argon gas injection (7, % ~
0.45). (a) The n,, T. and (b) T; profiles are compared between these two
plasmas. The separatrix position is shown by a shaded column.
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Figure 5.11 Proportionality between the core (7 (r/a = 0.2)) and edge
pedestal ion temperatures (7P*Y) in ELMy H-mode plasmas with and
without argon gas injection. Open squares indicate the plasmas without
argon gas injection. Open, shaded and closed circles denote the cases
where fa: ~ 0.2, 0.5 and 0.8 %, respectively. '

Profile similarity of the temperature in the plasmas with and without
argon gas injection is observed clearly by selecting profiles with a fixed

temperature at the pedestal shoulder with different densities. Figure 5.10(a) and (b)

show the n., T, and T; profiles in a high density argon seeded plasma (7, nV ~
0.60) and a low density plasma without argon gas puffing (7, /Y ~ 0.45). While
the ion temperature at the H-mode pedestal decreases with density in the standard
ELMy H-mode plasmas without impurity injection, it is kept higher at a high
density by argon gas injection (see figure 5.5(a) and (c)).' However, the
temperature profiles of the plasma core in the argon seeded case seem
approximately consistent with those of the case without argon gas injection. Ina
series of these discharges, the core temperatures are seen to increase
approximately proportional to the pedestal temperatures in the discharges with

different argon densities (see figure 5.11).
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When the ELM activities limit the achievable pedestal pressure, the
pedestal temperature is also determined by the pedestal density for each species as
is presented in chapter 3. Argon gas puffed plasmas show a slight reduction in the
thermal deuterium ion density and the center-peaked density profiles, in which the
pedestal density becomes lower than that of the plasmas without argon injection at
a ﬁked n, . Therefore, the reduction in the pedestal temperature weakens at high
averaged densities. The high pedestal temperature with argon gas injection can
produce high core temperature due to the profile stiffness, leading to the

- improvement of the energy confinement in the plasma core.

5.6. Conclusions

The density dependence of the energy confinement properties at the H-
mode pedestal and core plasmas has been investigated in ELMy H-mode
discharges with and without argon gas injection. Compared with the standard
ELMy H-mode plasrﬁas without argon gas puffing (H[F®*? = 0.7 at i, /n®" =
0.6), the energy confinement was improved in the high density regime by argon |
gas injection (Hy ~*? = 0.9-1.0 at 72,/n°" = 0.6). In addition, the improvement
more than compensated for the dilution of deuterium ions due to argon gas
injection. At high densities, higher core and pedestal temperatures were obtained
with argon gas puffing. While the density profiles became flatter with increasing
densityv in the case without argon gas injection, peaked density profiles were kept
even at high densities in argon seeded plasmas. Higher pedestal temperature was
obtained at roughly constant pedestal pressure by the lower pedestal density,
which was given by the peaked density profile and the slight reduction in the
thermal deuterium density at a fixed averaged density. Lower thermal

conductivities of the plasma core were also obtained at higher boundary

temperatures by argon gas injection. The core temperatures were observed to
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increase in proportion to the pedestal temperatures. The puffing of seed argon gas
caused a slight reduction in the thermal deuterium ion density and a peaked
density profile, leading to a lower pedestal density. Thus, the reduction in the
pedestal temperature in argon gas puffed plasmas was not significant at a high
averaged density. Higher temperature in the core region and improved energy
confinement were obtained by higher boundary temperature through the profile

similarity.
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6. Effects of Heat Flux on Temperature Profiles

6.1. Introduction

The temperafure gradient is a key element in driving turbulent convection
and causing anomalous heat transport in plasmas. The profile stiffness is believed
to originate from a strong increase of transport when the temperature profile
exceeds a threshold in the temperature gradient scale length. Therefore,
understanding the response of temperature profiles to variations in the heating
profile shape is indispensable for predicting the performance of a future fusion
reactor. A saturation of local temperature in a situafion of profile stiffness is
considered to arise from a strong increase in heat diffusivity. Turbulence with
large correlation lengths (streamers) might-link transport- in the edge region to
transport in the core. The significant role of pedestal structure imposed by the
ELM activities as a boundary condition for the heat transport in the plasma core
has been observed in many devices [27,58,59,78,79]. As presented in chapter 3,
the core temperatures tend to vary approximately in proportion to the temperatures
at the shoulder of the H-mode pedestal in a range of accessible densities in the
type-1 ELMy H-mode regime on JT-60U, suggesting the existence of profile
stiffness.

The temperature at the pedestal shoulder reduces with an increase in
density to keep the pedestal pressure roughly constant, so that the corresponding
core temperature also reduces. Based on this experimental observation, two
methods have been investigated to extend the improved energy confinement

regime of the H-mode in JT-60U: (1) high triangularity operation and (2) argon
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gas injection. High triangularity discharges with high improved energy
confinement of the plasma core have been observed with higher critical edge
pressure gradient [26,126]. On the other hand, argon seeding can lead to improved
energy confinement with higher peripheral temperature at a given density,
compared to the cases without argon gas injection. This also provides a possible
way to exhaust energy by a radiating belt around the plasma [38]. Both of. the
above methods indicate that an increase of the pedestal temperature imposes the
core energy confinement through the profile stiffness. In chapter 4 and ‘5, the
density dependence of thermal energy confinement properties concerning the
- profile similarity has been presented for the cases with and without argon injéction.
The effects of heat flux on the temperature profile are-also of significant concern.
Comparison of discharges with different triangularities enables us to check the
stiff transport behavior with increased triangularity with high pedestal temperature.
In argon seeded discharges, an enhanced radiation loss flux due to argon gas
injection seems to affect conductive heat flux and heat diffusivity in the energy
balance of plasma. ‘

In this chapter, the temperature profile response to the variation of heat
flux proﬁle is examined in the ELMy H-mode experiments of high triangularity
and argon gas injection. The experiments performed by the abové methods are
presented briefly in section 6.2. The heat transport mechanisms of the plasrﬁa core
in the presence of temperature profile stiffness in high triangularity and argon
seeded ELMy H-mode plasmas are discussed in section 6.3 and 6.4, respectively.

Conclusions are given in section 6.5.

6.2. Experiments

" The temperature profile and the heat transport of the plasma core are

discussed in the following for three types of plasmas which are composed of low-

— 96—
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Figure 6.1 Plasma equilibria for (a) low-8, (~.0.16), (b) high-§, (~ 0.45)
and (c) argon gas injected ELMy H-mode discharges at 8, ~ 0.35. The
suffix ‘x’ indicates the value evaluated at the separatrix.

5,(. (~ 0.16) [79], high-§, (~ 0.45) [126] and argon gas injected ELMy H-mode
discharges at 8, ~ 0.35 [38]. The suffix ‘x’ denotes the value taken at the
separatrix. Typical equilibria for fhese plasmas are illust'rated in figure 6.1(a), (b)
and (c). The experiments at 8, ~ 0.16 and &, ~ 0.45 were performed at 1,/ B, = 1.8
MA / 3.0 T (gos ~ 3.0) and 1.0 MA / 2.1 T (gos ~ 3.5), respectively. The
experiments with and without argon gas puff at medium-9o, of ~ 0.35 were carried
outat I,/ B,=12MA /2.6 T (q9s ~ 3.4). The positions of deuterium and argon gas
puff on the poloidal cross section are illustrated in figure 5.1. In the transport
analysis calculated for the fast ions (OFMC) [66] and thermal plasma (TOPICS)
[67], data were deduced by the time average over several ELM cycles (~ 100 ms)

of density and temperature profiles in quasi-stationary phases.

6.3. Effects of triangﬁlarity on plasma boundéry and core

transport

Plasma shaping, especially increased triangularity, is expected to have a

strong influence on edge pressure gradients owing to the improvement of MHD
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Figure 6.2 Effect of heat flux profile variation on the profiles of
temperature and heat diffusivity in the JT-60U NB heated discharges for
low triangularity configuration (8, ~ 0.16) at [,/ B, = 1.8 MA /3.0 T.
Full and dashed curves (open and closed circles) indicate the heating
power absorbed in the bulk plasma, Py, of 9.4 MW and 6.8 MW,
respectively. '

stability at the plasma édge, and thus may lead to favorable H-mode performance
with core improvement under a situatioh of stiff temperature profiles. The reaction
of plasma transport to the heat flux profile is iﬁvestigated for different
triangularities in this section. In JT-60U, high triangularity discharges in the type-I
ELMy H-mode regime showed higher pedestal temperature than that of low
triangularity discharges at a fixed density as presented in chapter 4. The core
temperature profiles are shape-preserving.in terms of the scale length of the
temperature gradient as can be seen by an approximately constant shift on the
logarithmic plot wﬁen’ the boundary temperature is raised in the high triangularity

configuration.

o8 —
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Figure 6.3 Effect of heat flux profile variation on the profiles of
temperature and heat diffusivity in the JT-60U NB heated discharges for
high triangularity configuration (8, ~ 0.45) at [,/ B, = 1.0 MA /2.1 T.
Full and dashed curves (open and closed circles) indicate the heating
power absorbed in the bulk plasma, P, of 10.6 MW and 8.5 MW,
respectively.

The assumed profile stiffness is also examined by varying the heat flux
profile for low (8, ~ 0.16) and high triangularity (8, ~ 0.45) plasmas using the
positive ion-based NBI system. As shown in ﬁguré 6.2, the ion temperature
profiles for the low-8, plasmas are similar, while the resulting species-averaged
effective heat conductivities, Y, are raised as the heat flux, O, increases,
proving the stiffness of temperature profiles. The temperature gradients on log
scale, V(InT;), are kept almost constant in the range of 0.2 <r/a < 0.8. This profile
similarity was also found in electron temperature profiles, i.e., V(InT¢) ~ const.
The T, profiles seen in our analysis hereafter also have a similar behavior to the

corresponding 7; profiles.

_99._'
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Figure 6.4 Influence of triangularity on the pédestal pressure normalized
by the offset non-linear scaling of pedestal pressure. Open and closed
circles indicate the data of B, > 1 and B, < 1, respectively.

The results of high-8, plasmas however show different features of the
heat transport from the low-8, case as shown in figure 6.3. In the high-0, plasmas,
the temperature profiles of the plasma core are stiff, showing that V(InT;) remains
roughly constant. However, the boundary temperature is raised in the highly NB-
heated plasma. In proportion to the edge temperature, the core temperature is also
raised with a constant scale length of the teinperafure gradient when the heat flux
increases. The heat diffusivity for j-species, y;, is evaluated by the following
expression: |

Qi < nx, VT, =nTy, V(nT,) 6.1)
In the high-8, case, the energy transport adjusts itself to maintain a constant
V(nT) due to the increase in the conductive heat flux and its resultant increase in
the core temperature. Note that the density profiles are almost identical.
Independently of triangularity, the scale length of measured electron temperéture

gradient is also unaffected by the change in heating power. Especially at higher

— 100 —
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densities, due to the strong electron-ion coupling, electron temperature profiles
cannot be distinguished from the ion temperatures within the 'e.xperimental eITors.

Related to the invcbrease in the boundary temperature, figure 6.4 indicates
the dependence of triangularity on the normalized pedestal pressure evaluated by
the offset non-linear (ONL) scalin'g [70]. The total pedestal pressure, p"ed; is given
as the summation of the pressure of electrons, deuterium ions and carbon ions. The
pedestal pressure in the ONL scaling can be expressed as:

p = 2.81 Ba, 'p™' [kPa] (6.2)
with b=BR*. '

Figure 6.4 shows that the achievable pedestal pressure increases with -
triangularity. In addition, it can be seen that high B, discharges raise PP at high-
8, while p** at low-8, remains nearly unchanged by an increase in Bpo. The
pedestal pressure at high—Bx tends to decrease with density [27,126]. The
insensitive lower envelope is attributed mainly to low pedestal confinement seen
in high triangularity discharges at high densities. At high-8,, a larger Shafranov
shift due to an increase in B, Or an increase in fhe field line curvature at the lower
field side might account for the improvement of edge stability. High triangularity
configuration can display its potential on the pedestal improvement at high B,
discharges. In JT-60U, the edge pedestal pressure gradient in the type-I ELMy H-
mode phase is critical both for high-# ideal ballooning mode and for intermediate-
n kink-ballooning mode [127]. In addition, a detailed density fluctuation study has
shown that the type-1 ELM crash is highly localized poloidally at the lower field
side [128]. , | '

In high triangularity ELMy H-mode discharges in JT-60U [75], the
pedestal temperature and the pedesta] pressure increases graduzilly With a slow
time constant of ~ 2 s (~ 10x1g) which is comparable with the edge current
diffusion time over the pedestal layer. In this case, the total [;,,o, also increased

simultaneously. Therefore, both B,, and edge current seem to contribute to
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Figure 6.5 Effect of argon gas injection (na/ 7, ~ 0.8 %) on the heat
transport for the case of fixed 7, (~0.58 n°") and Pypi (~ 16 MW) at I/
B.=12MA/26T. Fu‘ll and dashed curves (open and closed circles)

" indicate the discharges with and without argon gas injection,
respectively. Radiation loss flux, Qrg, is shown for the argon gas seeded
plasma as a dotted line, while Q4 for the plasma without argon injection
is relatively negligible. ' T

increasing the critical edge pressure. Consequently, the edge stability of type-I
ELMy H-mode plasmas seems to be determined by triangularity, total Béol and

“edge current driven mainly by the bootstrap current [90].

6.4. Effects of argon gas injection on plasma boundary and

core transport

Controlled injection of impurity gases is a promising techniqu_ev for

enhancement of radiation loss power fraction to mitigate the severe problem Qf
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Figure 6.6 Effect of argon gas injection (na/n, ~ 0.5 %) on the heat
transport for the case of fixed T7*! (~ 1.7 keV) and Pyg; (~ 16 MW) at 1,
/B,=1.2 MA /2.6 T. Full and dashed curves (open and closed circles)
indicate ‘the discharges with and without argon gas injection,
respectively. Radiation loss fluxes, Qr.4, are shown for the cases with
and without argon gas injection as broken and dotted lines, respectively.

concentrated power loading on the divertor plates. Confinement improvement due
to impurity injection has also been observed with the formation of a radiating
mantle in several devices [35-38,100,101,129,130]. In JT-60U [37,38], highly

IPB98(2) = (.9-1.0) has been sustained by argon

improved ene.rgy confinement (Hy
gas injection until 7, /Y reaches ~ 0.60. Figure 6.5 shows the effect of argon gas
injection on profiles of n, T;, Opex and Y at a fixed 7, /Y of ~ 0.58. The
experiments were performed with and without argon gas injection inr deuterium
plésmas at a fixed NB injection power, Pyp; ~ 16 MW. As can be seen in figure

6.5, the absolute value of 7; in argon gas seeded plasma becomes higher than T;

without argon injection throughout the entire range of the minor radius. The

— 103 —



awn JAERI—Research 2004—027

temperature profiles of the plasma core are stiff in the sense of a constant V(InT;)
as the boundary temperature is varied. For the argon gas injected case, the argon
concentration, n,/n., is ~ 0.8 %. In these plasmas, the effective charge numbers,
Z.r, are ~ 4.0 and'~ 2.1 for the cases with and without argon gas injection,
respectively. It is seen in figure 6.5 that the conductive heat flux is reduced with
increasing the radiation loss flux, Q..q, at a fixed Pyp;. Hence, as can be estimated
by Eq. (6.1), et is decreased by the reduction in Qe in conjunction with the
increase in the core temperature. On the other hand, the density profile in argon
injected case tends to be more peaked than the case without argon injection, and
thus the edge density becomes relatively lower, resulting in a small difference of
P8 .%) between D, and D, + Ar gas injected plasmas as is shown in figure 5.8.
Higher boundary temperatures are obtained at lower pedesta'l densities due to
peaked density profiles in argon seeded discharges.

The heat transport in argon puffed plasmas could then be examined at the -
pedestal temperature nearly compatible with that in the case without argon puff as
shown in figure 6.6. In this figure, 7, /n®Y ~0.45 and ~ 0.60 in D, and D, + Ar gas
injected plasmas, respectively. In the plasma with argon injection, na/ne, 15 ~
0.5 %. The effective charges, Z., are ~ 4.0 and ~ 2.5 for the cases with and
without argon gas injection, respectively. It can bé seen that the temperature
profiles of high density argon seeded plasmas are nearly consistent with those of
1ow density plasmas without argon gas injection. In figure 6.6, when s decreases
due to argon gas injection at a fixed Pyp, conductive heat flow is reduced slightly
with increasing radiation flow and the density profile becomes more peaked.
Improved particle confinement seen in the argon puffed plasmas results in an
increase of the achievable density at a given T°** and could contribute to the
reduction in X

In chapter 5, it has been seen for the cases without argon gas injectidn

that the core heat diffusivity decreases slightly with the pedestal temperature (see
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figure 5.9). The relationship between the pedestal temperature and the -core heat
diffusivity in argon gas injected plasmas.seems roughly close to that of the
discharges without argon gas injection. Nonetheless, it has been observed that heat
conductivities tend to be smaller systematica'lly only by £ 15 % with a scatter at a
fixed pedestal temperature than those in the plasmas without impurity injection.
This difference could be caused by the improved particle confinement and the
reduction in the conductive heat flow due to enhancement of the radiation loss

power fraction in argon gas seeded discharges.

6.5. Discussions

In weakly collisional plasmas with high power NB heating sources the
turbulence driven by ion temperature gradients (ITGs) is believed to be the main
origin of turbulence with large correlation lengths, causing anomalous transport
through the ion channel [84-87]. The properties of turbulence driven by
temperature gradient (TG) lead to a limitation on the temperature profiles by a
critical scale length of temperature gradient, which is characterized by [V(InT)]..
When V(InT) < [V(InD)]. TG transport is not active. When V(In7) > [V(In7)].
transport is high and keeps the profiles close to [V(In7)].. These transport
considerations are not necessarily valid inside the sawtooth inversion radius where
profiles are essentially determined by this MHD activity. In H-mode the edge
plasma should also be excluded due to the transport barrier and ELM activity.

The temperature profiles seen in NB-heated H-modes at any
triangularities are qualitatively in agreement with these predictions. In argon gas
injected discharges shown in section 6.5, the conductive heat flux reduced by
increased radiation flux was still sufficient over a large part of the plasma for the
temperature profiles to reach [V(In7)).. Therefore, the transport might be

determined by [V(InT)]. over the major part of plasma radius. Comparison of heat
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transport between experiments and predictions of theory based on transport
models is required for quantitative evaluation of [V(InT)].. The effect of Z on the
~ critical scale length of temperature gradient could not be clearly found between D,

and D, + Ar injected experiments within the experimental errors.

6.6. Cdnclusions

The energy transport properties under the situation of the temperatﬁre
profile stiffness have been investigated for high triangularity and argon gas
injected ELMy H-mode plasmas. Independently of triangularity, the measured
core temperature profiles (0.2 < 7/a < 0.8) are unaffected by the change in the heat
flux profile. At low triangularities, X is raised with a similar temperature profile
including the plasma edge as the heat flux increases. However, in high
triangularity discharges, the boundary temperature is raised with an incréase in Bpoi
while the core V(InT;) remains nearly unchanged. In argon seeded plasmas, the
temperature becomes higher than the case without argon injection at a fixed
density throughout the entire minor radius. The conductive heat flux is reduced
with increasing the radiation loss flux due to argon gas injection and thus X
decreases. Higher boundary temperatures are obtained at lower pedestal densities
due to peaked density profiles in argon seeded discharges. Improved particle
confinement due to argon gas puff raises the achievable density and contributes to

the reduction in Yefr.
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7. Multi-Machine Database Analysis of H-mode
Plasmas

7.1. Introduction

One of the features of the H-mode regime is the steep gradient in the
temperature and density profiles near the plasma boundary. The region of steep
gradients is often referred to as the H-mode transport barrier or more looéely the
“edge pedestal.” Understanding of edge pedestal characteristics has been
recognized as an important issue of investigation, as it strongly influences the
prediction of plasma performance for future magnetic fusion deviées, such as
ITER.

The characteristics of the H-mode edge pedestal are crucial for
characterizing the confinement and stability properties of the core plasma and for
quantifying the effect of ELM energy load on divertors. Understanding and
prediction of pedesfal pressure during type-I ELMs, which is considered as one of
the reference operation modes of ITER, are essential, since the energy
confinement of core plasma is believed to be strongly linked to the pedestal
pressure. High pedestal pressure is generally needed for good confinement, while
this may lead to a potential disadvantage of unacceptably high energy load on the
divertor plate during ELMs. In order to address these issues and investigate other
pedestal .characteristics, a multi-machine pedestal database has been archived
which includes various pedestal-related quantities, e.g., pedestal height for
electron density, ion and electron temperatures, and pedestal width and gradient,

from major divertor tokamaks, ASDEX-Upgrade (AUG), Alcator C-Mod (C-Mod),
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Table 7.1 Contents of the multi-machine pedestal database [39]

L-H and ELM  Type-I Type-lll  Grassy EDA Other Total

H-L free ELMs: ELMs ELMs -
AUG 62 — 109 125 — — 88 384
C-Mod 79 12 — 5 — 21 — 117
DIII-D! 417 — 4275 1153 — — 474 6319
JET 8 4 41 16 — — 86 155
JT-60U 25 259 140 45 24 — 5 498

" Note that DIII-D data are taken from 36 shots with ITER shape

DIII-D, JET and JT-60U.

It is widely observed that the confinement starts to degrade as density is
increased. In this chapter, analysis of the relation of core confinement and pedestal
parameters is performed using the multi-machine pedestal database to identify the
underlying physics of this confinement degradation. A possible method to obtain
improved pedestal conditions for good confinement in high density discharges by

increasing the plasma triangularity is also presented.

7.2. Multi-machine pedestal database

To investigate the universal characteristics of edge pedestal, an
international multi-machine pedestal database has been built. The first version of
the database, which was installed during 1997, archives the pedestal data from
major divertor Tokamaks, ASDEX-Upgrade (AUG), Alcator C-Mod (C-Mod),
DIII-D, JET and JT-60U. Additional JT;60U, JET and AUG data have recently
been supplied to the database. The database mainly stores the following pédestal
parameters: temperatures at the shoulder of the H-mode pedestal (TP, Tiped);
electron density at the top of pedestal (heped), pedestal widths for terﬁperatu'res,
density and electron pressure. Pedestal parameters du-ring various phases: of

discharge are stored for each dischargé, i.e. L-mode prior to L-H transitiori, ELM-
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free, type-I ELMs, type-IIl ELMs, grassy ELMs, Enhanced D, mode (EDA), H-
mode prior to H-L transition. The detailed cbntents of the database as of Oct'. 2000
are summarized in table 7.1 [39]. | . |

Due to diagnostics limifations in each machine, there are still missing
data in the database. These: fnissing data are estimated using the following
assumptions: (1) T.>® = TP except JT-60U. (2) The pedestal pressure is defined
PP = 0P kg (TP + 0.6TP%), ie. Zogr = 3.0 with an assumption of the main
impurity being carbon. To compare pedestal parameters among the multi-machine
data, the pedestal height (7.7*9, TP, nP*% should be derived using the same
definition. The most reliable data may be obtained from a hyperbolic tangent
(tanh) fit to the pedestal region with appropriate linear terms [131] if there are
enough data to fit. in many machines, however, the data are not enough to perform
tanh fits. For these machines, the pedestal width and height are estimated using a

linear fit to the data.

7.3. Plasma magnetic geometry

Several tékamaks have reported a strong inﬂuénce of magnetic geometry
- on the parametefs of the H-mode pedestal.'Changes in edge triangularity [26,27,29,
132], elongation [133] and squareness [132] have all beén shown to induce strong
changes in the pedestal parameters, either by shifting the relevant stability
boundary or by shifting from one stabiiity limit to another. In a given machine, it
is often difficult to vary these shape parameters independently and thus
comparisons between different ﬁlachines are attractive. Moreover, the influence of
the machine size and inverse aspect ratio on the pedestal parameters caﬁ be
satisfacto‘rily studied only with data from several machines. The pedestal database
as of Sep. 2001 [134], which combines data from five different machines, enables

independent analysis of the dependence of pedestal parafneters on the machine
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Figure 7.1 The spread of data prqvided by the multi-machine database
[134]: (a) major radius versus inverse aspect ratio and (b) elongation
versus triangularity.

size, Rgeo, and inverse aspect ratio, €, as shown in figure 7.1(a). The range of
triangularity and elongation values provided by the multi-machine database for
_ type-I ELMy H-mode discharges is shown in figure 7.1(b). It can be seen that
1arge tokamaks such as JET and JT-60U have larger Ry, compared with a smaller
machine size of Alcator C-Mod. On the other hand, JT-60U shows the‘ smallest €
in the database while the largest € can be seen in DIII-D. The low values of
elongation are a significant feature of JT-60U data. In particular, higher x

configuration can be formed at lower § but the increase in 3 tends to reduce k.

7.4. Boundary condition for core confinement

For a tokamak reactor, high density operation is required to achieve
sufficiently high fusion gain and to increase radiation power loss in the scrape-off
layer (SOL) and divertor regions in order to reduce the heat load onto the divertor .

plates [22]. However, energy confinement (the H-factor) in ELMy H-modes tends
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Figure 7.2 Edge operational space diagram for type-1 ELMy H-mode
plasmas. Open and closed circles denote JET and JT-60U discharges,
respectively.

to degrade continuously with increasing density [52,53,55,56]. It is crucially
important to develop understanding of the confinement degradation in high density
for confinement prediction of future reactors. This section introduces the database
of the pedestal parameters as the boundary condition for the core confinement and
' suggeéts a method to obtain improved pedestal conditions at a high density.

At sufficiently high input powers, the edge confinement of ELMy H-
mode plasmas is imposed by regular type-I ELM events. The edge operational
diagram for classifying ELM behavior [135] shows that an increase in the
peripheral density in the type-I ELMy H-mode regime is accompénied by a
decrease in the temperature at the pedestal shoulder (see figure 7.2)..
Experimentally, there are two typical cases in the pedestal pressure when density
or gas puffing rate is increased. In JT-60U and ASDEX-Upgrade, the pedestal

pressure remains roughly constant (nP¥T7 ~ const.) at low triangularity for fixed
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I, and B, [59,79,136]. In JET, the pedestal pressure gradually decreases with
density [27]. It is observed in both icasgs that the edge pedestai temperature
_ determined by tne action of type-I ELMs has a large influence on the energy
confinement of the plasma core [60]. In particular, since the pedestal temperature
decreases with increasing the edge density in type-I ELMy H-mode regime, the
confinement degradation can be linked to the relatively low pedestal temperatures.
Figure 7.3(a) and (b) indicate the dependence of the H-factor relative to
the ITER89P L-mode scaling [13] upon the nedestal electron temperature. In this
dataset, it can be seen that once a critical temperature is exceeded (T P~ 1.3-1.4
keV) the impact of the pedestal temperature on the energy confinement weakens.
It should be noted that the critical temperature ‘might vary with various discharge
conditions and machine size, which should be identified in future. A confinement
improvement with increasing pedestal temperature takes place below the critical
pedestal temperature. It should also be noted here that the conﬁnement
degradation at high density is mainly attributed to the confinement deterioration of
the core plasma. Based on these experimental observations, it is concluded that, in
the H-mode discharges, where the pedestal pressure is limited by the type-1 ELMs, |
an increase in the pedestal density decreases the pedestal temperature, and if the
pedestal temperature becomes lower than a certain level, conﬁnemént starts to
degrade with decreasing témperature or increasing density.
| These observations naturally suggest that the critical density, at which
confinement degradation sets in, will be increased with increasing triangularity,
because the edge pressure gradient (edge a-parameter) increases with triangularity.

The o-parameter denotes the normalized pressure gradient given as:

21, R g* *
o = 2P il dp (7.1)
B> dr .

and o indicates a measure of the pressure gradient responsible for the MHD |,

instability. In fact, experimental data in the database show that the edge o-
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Figure 7.3 Dependence of the H-factor on’the pedestal temperature in
(a) JET and (b) JT-60U.
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Figure 7.4 Relation between the normalized edge pressure gradient (o-

* parameter) and triangularity. The edge a-parameter is increased by a
factor of 1.5-2 from & = 0.14 to 0.48 in JT-60U (open circles) and by a
factor of 3-4 from & = 0.14 to 0.38 in JET (closed circles).

parameter is increased by a factor of 1.5-2 from 6 =10.14 to 0.48 in JT-60U and by
a factor of 3-4 from 0.14 to 0.38 in JET as shown in figure 7.4. Here, the edge
pressure gradient is evaluated by pped/Ar, where Ar denotes the width of the edge

pedestal. Ih JT-60U, Ar is estimated from the ion temperature profile measured by
charge-exchange recombination spectroscopy (CXRS), while Ar = 7 cm 1s
assumed for JET type-I ELMy H-mode plasmas. In accordance with this increase
of a-parameter, the H-factors are observed to increase wifh triangularity in JT-60U
[26], ASDEX-Upgrade [31], JET [27] and DIII-D [30], in high density regime (see
figure 7.5, 7.6, 7.7 and 7.8). The increase of a-parameter leads to higher pedestal
temperature, which results in higher energy confinement of the core plasma, at a

given pedestal density in high triangularity discharges.

—114 —



JAERI—Research 2004—027

4 LA ‘! R
[ 1,=0.4-4.5MA B (=1-4.4T, ;
3 [ Rp=3-3.5m, dW/dt~0 ]
| - - J
O t 3<0.2(]
r i 5>0.2|
© 2F ]
o :
T 4t ®
: JT-60U ELMy H-mode ]

O PO T RS R SR S S S S
0 02 04 06 038 1
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Figure 7.8 Energy confinement enhancement factor over ITER89P L-
mode scaling is reduced at high density at both (a) low and (b) high
triahgularity in DII-D [30]. The H-factor increases with density
peaking.
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7.5. Conclusions

With the use of the multi-machine pedestal database, the effects of
pedestal parameters on the energy confinement, which are essential issues for
ELMy H-mode regime, have been investigated. Examination of the relation
between core confinement and pedestal temperature among different tokamaks
showed that there exists some critical pedestal temperature below which the core
confinement starts to degrade. Increasing the triangularity has been shown to be a
possible method for maintaining high pedestal temperature in high density H-
mode discharges and thus attaining high energy confinement. Comparisons of
stability between machines and between different codes are required in order to
provide a basis for extrapolation to next step devices.

H-mode physics is an area of fusion science where a qualitative,
phenomenological understanding has been attained, but its complexity has
prevented development of theoretical prediction methods appropriate for scaling
present experimental results to reactor scale devices. The H-mode is characterized
by pedestal temperature and density values just inside the transport barrier, width
of the high gradient, transport barrier region, and the extent and consequences of
edge localized modes (ELMs) destabilizéd by the steep gradients. Since all these
issues bear on how a future fusion reactor ‘will function and first-principle
prediction is difficult, reactor scale experiments will be needed to establish a
reactor scale phenomenological understanding to support the future fusion reactor
~ design. In the meantime, vigorous experimental and database campaign should be
maintained in the Parties’ base prograrﬁs to foster the theory of H-mode physics
and to create databases that will both guide the thedry and support empirical
regression projections of H-mode physics for the design of reactor scale

experiments.
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8. Conclusions

Uﬁderstanding and improving energy confinement in fusion plasmas is
an active field of research ;ince it determines the prediction and design of a next-
step experimental reactor. In this thesis the energy confinement and transport
properties of H-mode plasmas, which are expected to be the standard operation
mode for use in ITER, have been investigated for H-mode plasmas with a range of
density, plasma shape, seed impurity (argon gas) concentration, and conductive
heat flux in the JT-60U tokamak. The research focused on the physics mechanism
of core energy transport affected by the edge pedestal structure on the basis of the
temperature profile effects. To determine the main cause of confinement
degradation (or r_eduction in the conﬁnemenf enhancement factor) at high densities,
the density dependencies of thermal energy confinement and transport coefficients
were examined systematically by separating the thermal stored energy into the H-
mode pedestal and core components. The results showed that the boundary
condition determines the core energy confinement in ELMy H-mode plasmas.
Based on these results, it was shown that the energy confinement properties in
' hiAgh triangularity and argon seeded ELMy H-mode plasmas, which are capable of
prodﬁcing higher energy confinement at a given density, could also be explained
consistently by the basic transport physics determining the properties of the
standard H-mode plasmas. The effects of conductive heat flow on energy transport
concerning the temperature profile similarity were also investigated for these
conventional H-mode plasmas. The boundary condition for core confinement was
discussed among several tokamaks by using an international multi-machine

pedestal database. The main results obtained in this study are summarized below.
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Analysis of thermal energy confinement properties in low triangularity H-
mode plasmas with the fast ion component removed indicated that the
commonly observed reduction in the global stored energy at high densities
was caused by the saturation of thermal stored energy, which was
predicted to increase with density i)y many confinement scaling laws. Both
core and pedestal components of the thermal stored energies remained

approximately constant over the density range covered in the experiments.

~The energy confinement enhancement factor of the core component

evaluated by the offset non-linear (ONL) scaling, which predicted that
high density operation would improve energy confinement in the plasma
core, decreased remarkably with increasing density, while the pedestal

component remained almost constant over a wide range of densities.

The influence of the edge pedestal structure imposed by the destabilization
of type-1 ELMs on thermal energy confinement of the core plasma was

quantitatively investigated. As the density was increased, the saturation of

. the pressure at the pedestal shoulder caused by the type-I ELM activities

led to a reduction in pedestal temperature. The core temperature for each
species, in turn, decreased only by an approximately constant factor with a
reduction in pedestal temperature, proving the existence of the edge-core
proportionality on temperature profiles (profile stiffness). Thus, the

thermal stored energy was saturated in the high density regime.

High triangularity ELMy H-mode discharges (8« ~ 0.45) at low densities
(n, /nSY < 0.5) were characterized by type-1 ELMs, and higher H-mode

pedestal pressure than that in low triangularity plasmas was produced. In

the high density regime (7, /nS¥ > 0.5) at fixed NB heating power, type-III
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ELMs were generated and the pedestal pressure gradually decréased with
an increase in density. Compared.to low triangularity plasmas at low
densities, higher pedestal temperature was obtained at high triangularity,
and the core temperature was also iinproved by almost the same factor.
The profiles of temperature were stiff over a wide range of densities and
plasma shapes in the sense that there existed a minimum scale length of
temperature gradient. Since plasma shaping strongly affects the peripheral
region of magnetic flux surfaces, improvement in the edge stability by

triangularity leads to higher pedestal temperature, which in turn raises the

‘core temperature through the temperature profile similarity.

High poloidal beta (B,,) H-mode plasmas characterized by the existence
of an internal transport barrier (ITB) with an H-mode edge produced even
higher pedestal confinement, or pedestal pressure. At high triangularity,
the H-mode pedestal height, which was affected by the edge stability for

ELMs, increased further when the core energy confinement was improved

~or when [, was increased by ITB formation.

Controlled injection of argon gas enabled the energy confinement to be
improved (~ 50 %) with high radiation loss power at high density (7, ~
0.65x1n") compared to the case with only deuterium gas puffing. Under
the condition of ny,/n. < 1 %, the dominant intrinsic impurity was carbon.
Thermal energy confinement improvement more than compensated for the
dilution of deuterium ions due to impurity contamination, resulting in
higher neutron productidn rates. With argon gas injection, temperature
profiles of ions and electrons were higher at the H-mode pedestal and in
the core region than those of the plasma without argon gas puffing. While

the density profiles became flatter with increasing density in the case
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without argon gas injection, peaked density profiles were maintained even
at high densities in argon seeded plasmas. Externally puffed seed argon
gas caused a slight reduction in the thermal deuterium ion density and a
peaked density profile, leading to a lower pedestal density at a fixed
averaged densi;ty. Thus, the reduction in the pedestal temperature in argon
gas puffed plasmas weakened at a high averaged density. S@nce the
temperature profiles were approximately self-similar in either case with or
without argon gas injection, the heat diffusivity was reduced consistently
with the temperature at the plasma boundary. Higher temperature in the
core region and improved energy confinement were obtained by higher
boundary temperature tﬁrough the .profile similarity. | Therefore, the

impurity injection scenario might be effective for suppressing the

. confinement degradation expected for a high density operation in ITER.

As the conductive heat flux increased due to high power NB heating, the
effective heat diffusivity, Y, adjusted itself to sustain a constant V(InT;)
in the plasma core, resulting in the temperature profile stiffness. In high
triangularity discharges, highly improved energy confinement quality
accompanied by high core temperature was obtained when the boundary
temperature rose with an increase in By,. A constant temperature gradient
scale length was sustained inside the H-mode edge pedestal in various heat.
flux profiles at low and high triangularities investigated. As the conductive
heat flux decreased with an increase in the radiation loss flux in ‘argon
seeded H-mode plasmas, Y. decreased with a similar V(InT;) of the
plasma core in the case without argon gas injection. Improved particle
confinement due to -argon gas puff raises the achievable density and

contributes to the reduction in Y.
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(7). Examination of the relation between the core confinement and pedestal
temperature in different tokamaks using the intematioﬁal multi-machine
pedestal database showed that there exists a critical pedestal temperature
below which the core confinement starts to degrade. Increasing the
triangularity was shown to be a possible method for maintaining high

. pedestal temperature in high density discharges and thus attaining high

energy confinement in a next-step experimental device.

Several issues that should be investigated in future studies became
apparent from the work presented in this thesis. The results of systematic analysis
of data obtained from NB-heated H-mode experiments showed that temperature
profiles inside the H-mode pedestal shoulder change in a self-similar way, so that
T(r) o T™°. Theoretically, profile self-similarity, which is often called profile
stiffness, can be explained by the fact that drift turbulences, such as ITG and TEM,
become unstable only if the relevant temperature gradient exceeds a critical level,
i.e., V(InT) 2 [V(InT)).. This kind of transport could provide a link between core’
confinement and edge parémeters. By substituting these transport models into the
energy balance equation under the assumption of very strong transport, 7(r) o<
TP is obtained in steady state, and we can conclude equivalently that thermal
stored energy is determined in proportion to 7. This qualitative estimation
agrees well with experimental observations. For understanding the underlying
physics of the temperature gradient (TG) driven turbulences, the dependence of
the critical scale length of temperature profile on the plasma parameters must be
examined quantitatively. In cases where the transport is not so extreme, the energy
confinement might depend on the level of profile stiffness, and its study becomes
vitally important, particularly for extrapolation to a tokamak reactor. In addition, it
was found that the commonly observed degradation of energy confinement

occurred above a critical density, or below the corresponding critical boundary
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temperature. The key element determining the critical value of boundary
temperature is not known clearly. The investigation of the critical density and
boundary temperature should be carried out to extend high energy confinement

regime at high density.
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