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FOREWORD

The 16th International Atomic Energy Agency Fusion Energy Conference (for-
merly called the International Conference on Plasma Physics and Controlled Nuclear
Fusion Research) was held in Montreal, Canada, from 7 to 11 October 1996. This
series of meetings, which began in 1961, has been held biennially since 1974,

In addition to these biennial conferences, the IAEA organizes co-ordinated
research projects, technical committee meetings, advisory group meetings and con-
sultants meetings on fusion research topics. The objectives of the IAEA activities
related to fusion research are to:

—Promote fusion energy development and worldwide collaboration;

—Support developing Member State activities in fusion research;

—Emphasize the safety and environmental advantages of fusion energy;

—Encourage the utilization of plasmas and fusion technology in industry;

—Provide auspices for the International Thermonuclear Experimental Reactor
(ITER).

This conference, which was attended by some 500 participants from over thirty
countries and two international organizations, was organized by the IAEA in co-
operation with the Centre canadien de fusion magnétique and the Canadian National
Fusion Program, to which the IAEA wishes to express its gratitude. Some 270 papers
were presented in 19 oral and 8 poster sessions on magnetic and inertial confinement
systems, plasma theory, computer modelling, alternative confinement approaches,
fusion technology and future experiments. The opening session was designated the
Artsimovich Memorial Session, in honour of Academician Lev Andreevich
Artsimovich.

Fusion research is continuing to make excellent progress. Since the previous
conference (Seville, 1994) over 10 MW of fusion power has been produced in the
Tokamak Fusion Test Reactor, plasma conditions equivalent to breakeven have been
demonstrated in the JT-60U experiment, the reversed shear mode has been demon-
strated, low aspect ratio tokamaks have produced promising results and plans have
been drawn up for powerful new inertial confinement fusion experiments. We can look
forward to further encouraging results at the next conference (Yokohama, 1998), when
the Joint European Torus will have employed a 50:50 mix of deuterium—tritium fuel,
the Large Helical Device will be operating and the ITER Engineering Design
Activities will be complete.
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TAEA-CN-64/01-1

THE ITER PROJECT: A PHYSICS AND
TECHNOLOGY EXPERIMENT

R. AYMAR, V. CHUYANOV, M. HUGUET,
R. PARKER, Y. SHIMOMURA and the
ITER JOINT CENTRAL TEAM and HOME TEAMS#*

Abstract

THE ITER PROJECT: A PHYSICS AND TECHNOLOGY EXPERIMENT.

Recent progress in the collaborative work on the ITER Engineering Design Activities is summa-
rized. ITER’s position in relation to the overall fusion energy development programme, the latest
physics assessments for ITER, and the development and status of work on the ITER design and safety
characterisation are discussed. Major collaborative projects on key aspects of ITER technology are
introduced. Conclusions refer to the outlook for future work and further progress towards ITER's
programmatic goal.

1. ITER IN THE WORLDWIDE FUSION DEVELOPMENT PROGRAMME

The two years since the IAEA conference in Seville have witnessed
extensive progress in all aspects of the ITER Engineering Design Activities [1], due
principally to efficient collaboration between the ITER Joint Central Team (JCT)
and the fusion community in the four ITER Parties and their associates. Successful
collaboration has continued with the Home Teams in the areas of technology R&D,
detailed design, and manufacturing process and costs. At the same time there has
been an impressive development and convergence of the Parties’ voluntary
contributions in the physics area; the important physics issues have been identified
and all the major physics experiments in magnetic controlled fusion are providing
high quality, relevant results in a coordinated fashion for consideration through the
ITER Physics Expert Groups.

These dedicated joint efforts have borne fruit. A major development to
report is the ITER Council’s acceptance in July 1995 of the ITER Interim Design
Report (IDR) Package [2],[3] and its approval of the Package in December 1995
following domestic reviews by the ITER Parties. Against this background, the ITER
Parties have entered explorations aimed at identifying issues for subsequent
negotiations towards a possible agreement on ITER construction, operation,
exploitation and decommissioning.

* This paper is an account of work undertaken within the framework of the ITER EDA Agree-
ment. Neither the ITER Director, the parties to the ITER EDA Agreement, the IAEA or any agency
thereof, or any of their employees, makes any warranty, express or implied, or assumes any legal liabil-
ity or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process or service by tradename, trademark, manufac-
turer, or otherwise, does not necessarily constitute its endorsement, recommendation, or favouring by
the parties to the ITER EDA Agreement, the IAEA or any agency thercof. The views and opinions
expressed herein do not necessarily reflect those of the parties to the ITER EDA Agreement, the IAEA
or any agency thereof.
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With the passing of this major milestone in the EDA work programme, it has
been possible to freeze the main concepts and system approaches and to make the
transition to the detailed design process in preparation for the Detailed Design
Report which is due to be submitted to the ITER Council in December 1996.

The JCT and Home Teams have also succeeded in fully defining seven large
integrated joint programmes in the key areas of technology R&D. The work is now
proceeding according to agreed schedules and targets.

ITER is a central feature of the fusion development programmes of the four
Parties and is strongly linked to their base programmes, both in physics and
technology. ITER’s future depends critically on the physics and technology results
that are flowing from the base programmes. In physics particularly ITER needs a
vigorous base research programme to build confidence and credibility in predictions
and to reduce uncertainties in plasma performance. Voluntary physics research,
with coordinated experiments in tokamaks of various sizes, is essential to increase
the precision of performance projections. The technology programme has to support
and validate system designs which drive a range of leading edge technologies into
new domains in terms of, for instance, the size of superconducting magnets and
structures; remote handling systems; materials to cope with the extreme heat flux in
the divertor, and the high heat and neutron flux demands on all plasma facing
components; and tritium breeding blanket modules.

At the same time ITER is stimulating efficient interactions which support a
vigorous base programme in the Parties. ITER is helping to focus the base
programme towards concrete, reactor-relevant issues and is injecting an additional
degree of dynamism conducive to efficiency throughout the Parties’ programmes.
ITER is instrumental in providing a focus for coordination of scientific and technical
contributions and convergence of opinion.

At this conference a large number of papers and posters from the ITER Joint
Central Team, the Home Teams and other physics participants provide a
representative sample of the results of recent collaborative work in the ITER EDA
frame. The present paper can offer only an overview and reference some key
features of that work. However, the contributions of all ITER personnel, including
those who are not represented or cited here, are recognized and warmly
acknowledged.

2. ITER PROGRAMMATIC AND TECHNICAL OBJECTIVES

The overall programmatic objective of ITER, as defined in the ITER EDA
Agreement [1], is to demonstrate the scientific and technological feasibility of fusion
energy for peaceful purposes. ITER would accomplish this by demonstrating controlled
ignition and extended burn of deuterium-tritium plasmas, with steady state as an
ultimate goal, by demonstrating technologies essential to a reactor in an integrated
system, and by performing integrated testing of the high-heat-flux and nuclear
components required to utilize fusion energy for practical purposes.

Detailed technical objectives along with the technical approaches to determine
the best practicable way to achieve the programmatic objective of ITER have been
established and were adopted by the ITER Council in December 1992 [4] and
acknowledged in Protocol 2 of the ITER EDA Agreement. These objectives have been
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translated into a General Design Requirements Document [3], adopted within the
project, which provides a more specific statement at the system and component level of
the performance, safety, and configuration requirements to be met by the design.

In terms of plasma performance ITER has to meet the objective of
demonstrating controlled ignition and extended burn, in inductive pulses with a flat-top
duration of approximately 1000 s and an average neutron wall loading of about

IMW/m2. ITER should also aim to demonstrate steady state operation using non-
inductive current in reactor-relevant plasmas. For purposes of engineering performance
and testing ITER should demonstrate the availability of technologies essential for a
fusion reactor, test components for a reactor and test design concepts of tritium blankets
relevant to a reactor. An important assumption underlying the detailed technical
objectives is that there will be an adequate supply of tritium from external sources. A
decision on incorporating breeding in ITER for the later phase of operation (Enhanced
Performance Phase) should be decided on the basis of the availability of tritium from
external sources, the results of breeder blanket testing during initial ITER operation and
experience with ITER plasma and machine performance.

Recognising the objective that ITER should be designed to operate safely and
to demonstrate the safety and environmental potential of fusion power, the following
general safety principles underly the development of the ITER design with regard to
safety and environmental characteristics:

« to ensure that ITER is potentially acceptable in any Party’s territory;

*+ to maximise use of the inherent favorable safety characteristics of fusion;

* to meet dose/release limits based on recommendations of the International
Commission on Radiological Protection (ICRP) and International Atomic Energy
Agency (IAEA), and further reduce releases and doses to the public and site
personnel to levels as low as reasonably achievable (ALARA); and

* to minimize the safety role of and dependence in safety assessments on uncertain
plasma physics and experimental in-vessel components.

These principles give rise to specific functional requirements for the safety aspects of
the ITER design.

The main characteristics and parameters of the ITER design follow from the
above programmatic and detailed technical objectives which establish dual roles for
ITER. It must provide a full-scale experimental working model of the core of a future
fusion reactor in terms of its size, energy and neutron flux, expected activation and
active intervention capacity, and overall safety characteristics. On the other hand there
are important physics questions which will inevitably remain open, to be resolved only
during ITER operations. ITER must therefore also serve as an experimental facility
permitting the fusion community to explore a wide range of fusion physics phenomena
and operational domains. Flexibility is required in the design to allow access for
introducing advanced features and new capabilities and to permit optimization of
plasma performance during operation. There must also be capacity for intervention and
repair by remote handling, making it necessary to have modularity in major systems
where possible.
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3. ITER PARAMETERS, PLASMA PERFORMANCE, AND OPERATIONAL
SCENARIOS

31 Main Parameters and Overall Performance

The major engineering design parameters for ITER are given in Table 1.

TABLE 1. MAJOR ENGINEERING DESIGN PARAMETERS

FOR ITER

Major/minor radius R/a 8.14 m2.80 m
Plasma configuration Single-nuil divertor®
Nominal plasma volume V(plasma) ~2000 m®

Plasma separatrix surface area Ag ~1200 m?

Nominal plasma current I 21 MA

Toroidal field B
MHD safety factor g5

568 T (at R = 8.14 m)
~3.0 @1 = 21 MA)

Fusion power (nominal) Py, 1.5 GW

Average wall loading T ~1 MW/m? (at 1.5 GW)
PF flux swing A¢pp 530 Wb

Flux swing for burn A¢yy >80 Wb

Burn duration (ignited) ty, 21000 s

TF ripple 8, <2% at plasma separatrix
Auxiliary heating power 100 MW

" With its channel poloidal extension =2 m,

These parameters are such that the most likely projections of ITER plasma
performance indicate that the goal of achieving "controlled ignition" will be met with
finite but modest margins, but that high fusion power extended burn to produce about
1 MW/m?2 of 14 Mev neutrons will be surely and safely achieved in a driven-burn
mode using the planned auxiliary heating power of up to 100 MW.

This strategy calls for a range of operational scenarios. Thus a necessary
flexibility in the capabilities of the systems/components which deal with the plasma
environment should be built in, even at the expense of a limited increase in cost. The
accommodation of advanced tokamak discharges aimed at true steady state reversed-
shear operation is an element of this flexibility, fully in line with the agreed ITER
objectives.
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3.2 Performance Issues

The principal issues that directly determine the performance of the ITER
plasma include:

* energy confinement at small normalized gyro-radius, p*

* long-pulse beta-limit at low normalized collisionality, v* (non-ideal MHD
effects),

» particle and energy confinement and fueling/exhaust efficacy for hydrogen
isotopes and helium ash, in particular in high-density plasmas near the Greenwald
density limit, and

» fusion reactivity reduction owing to the need to add medium- or high- Z impurities
to facilitate radiative power dispersal.

Other issues concern the operation reliability, mainly in relation to the lifetime of

plasma facing components.

The projections for plasma core energy confinement basically depend on a
global scaling of ELMy H mode, observed in present experiments, the results from
which have been included in a large, critically analysed database. This approach relies
conceptually on the assumption that the tokamak confinement physics is governed by
a number of non dimensional parameters and that a simple power law relation suffices
to represent the energy confinement time for those non dimensional parameters that
require extrapolation for ITER. The uncertainties in the functional forms to be
assumed in (1) below have led to the concept of “ITER Demonstration Discharges”
[5], in which experiments are done in present machines with all non dimensional
quantities, except the normalised p* (p* = (2TM)!/2 (eBa)-!), having values
envisaged for ITER. These Demonstration Discharges should provide the most
reliable approach to scaling confinement, in the form of:

Qi tg=(p *W.FP, v*,q,R/a k.) (D

Completion of this ongoing experimental campaign lies in the future, but this
expansion of current tokamak operations is expected to generate high confidence in
ITER projections.

Presently, following recommendation from the Confinement Modeling and
Database Expert Group [6], the reference global energy confinement time is given by
0.85 x ITERH93P. An enhancement factor, HY, is introduced in this scaling:

1 g = H{.x0.857 g (ITERHI3P) )

An uncertainty of +/- 30% in confinement for the 95% confidence interval results
from the database analysis. This corresponds to HH factor typically between 0.7 and
1.3. It is worth noting that the lower limit of this uncertainty range corresponds to the
confinement that one would expect from Bohm extrapolation of the present
experiments.

The recommended scaling by the same Expert Group for the L- to H-mode
transition is given by:

Pth = 0.080 ne075B R2 (MW, 1019m3, T, m) 3)

This formula does not reflect the present uncertainty in extrapolation from present
experiments. Efforts are ongoing to include explicitly edge plasma and neutral
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densities in the database, in order to consider the possible important role of edge
radiation losses.

The ideal MHD limit for ITER lies at BN=3.5, and thus is not a constraint on
operation. However, a common feature of long duration experiments on present
machines, at ITER-like collisionality values, is the spontaneous creation of magnetic
islands and confinement degradation at values of BN ~ 2.5, close to the value needed
for ITER. Theoretical understanding of the occurring phenomena might lead to
countermeasures [7], which can overcome what does not appear to be a strong
constraint for ITER operation.

The maximum density achieved in most tokamak experiments is consistent
with the empirical Greenwald limit ng=I/ta2(1020m-3, MA, m), which in the case of
ohmically-heated plasmas can be understood as a radiation limit. However, there is
presently no generally accepted physics-based scaling for this limit. Auxiliary-heated
experiments dedicated to transcending this limit have been successful, indicating that
this limit is not fundamental [7]. A consistent interpretation is that a limit on edge
density inside the transport barrier does exist, and that peaked density profiles, made
possible by pellet injection fueling, are needed to surpass the simple Greenwald limit
on line-average density.

It is not acceptable to plan for the ITER divertor targets to handle the total
steady state alpha power of 300 MW, concentrated onto the target "wetted" area of ~
10 m2. The development of an acceptable engineering design requires a reduction of
the peak heat flux to 5-10 MW/m?. The strategy of using atomic processes to spread
out the deposition of the power over the first wall and the divertor chamber wall (1200
m? and 400 m? respectively in ITER) has been effectively and successfully addressed
in present experiments by a combination of impurity seeding (N, Ne, Ar) and gas
puffing.

Modelling of the complex physics occurring has made enough progress to
date to check basic assumptions with present experiments and to identify pertinent
tendencies, not yet absolute predictions, for "detached” or "semidetached" regimes in
ITER [8],[9]. It therefore appears likely that these regimes can be achieved with
impurity seeding in ITER at reasonable up stream densities (5.10!? m-3) and powers
(~ 200 MW), reducing the target heat load to acceptable values. However, both core
contamination and H mode power threshold will put limits on the allowable impurity
concentration; the optimal solution will thus require compromise.

33 Operational Scenarios

In the area of physics design, a substantial effort has been devoted to
developing [10] a simplified SOL/divertor model to provide self-consistent boundary
conditions and to connect central He impurity concentration with fueling and pumping
rates. The transport codes (PRETOR, ASTRA, TRANSP) have been used to develop
and refine the ITER operational scenarios including reference ignited scenarios, long
pulse non-inductively driven, and steady state scenarios based on the reversed shear
plasma configuration. The main emphasis was on the following issues: a) a self-
consistent simulation of the core and divertor; b) modeling of the effect of impurity
seeding on the ignited plasma performance; c) ITER operation below the Greenwald
density limit; and d) steady state and driven scenarios under constraints of ITER
auxiliary systems.
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Modelling, using the recommended global scaling laws, has shown that
ignition at constant power can be sustained if impurity fueling, DT fueling and
auxiliary heating have feedback control loops which keep fusion power, divertor heat
loads and plasma density at the required level.

Two results are worth noting:

* 0.2% of argon at the flat-top allows the power to the divertor target to remain at
the required level of 50 MW, when 1.5 GW of fusion power is achieved in
ignited mode and the helium content corresponds to Tye/T g= 3.5 -7, a lower
value than assumed previously;

+ the effect of plasma confinement on ITER performance is illustrated in Fig. I,
where the main plasma parameters are presented as function of enhancement

factor.
1600 - Fusion power (MW) +3
1400
T25
1200 +
Troyon factor i,
1000 +
800 + Nel/NGw T15
600 4
+1
400 +
200 4 Auxiliary heating (MW) T05
04 ¥ —t it 0
1.8 2 22 2.4 2% 2.9 3.1 3.4
H factor
>

HH factor
0.7 08 08 092 1 1.1 1.2 13

FIG. 1. Fusion power, auxiliary heating power, normalized density relative to the Greenwald limit and
Troyon factor for a range of confinement from —30% to +30% of the reference value.

In driven burn operation of ITER, auxiliary heating power of 100 MW allows
extension of pulse lengths and maintenance of high neutron wall load, providing high
fluence for testing. At about 1 GW of fusion power, the pulse length can be extended
to 8000 s with a plasma current of 16 MA.

True steady state operation can be met by a reversed shear scenario with a
large bootstrap current fraction (>70%), requiring on axis and off axis current drive
which can be provided by two different methods among those planned and developed
for ITER. The present poloidal field system appears adequate to support the required
magnetic configuration; nevertheless a reduction by a factor ~ 2 of the amount of
toroidal field ripple will provide more flexibility. However, understanding and
experimental knowledge of power and particle confinement scaling and of operational
limits in this scenario are obviously needed to a similar level as are available for the
reference pulsed operation. This presents a necessary goal for present and future
experiments.



10 AYMAR et al.

Besides plasma performance, operational scenarios should be looked at from
the reliability point of view. This issue concerns most of the auxiliary subsystems,
which provide the tokamak environment. But the most important issue relates to the
question of what fraction of the overall ITER operational cycle must be allocated to
maintenance or replacement of the critical plasma facing components (limiters, first
wall and divertor targets) that are eroded or otherwise damaged by normal plasma
operation, including disruptions and Vertical Displacement Events (VDE).

It appears that the last two phenomena are the determining factors. In order to
mitigate the divertor target erosion during a disruption and the thermal (and
electromagnetic) loads from VDE, a fast shutdown system must be able to terminate
the fusion power and to remove the plasma thermal and magnetic energy in less than
3 seconds.

Injection of impurities, in the form of a "killer pellet”, was proposed and even
tested in present experiments. Ongoing studies [11] show that after injection of a
given amount of impurities, radiation can consume the thermal stored energy in much
less than 1 s and distribute it evenly. However, this amount of impurities cannot
dissipate rapidly the magnetic energy and, in ITER, inevitably causes production of
runaway electrons which carry a substantial part of the plasma current (10 MA). This
runaway current, due specifically to the large magnetic flux available in ITER, cannot
be controlled by the PF system and will be lost on the walls. Only a massive injection
of deuterium (or helium perhaps) of more than 50 g seems capable of dissipating the
stored magnetic energy in less than 1 s without leading simultaneously to a large
runaway current. One of the results from this study is to question the possibility to
observe, in any disruption, a fast current quench.

In addition, besides the large thermal loads applied to the first wall, VDE halo
currents produce large mechanical loads on in-vessel components. Substantial
progress has been made in collecting an empirical database on halo currents from
present machines, but a good theoretical model (3D) is urgently needed for a reliable
extrapolation of halo current magnitude and toroidal asymmetries in ITER.

34 Conclusion

Thanks to contributions from the world fusion community expressed
comprehensively through the ITER Physics Expert Groups, significant progress has
been made in the integration of the different aspects of ITER performance and
operational scenarios. The physics assessments for ITER are now broadly based on
the collated results of the current generation of fusion experiments and benefit from
continuous interaction between members of their teams. Even with such a foundation,
extrapolation from present plasmas to the ITER size and parameters cannot be
predicted with certainty. Nevertheless, the wide-ranging reviews have not so far found
any limitations in principal which could preclude achieving the required ITER
performance and objectives.

Under the nominal plasma parameters, ignition in ITER is highly probable.
Furthermore, even taking into account a wide range of uncertainties, 1.5 GW of fusion
power can be achieved with up to 100 MW of auxiliary heating power, while
simultaneously satisfying divertor heat load and H-mode power threshold
requirements. Even with the combination of the most pessimistic assumptions (lower
range of confinement and limited density), large Q (= 10) driven burn can still be
produced in ITER.
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A range of operational scenarios have been shown possible, from rpinimal
1000 s inductive pulse, to true steady state current driven reversed shear operations.

4, ITER DESIGN
4.1 Overall Status of the Design

The ITER design has evolved along the following lines, in relation to what was

presented in the Interim Design Package [2],[3]:

«  the essential features of ITER - its tokamak core and the overall facility — have
been maintained and frozen, allowing transition from conceptual to detailed design
for most of the components/subsystems;

« improvements have been introduced in coverage of variation in external conditions
(seismic regime, site characteristics) and in relation to possible or hypothetical
accident conditions;

« emphasis on the practicability of assembly, and timely maintenance through an
appropriate combination of hands-on assisted and remote handling (RH) techniques.

4.2 Essential Features of the Tokamak

As Figures 2 and 3 indicate, the essential features of the ITER design remain :
¢ avery strong toroidal mechanical structure is built with 20 encased superconducting
toroidal field (TF) coils, linked together by the upper and lower crowns and bolted
inter-coil structures;
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FIG. 2. Cross-section view of ITER.
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FIG. 3. Tokamak building and pit. Left: north-south cutaway view; right: east-west cross-section view
(in case of seismic isolation).

» the seven superconducting poloidal field (PF) coils are attached to the TF coil cases,

zfmd the central solenoid (CS) supports a significant fraction of the TF coil centering
orces;

+ the double-walled vacuum vessel (VV) is directly attached to the TF coil cases,
restraining vertical and horizontal forces and limiting their relative displacements

inside a safe limit, during a possible earthquake or VDE.

This arrangement of coils and vacuum vessel provides an integrated overall
assembly which simplifies the equilibrium of electromagnetic loads in all

conditions, relying mainly on the robustness of the TF coil cases;

» the in-vessel components (blanket and divertor) maintenance is made possible with
practical remote handling tools, thanks to design which puts emphasis on their

modularity;

» the machine core, inside its large cryostat, is put in an underground pit, inside a

building of minimum height.

4.3 Buildings and Cryostat

The tokamak building configuration and the pit arrangement have been revised

in relation to the possible need for seismic isolation. The goal was to minimize the
design changes, which could be necessary if the site selected for construction has a peak

ground acceleration larger (0.4 g) than the 0.2 g value assumed for the present design.

The key changes made in the 60 m diameter pit layout are the following:
» relocation of the primary heat transfer systems in two vaults, upper and lower;

» creation of upper and lower magnet feed areas, relocation of the cold terminal boxes

and magnet switchgear inside the pit;
» creation of space below the cryostat for the vacuum vessel pressure suppression
tank and drain tanks (also used in case of trapped PF coil in-situ repair);
» creation of service galleries to be used for remote handling and service routing.
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The structural configuration of the tokamak building is depicted in Fig. 3. If the
seismic ground peak acceleration is larger than 0.2 g, isolation will be added, placing a
seismic gap at the pit wall, creating an isolated (64 m diameter) "tokamak pit" supported
by flexible bearings, stiff vertically but allowing large horizontal movement (~ 200
mm).

The new pit dimensions have led to a new design for the cryostat with higher
cylindrical part and flat bottom and lid. The primary heat transport systems have been
segregated in a large number of loops, all similar in power handling, pressure and water
inventory: 10 for the blanket shielding modules, 4 for the outboard limiter and baffle
modules, and 4 for the divertor cassettes. This segregation, besides providing smaller
sized loop components to be fitted in the pit vaults, makes it possible to limit the water
inventory to be dealt with in case of a mild breach in the vacuum vessel and to allow
complete containment inside the pressurized vaults in case of a large breach in the
components outside the vacuum vessel. This arrangement successfully addresses most
safety concerns with tritium or activated corrosion products possibly present in the
cooling water.

4.4 Tokamak Assembly

The assembly plan developed for the tokamak core meets compulsory
constraints of accurate location of components, and provides necessary testing and
control procedures, while making use of parallel operations in order to meet schedule
requxrements The main procedure is as follows:

one TF coil and two VV half-sectors with thermal shield are preassembled into one
segment using poloidal welds on the two V'V shells, which are tested for leaks;

e Backplate (BP) assembly is started in parallel with TF/VV segments assembly.
Large BP sectors are welded from both sides to reduce and control distortion, and
introduced by rotation into the VV. They are equipped with blanket modules already
leak tested;

« Welding of VV segments together progresses in parallel with the backplate sector
welding. The final closure of the vessel torus is made through two welds 180° apart
toroidally, with access provided by a sector of 36° of the backplate, poloidally
segmented, being nested into an adjacent segment. The backplate is then closed by
welding the nested parts from inside only, finishing two poloidal welds 180° apart
toroidally.

4.5 Maintenance and Intervention

Maintenance concepts for ITER have made major progress towards defining
practical procedures [12]. Two large R&D projects have been launched to develop
specific equipment and prototype tools (see below § 6) and to test their operation, and
assess the required intervention times.

The general approach is to make ex-vessel interventions very unlikely by
providing component redundancy where practical, but nevertheless to develop a concept
for a coil replacement; this has led to design constraints for the building and the
cryostat.

On the other hand, maintenance of in-vessel components (blanket modules and
divertor cassettes) involves the very likely replacement of faulty components. The
removed components are transported to the hot cell in sealed casks, on a railway system
in the galleries around the pit. Double-door devices are used to avoid the release of
radioactivity during docking and undocking of the casks on the cryostat flanges at the
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equatorial and divertor levels. The procedure makes use of large RH transporters and

telemanipulators, being developed, and relies on an optimisation of hands-on or hands-

on assisted operations in support of the fully remote activities. This is achieved in ITER:

* by surrounding the frequently used RH maintenance ports with shielding walls so
that hands-on operation can be carried out in parallel in adjacent locations, and

* by using hands-on procedures for preparatory operations before removing all
shielding from port ducts and for finishing operations after reinstallation of
shielding.

4.6 Conclusion

In conclusion, the design of the ITER tokamak core and overall facility has
made such progress that the present work plan can envisage realistically how to organise
detailed studies to prepare for documenting technical specifications for
components/subsystems procurement. The freezing of the main features and the
transition into detailed design activities with significant industrial content provide the
necessary conditions for deriving well-founded, robust cost estimates.

The ongoing detailed design studies are directly linked to R&D progress in
order to include their results; the design of auxiliary heating systems and of diagnostics
for ITER are some obvious examples [13],[14].

Only a very small number of design issues yet remain at the conceptual level

and task forces are at work to finalise options and recommend a choice. They concern:

+ the possible improvement to the CS reference design by splitting the coil into
separated modules;

* the blanket module attachment to the backplate, including its water cooling
connection;

= the possible introduction of ferritic inserts in the VV to reduce the TF ripple;

» the control of cooling systems (primary water heat transfer and cryogenic plant) to
cope with the consequences of the tokamak pulsed operation.

5. SAFETY

The ultimate objectives of developing fusion as a practical and successful
energy source must certainly involve realising its potential to be safe and
environmentally benign. ITER, as the first experimental fusion reactor with a reactor
relevant neutron flux and radioactive inventories, must demonstrate a fully safe
operation, with a high level of protection of the health and safety of the work force and
the general public and without significant environmental impacts.

The ITER EDA include a vigorous design and assessment activity to ensure the
safety and environmental attractiveness of ITER so that it can be sited in any of the
ITER Parties with a minimum of site-specific redesign. In this activity, detailed safety-
related design requirements have been established based on internationally recognized
safety criteria and limits.

A comprehensive safety and environmental assessment has recently been
completed for the ITER Design, documented in detail in the Non-Site Specific Safety
Report (NSSR-1) and reported in [15]. It was concluded that the ITER design meets
successfully all the safety-related requirements that were established.
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However, as a research facility, ITER requires flexibility in operation and
acceptance of inevitable uncertainties in plasma behaviour, and should be prepared for
possible changes of components and scenarios during its lifetime. This means that some
safety issues are specific to the design choice of ITER as an experimental machine, e.g.
relatively high activation of in-vessel components made of SS316LN, and not
necessarily representative of a future fusion reactor. Even so, the safety analysis shows
that the design can provide a robust safety envelope, by using well-established concepts
of defence in depth and multiple lines of defence against postulated accidents. This
achievement relies heavily on the basic favourable safety characteristics of magnetic
fusion, mainly intrinsic fail-safe termination of fusion power with off-normal conditions
from the auxiliary environment and low decay heat density which cannot melt the
structure in case of any loss of coolant. Even more important, mobilizable inventories of
radioactive materials in ITER, tritium and activated metallic dust from plasma-wall
interaction or from corrosion by water coolant, are such that effluents and emissions
during normal operation and envisaged accident sequences are low. Even for the
ultimate case of a hypothetical "worst event" accident, the ground-level emission from
"at risk" radioactive inventories will result in an early dose lower than 50 mSv under
average weather conditions: the objective of no off-site evacuation is met.

6. TECHNOLOGY RESEARCH AND DEVELOPMENT

Technology R&D for ITER is now focused on seven critical areas, each the
subject of a large project aimed at validating key aspects of the ITER design, including
development and verification of industrial level manufacturing techniques.

The so-called “Seven Large Projects” share certain common features. They are
typically multi-stage activities involving multiple Party contributions and cross-
dependencies, and high industrial content. Each has a unified management structure and
organization in which Project responsibility is shared between the JCT and the Home
Teams, with one (or, in one case, two) Home Team(s) designated to take a lead role in
overall coordination of the project.

Two of the Projects are directed towards developing superconducting magnet
technology to a level that will allow the various ITER magnets to be built with
confidence. The Central Solenoid Model Coil Project [16] and the Toroidal Field
Model Coil Project [17] are intended to drive the development of the ITER full-scale
conductor including strand, cable, conduit and terminations, and to integrate the
supporting R&D programmes on insulators; joints; conductor ac losses and stability;
Nb3Sn conductor wind, react and transfer processes; and quality assurance. In each case
the Home Teams concerned are collaborating to produce relevant scale model coils and
associated mechanical structures for installation and testing in dedicated facilities — the
CS Model Coil in Japan and the TF Model Coil in the EU.

Three Projects focus on key in-vessel components, including development and
demonstration of necessary fabrication technologies and initial testing for performance
and assembly/integration into the tokamak system. In the Vacuum Vessel Sector
Project [18] , the main objective is to produce a full scale sector of the ITER vacuum
vessel, and to undertake initial testing of mechanical and hydraulic performance. The
Blanket Module Project [19] is aimed at producing and testing full scale modules of
primary wall, limiter, and baffle type, and full scale, partial prototypes of coolant
manifolds and backplate, and at demonstrating prototype integration in a model
segment. The Divertor Cassette Project [20] aims to demonstrate that a divertor can be
built within tolerances and to withstand the thermal and mechanical loads imposed on it



16 AYMAR et al.

during normal operation and during transients such as ELM’s and disruptions. To this
end, a full size prototype is being built and tested. Because of the consequences of
erosion of the plasma facing materials, the project also includes tasks to understand
erosion mechanisms, to develop methods of dust removal and of outgassing tritium
codeposited with Be or C, and to demonstrate the feasibility of plasma spray as a
possible means for in-vessel repair of armour.

The last two of the Large Projects focus on ensuring the availability of
appropriate remote handling technologies which allow intervention on reasonable
timescales so as to provide the flexibility needed for ITER to pursue its scientific and
technical goals. The Blanket Module Remote Handling Project [21]is aimed at
demonstrating that the ITER Blanket modules can be replaced remotely. This involves
proof of principle and related tests of remote handling transport scenarios including
opening and closing of the vacuum vessel and of the use of a transport vehicle on a
monorail for the installation and removal of blanket modules. In the Divertor Remote
Handling Development [22] the main objective is to demonstrate that the ITER divertor
can be maintained and replaced remotely and that divertor cassettes can be remotely
refurbished in a Hot Cell. This involves the design and manufacture of full scale
prototype remote handling equipment and tools and their testing in a Divertor Test
Platform (to simulate a portion of the divertor area of the tokamak) and a Divertor
Refurbishment Platform to simulate the refurbishment facility.

In view of ITER’s mission to test DEMO-relevant fusion blanket modules, the
Parties are developing their own plans for breeding blanket module design and
construction for test in ITER [23]. In addition, it is expected that ITER will itself
require a breeding blanket to ensure an adequate supply of tritium fuel during the later
(Enhanced Performance) Phase of operations. The planning for breeding blanket
development and of testing programmes in ITER is proceeding in a coordinated way
with the oversight of a Test Blanket Working Group in which the Parties and the JCT
are represented.

The technical output from the Seven Large R&D Projects has direct importance
in the validation of the ITER Design and in supporting the manufacturing cost estimates
for some key cost drivers. But the Projects also have a more general importance as
exemplars of cross-Party complex ventures and hence as precursors to possible joint
construction activities. Already they have provided valuable organizational experience
especially in achieving clear project management arrangements in terms of
responsibilities, authority and liaison across the JCT, Home Teams and industries
involved. Successful performance of the Large Projects within such an organizational
framework will provide lessons for, and increase confidence in, proposals for
construction.

7. CONCLUDING REMARKS

For planning purposes it is assumed that the ITER EDA is taking place with a
view to construction starting as soon as practicably possible after the end of the EDA.
The Work Programme and Schedule for the EDA is therefore a time-limited subset of a
more extensive technical schedule for the Project which sets timetable, resources and
related logic for all the design, engineering and R&D activities necessary to carry ITER
through procurement and construction and to reach first plasma by the end of 2008.

The deliverables expected at the end of the EDA are set to serve this schedule,
allowing a transition directly into a “just in time” construction procurement process in
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which the longest lead time items should be ready for call for tender by the end of the
EDA. The other time critical element in the first phases of construction will be the site-
specific design detailing and modifications and the site-specific safety and
environmental analyses needed to support host regulatory procedures.

It follows that much of the technical work undertaken during the EDA is
expected to continue without interruption after July 1998. In particular, the
continuation of the key technology testing programmes and the further refinement of the
physics understanding will be essential features of post-EDA activities.

In December 1995, after approving the IDR Package the ITER Council
reaffirmed its position “that a next step such as ITER is a necessary step in the progress
towards fusion energy, that its objectives are valid and timely; that the quadripartite
cooperation has shown to be an efficient frame to achieve the ITER objectives, and that
the right time for such a step is now”.

The recent progress reported to this Conference reinforces this position. Given
the well-founded plans for continued collaborative work over the remainder of the
EDA, there is every reason to be confident that the potential participants in construction
will indeed be in a position to take a positive construction decision with full assurance
in the engineering design and parameters and the cost estimate of ITER.
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Abstract

PHYSICS OF HIGH PERFORMANCE DEUTERIUM-TRITIUM PLASMAS IN TFTR.

During the past two years, deuterium~tritium (D-T) plasmas in the Tokamak Fusion Test Reactor
(TFTR) have been used to study fusion power production, isotope effects associated with tritium fueling,
and alpha-particle physics in several operational regimes. The peak fusion power has been increased to
10.7 MW in the supershot mode through the use of increased plasma current and toroidal magnetic field
and extensive lithium wall conditioning. The high internal inductance (high-1;) regime in TFTR has been
extended in plasma current and has achieved 8.7 MW of fusion power. Studies of the effects of tritium
on confinement have now been carried out in ohmic, NBI- and ICRF-heated L-mode and reversed shear
plasmas. In general, there is an enhancement in confinement time in D-T plasmas which is most pro-
nounced in supershot and high-l; discharges, weaker in L-mode plasmas with NBI and ICRF heating and
smaller still in ohmic plasmas. In reversed shear discharges with sufficient deuterium NBI heating power,
internal transport barriers have been observed to form, leading to enhanced confinement. Large decreases
in the ion heat conductivity and particle transport are inferred within the transport barrier. It appears that
higher heating power is required to trigger the formation of a transport barrier with D-T NBI and the
isotope effect on energy confinement is nearly absent in these enhanced reversed shear plasmas. Many
alpha-particle physics issues have been studied in the various operating regimes, including confinement
of the alpha particles, their redistribution by sawteeth, and their loss due to MHD instabilities with low
toroidal mode numbers. In weak shear plasmas, alpha-particle destabilization of a toroidal Alfvén
eigenmode has been observed.
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1. INTRODUCTION

The primary objective of TFTR has been to explore and understand the
physics governing plasma confinement and stability under conditions
approaching those in the core of a fusion power reactor. Since operation with
deuterium-tritium (D-T) fuel began in 1993, over 841 D-T discharges producing
1.2 GJ of fusion energy have been made for systematic investigations of fusion
performance, effects associated with the use of tritium, and alpha-particle
physics in a variety of operating regimes. These range from L-mode to enhanced
performance regimes, including supershots, the high internal inductance (high-1;)
regime, the H-mode and the new enhanced reverse shear regime. These
experiments have revealed important effects associated with the use of tritium
and the behavior of alpha particles.

We begin by describing the confinement and stability properties of the high-
performance operational regimes used in the D-T campaigns on TFTR. This will
be followed by discussions of the effects due to the tritium fuel and the physics
of alpha particles.

The plasmas in these experiments were run at a major radius of 2.45 —
2.62m, minor radius 0.80— 0.97 m, toroidal field at the plasma center 4.0 —
6.0 Tesla, and plasma current 0.6 — 2.7 MA. The plasma boundary is defined by
a large-area toroidal limiter composed of carbon-composite tiles in high heat flux
regions and graphite tiles elsewhere. Deuterium and tritium neutral beams with
energies up to 115 keV were injected to heat and fuel the plasma with a total
injected power up to 39.5 MW. ICRF power up to 8MW has been used. A
description of TFTR and of the tritium processing systems is given in [1] and
references therein.

2. FUSION POWER PRODUCTION

2.1 Regimes of operation

The D-T experimental program in TFTR has focused on operating conditions
which produce substantial fusion power, and hence can be used to study alpha-
particle and other D-T related issues in reactor relevant conditions.

The first high-power D-T experiments were performed in supershot
discharges [2]. Since then, the peak fusion power in TFTR has been extended to
10.7 MW in supershot discharges [3], as shown in Fig. 1. In other discharges
designed to extend the duration of the fusion pulse, 6.5MJ of fusion energy per
pulse has been obtained. The most significant change responsible for the
increase in peak fusion power has been increasing the toroidal magnetic field to
5.6 T and the plasma current to 2.7 MA in order to increase plasma stability [4].
To obtain supershots at this high current requires coating the inner limiter with
lithium to suppress recycling. New techniques of lithium deposition in situ have
been developed [5]. Lithium pellet conditioning of the limiter has now produced
a confinement time Tg = 0.33 s in a supershot with 17 MW of tritium neutral
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FIG. 1. Time evolution of the D~T fusion power and B, from a shot producing the highest instantaneous
power of 10.7 MW at 39.5 MW of input power for an instantaneous Q of 0.27.

beam heating, resulting in a record fusion triple product n;Tj-Tg* = 8.3 X
1020 m-3.keV.s, where T,* = W /P, ... A similar plasma with D-T neutral beam
heating achieved a global Q (= Pgyg/Pheat) of 0.27 and a central Q of 0.6 — 0.7
with 21 MW of neutral beam heating.

As will be discussed below, the maximum stored energy and hence fusion
power in supershot discharges is limited by the onset of MHD instabilities. This
has motivated the development of other advanced tokamak regimes, in particular
the high-l; and reverse shear regimes, in which the current and pressure profile
are modified to improve MHD stability limits[6,7].

Previously, Sabbagh et al. [8] reported the achievement of high values of
normalized-f3, B,, and fusion power at high 1, produced by ramping down the
plasma current, demonstrating the potential for increased stability. A new
technique has been pioneered on TFTR [9] for generating high-1, plasmas at high
current, up to 2.3 MA, by forming a plasma at low edge-q, < 2.5, increasing the
current at constant q and then rapidly expanding the cross section at essentially
constant current to produce a final edge q of 4 - 4.5 at the start of high power
NBI heating. With extensive limiter conditioning by lithium pellet injection,
confinement has been improved in these plasmas such that P, = 8.7MW has
been attained at modest parameters (2 MA, 4.8 T).

fus

Plasmas with reversed magnetic shear (dg/dr < 0) over the inner half of the
minor radius have been produced in TFTR by rapidly ramping up the plasma
current at maximum plasma cross-section while heating with NBI at power
levels up to about 10MW to inhibit resistive penetration of the current[10,11].
The co- and counter- tangential NBI during this “prelude” phase also provides
current drive for control of the final q-profile. After forming a reversed shear
plasma, the NBI heating power is generally increased to study the confinement
and stability properties. In this high-power phase, spontaneous transitions to a
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new enhanced confinement regime, the Enhanced Reverse Shear (ERS) regime,
have been observed when the NBI exceeds a power threshold, typically 18 -
20MW for deuterium NBI in 1.6 MA plasmas. The ERS transition generally
occurs after 0.2 — 0.3 s of high-power NBI. ERS plasmas exhibit a very rapid
density increase in the shear-reversed region, achieving n.(0) = 1.2 x 1020m-3
with Tj(0) = 24 keV, T¢(0) = 8keV, and a pressure peaking factor, p(0)/(p) = 7,
where (p) is the volume-average pressure. In recent experiments, very steep
electron temperature gradients (T /dr > 50keV/m) have also been observed in
the region of the transport barrier in some conditions. The ERS plasmas have
been brought to nearly steady-state conditions by reducing the NBI power to a
low level, typically 5 — 10 MW, for up to 0.5 s in what is termed the “postlude”
NBI phase.

Two interesting observations have been made concerning the threshold
power for the ERS transition. The first is that injection of a lithium pellet before
or coincidentally with the high-power NBI can trigger an ERS transition at
lower power. This technique has been used to trigger transitions in high-current,
2.2 MA, reverse-shear discharges where the intrinsic threshold power appears to
be higher. The second is that the ERS threshold power for 1.6 MA plasmas
appears to be much higher for tritium NBI than deuterium. This has so far
limited the range of D:T mixture accessible for studying fusion power production
in ERS plasmas, because of lithium dilution of the hydrogenic species in the
plasma core. The profiles of q and plasma B for supershots, high-l; and reverse
shear modes are compared in Fig. 2. Table 1 gives a summary of a set of high
performance TFTR shots which include a supershot, lithium assisted supershot,
high-li shot and an enhanced reversed shear plasma.

N 80539A13
93260A04
95603A03

RAAAGARRNLRLENRERAN RULE]

Normalized minor radius

FIG. 2. Experiments in 1995-1996 have explored three high-confinement regimes. The solid curves are
for supershots with B, <2 which resulted in 10.7 MW of fusion power. The short dashed curves are
for high I discharges with B, 2 2.3 and Ppr = 8.7 MW, and the long dashed curves are for an
enhanced reversed shear discharge with §,,,,. < 2.0.
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TABLE I. SUMMARY OF HIGH PERFORMANCE TFTR SHOTS

Supershot Li assisted High-J; ERS
80539A12 83546A15 95603A02 88170A51
L, (MA) 2.7 23 20 1.6
B, (T) 5.6 5.5 4.8 4.6
Py (MW) 39.6 (D-T) 174 (T only) 35.5 (D-T) 28.1.(D only)
ny/(np + np)(0) 047 0.58 0.42 0
n(0) (10'%/m?) 102 8.5 6.9 9.0
(0 (10%%/m3) 6.7 6.6 6.0 7.0
Z(0) 24 20 1.6 2.1
T.(0) (keV) 13.0 12.0 8.0 8.0
T;(0) (keV) 36 43 45 25
WMD) 69 49 5.7 39
dW/dt (MW) 0.0 30 8.5 3.0
TE (5) 0.180 0.340 0.165 0.150
T = W/Pyg (5) 0.174 0.28 0.161 0.139
TrTER-89P (5) 0.095 0.119 0.074 0.073
Tg/VITER-89P 1.89 2.86 2.23 2.05
Ny a(O)T;(0) g
(1020 m=3-keVs) 43 9.6 4.5 2.6
g (OT;(0)TE
(1022 m3.keV-s) 42 8.0 44 24
Py (MW) 10.7 2.8 8.7
Pao/Pup 0.27 0.16 0.25
Brom(mag)
(%mT/MA) 1.83 1.35 2.50 1.95
Baorm(TRANSP) 1.83 1.5 240 1.95
* rml IRANSP) 2.99 3.0 39 37
K 1.1 1.1 0.975 0.978
Gyl 3.07 3.61 3.57 5.0
q* 3.22 3.79 3.47 5.0
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2.2 Confinement

2.2.1 Confinement in supershots and high-1. plasmas

The supershot regime is characterized by peaked density and pressure
profiles, and confinement enhancements up to ~3 times ITER-89P scaling. To
obtain supershot confinement, it is essential to maintain low edge recycling and
neutral beam deposition in the plasma center. In the core of supershots, the
apparent thermal diffusivity is reduced and thermal transport becomes dominated
by convective losses due to the radial particle flux which remains significantly
larger than neoclassical theory. [12]

The confinement characteristics of the high-1, plasmas are quite similar to
those of supershots. In particular, it is necessary to control recycling to achieve
good confinement in this regime also. In the 1996 experiments, attempts to
extend the fusion performance further were constrained by the power handling
capability of the bumper limiter. With the level of limiter conditioning achieved
in 1996, at NBI powers in excess of 30 MW and stored energies above about
6 MJ the recycling of hydrogen isotopes increased dramatically during the NBI
heating pulse, causing a reversion to L-mode confinement. We have begun to
explore the use of krypton or xenon puffing to form a radiating layer at boundary
in order to distribute the heat load on the limiter, thereby increasing its power
handling ability.

2.2.2 Confinement in reverse shear

The confinement characteristics of reversed shear plasmas with modest
heating power also resemble supershots with the same machine parameters. In
ERS plasmas, however, the inferred electron particle diffusivity in the region of
the steepest gradient drops by a factor of 10 - 50 to near-neoclassical levels,
while the ion thermal diffusivity falls to levels well below predictions from
conventional neoclassical theory [10,13]. The likely explanation for the inferred
sub-neoclassical ion thermal diffusivity is the violation of the assumptions of
standard neoclassical theory. Recent calculations by Lin ez al. [14] indicate that a
more comprehensive analysis of neoclassical transport which considers orbit
dimensions comparable with pressure scale lengths is in better agreement with
the data in the enhanced confinement regime. In addition, ion orbit squeezing,
due to the large inferred radial electric fields, has recently been calculated to
reduce the neoclassical ion transport.[15] Inasmuch as neoclassical transport is
usually considered to be the minimum transport possible in a tokamak, these
results represent a dramatic improvement in confinement and performance.

The present necessity of injecting lithium pellets at the start of high-power
NBI in order to produce ERS transitions in high-current reverse-shear plasmas,
coupled with the excellent particle confinement following the transition, has
caused significant dilution of the hydrogenic species in 2.2MA ERS plasmas. As
a result, the DD neutron rate for these plasmas is significantly depressed
compared to supershots at similar parameters. Consequently, tritium NBI has
not yet been used in high-current (2.2MA) ERS plasmas.
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2.3 Stability

2.3.1 Stability in Supershot plasmas

The D-T fusion power in TFTR supershots is limited by pressure driven
instabilities which can cause major or minor disruptions. At high plasma
currents, > 2MA, and toroidal magnetic field, >5 T, the hrmtmg value of Bn 1s
~1.9. A weak inverse scaling of this limit with toroidal field is seen; B, o< B,
©2-09 The neoclassical tearing modes which limited operation at lower current
[16] have been largely absent at higher current, and are thus not responsible for
this dependence of the beta limit on the toroidal field. The stability limit in
supershot plasmas appears to be set by a combination of global kink modes
which may be coupled to toroidally localized ballooning modes [17,18,19]. The
kink mode can locally decrease the magnetic shear and increase the local pressure
gradient so that the ballooning mode becomes destabilized. While this phase can
be well modeled by a 3-dimensional MHD code, MH3D, the stability of the n=1
ideal kink with q(0)<1 is still not understood.

2.3.2 Stability in High-1. (internal inductance) plasmas

The high-1, plasma producing 8.7 MW of fusion power disrupted at By =
2.35, significantly higher than in supershots at similar parameters. This limit is
in good agreement with PEST modeling. The stability of these plasmas is
discussed in papers by Sabbagh [9] and Manickam [20]. If the influx from the
limiter can be controlled and adequate confinement maintained, it should be
possible to increase the fusion performance of the 2.3MA, high-l, plasmas
substantially.

2.3.3 Stability in Reversed Shear plasmas

The investigation of reversed shear plasmas was originally motivated in part
by theoretical predictions that such plasmas would have improved stability [21].
In these experiments, a new regime of improved confinement was discovered.
Reversed shear plasmas at a moderate plasma current, 1.6MA, have been studied
to test the theoretical modeling of stability. The core region of these plasmas
does appear to be robustly stable to pressure driven modes. However,
performance is still limited by pressure driven modes in the weak shear region.
This is particularly a problem in the Enhanced Reverse Shear (ERS) discharges
where the strong transport barrier creates a stéep pressure gradient. This
pressure gradient typically forms near the minimum in q, but during the
evolution of the plasma the pressure gradient tends to propagate outwards while
the low-shear region moves inwards as the current profile evolves on a resistive
timescale. In these circumstances, pressure driven modes can develop. These are
believed to be infernal modes [20], but in at least one case the infernal mode was
coupled to a moderate n, toroidally localized ballooning mode, similar to what
occurs in supershot disruptions [22]. Theoretical modeling of the stability with
the PEST code has suggested various approaches towards extending this regime
to higher currents and higher performance. The capability to control
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simultaneously the evolution of the q profile (through current drive) and the
pressure profile (through manipulation of the transport barrier) will be necessary
to develop the full potential of this regime.

2.4 Projection of D-T performance

The expected fusion reactivity enhancement in D-T plasmas over their
deuterium counterparts can be estimated from the ratio of the velocity-weighted
fusion cross-sections for DT and DD reactions. For fixed fuel density and
temperatures the fusion power ratio, P,./P,, of purely thermal reactions
reaches an idealized maximum of ~225 for T, ~ 12 keV but the ratio falls to 150
at T, = 30 keV. In plasmas with a significant population of non-thermal fuel ions
from neutral beam injection, the beam-target reactivity enhancement also drops
for T, above 15 keV. The measured ratio of fusion power in TFTR supershots is
~115 if plasmas with the same stored energy are compared. When comparing
plasmas with the same heating power, the isotope effect on confinement (Sec.
3.2) raises the DT fusion power and the fusion power ratio is ~140.
Furthermore, the highest neutral bearn power can be achieved with D-T
operation due to the higher neutralization efficiency of tritium. As a result of this
increase in power, the highest DT fusion power is actually 165 times the highest
DD fusion power achieved in TFTR. However, it should be noted that to achieve
this power ratio, the plasma energy increased from 5.6 MJ in the D plasma to 7.0
MJ in the D-T plasma. This emphasizes the importance of improving stability
limits to achieving high fusion performance and demonstrates that the
extrapolation of the highest performance D-only results, which are often stability
or power handling limited, to D-T plasmas is not a simple matter of species
substitution in numerical simulation codes.

3. EFFECTS DUE TO TRITIUM

3.1 Tritium transport

Tritium operation on TFTR has allowed the measurement of the local tritium
density from the 14MeV t(d,n)o neutron emissivity profile measured with
collimated neutron detectors [23,24]. Tritium transport has been studied with this
diagnostic technique by puffing a small amount of tritium gas into plasmas
heated by deuterium NBI. Initially, tritium and helium transport were studied in
low-recycling, high-performance supershots [25]. The diffusivity profiles of
helium, tritium and heat were observed to be of similar magnitude and shape.
This is a prominent characteristic of transport due to drift-like microinstabilities.
The same helium transport coefficients successfully modeled the helium ash
density in deuterium-tritium plasmas [26]. This similarity in diffusivities would
allow helium ash removal in future reactors, such as ITER. Recently, helium and
tritium transport measurements were performed in the steady-state “postlude”
phase of ERS plasmas. The tritium profile remains hollow for a long time, >
0.15s, and does not peak on axis. A transport barrier can be clearly observed
that impedes tritium transport to the core. Helium has a similar density evolution.
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average mass of the hydrogenic ion of 2.5.

3.2 Isotope effect on confinement

The first D-T experiments in TFTR showed that the overall energy
confinement in D-T supershots was significantly better than in comparable D-
only plasmas.[27,28] This improvement is manifested by increased central ion
and electron temperatures. In order to quantify the improvement and determine
its origins, experiments with different D:T ratios have been carried out. The
improvement in confinement, which is found to be primarily in the ion channel
[12, 29], is associated with a reduction in the calculated ion thermal diffusivity by
as much as a factor two.

Studies of the isotope effect have now also been carried out in ohmic, L-
mode, reversed shear, and ICRF-heated plasmas.[30] The enhancement is most
pronounced in supershot and high-l, discharges, T < (A)0-85, where (A) is the
average isotope mass of the plasma. NBI and ICRF heated L-mode plasmas
show similar, weaker scaling: Tg < (A)°***, In ohmic plasmas, the scaling is
weak, Tz o< (A)**%3 and it is essentially absent in ERS plasmas. Figure 3
shows a comparison of the isotope scaling in these TFTR regimes. Because of
wall recycling, which is predominantly deuterium, the maximum value of (A) in
these studies is 2.5. These results validate the assumed Tge< (A3 scaling in
regimes closest to proposed ITER operation (T, ~ T,, broad n,, and significant
heating to the electrons). However, these results are not consistent with gyro-
Bohm scaling which remains an outstanding issue.

3.3 ICRF experiments

Ton cyclotron heating at the tritium second-harmonic frequency has potential
applications for ITER. This scenario has been used previously to heat D-T
supershots on TFTR [31,32,33,34]. Its effectiveness for heating an ohmic D-T
target plasma, containing only thermal tritium, in the L-mode regime has now
been demonstrated [33]. Heating efficiency was comparable to that obtained with
neutral beam injection. This result indicates that good second-harmonic tritium
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heating should occur during the startup phase of ITER. In L-mode plasmas with
T; and T. approximately equal, a favorable isotope scaling (A)*’ was
demonstrated going from D to D-T plasmas.

Fast wave direct electron heating of the postlude phase of ERS discharges
has also been demonstrated [35]. ICRF power of 2MW increased the central
electron temperature by 2keV. ICRF heating also sustained the highly peaked
density and temperature profiles characteristic of ERS, delaying the transition out
of ERS mode by approximately 100 ms.

Electron heating and current drive have also been demonstrated using the
mode-converted ion Bernstein wave (IBW) in a mixed-species plasma [36]. This
technique has been used to drive I%Sk@ on axis with 2MW, and 100kA off
axis with 4 MW of RF power in D- He- He plasmas. Mode conversion heating
in a D-T plasma has been demonstrated for the first time on TFTR. However,
parasitic minority-ion absorption by a dilute Li impurity introduced by wall
coatings was significant, reducing the power coupled to electrons to 20 - 30% of
the input level, in agreement with modeling. This poses a potential problem in
ITER and other devices which use *Be wall facing materials.

Experiments in alpha channeling have indicated coupling of the mode
converted IBW to fast-ions in D-T-"He plasmas. Investigations which utilize
coupling of the IBW to beam injected deuterons have verified essential details of
the wave propagation physics, including the first evidence that the parallel
propagation of the wave reverses away from the mode conversion surface.
Inferred velocity space diffusion coefficients are of the order needed to achieve
cooling of alpha particles [37].

4. PHYSICS OF ALPHA PARTICLES

4.1 Classical alpha confinement and thermalization

In an ignited D-T plasma, the alpha-particle power must be transferred to the
thermal plasma before it is lost to the vacuum vessel wall. Alpha-particle
confinement and loss has been measured in TFTR using several unique and
novel alpha-particle diagnostics developed and implemented on TFTR [38].

The energy distribution of the alpha particles confined in the plasma has been
measured in TFTR [39]. Alphas in the energy range 0.5 — 3.5MeV have been
detected through conversion to neutral helium by double charge-exchange in the
high-density neutral cloud surrounding an ablating lithinm pellet [40]. The pellet
was injected after the end of NBI, to improve its penetration, but before the
alpha population had decayed. The measured spectrum is compared with the
TRANSP calculation in Fig. 4 and found to be in good agreement. The alpha
spectrum in the lower energy range, 0.1 — 0.6MeV, has been detected by
absolutely calibrated spectrometry of charge-exchange recombination emission
[41]. The intensities of the detected signals are within a factor 2 of calculations
by TRANSP, based on purely classical slowing down processes.
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FIG. 4. Radial profiles of confined alphas near the center of TFTR as measured by (a) the Alpha-CHERS
system for passing particles and (b) the pellet charge exchange (PCX) diagnostic. The profile just before
the sawtooth crash is very peaked. The sawtooth crash significantly redistributes the alphas from inside
to outside the q = 1 sawlooth inversion radius.

4.2 Effects of sawteeth

Measurements of the confined alpha distribution before and after a sawtooth
crash were made with both confined alpha diagnostics, and the results are shown
in Fig. 4. The alpha density on axis was reduced by as much as a factor 5 after
the sawtooth crash [42]. The redistribution of the passing o-particles at the
sawtooth as measured by the alpha-CHERS diagnostic with energies up to
0.6 MeV in a D-T plasma (Fig. 4a) was shown to be consistent with a relatively
simple sawtooth mixing model which takes into account the reconnection of the
magnetic flux which is presumed to occur at the sawtooth crash. Comparison of
pellet charge exchange (PCX) measurements in the presence and absence of
sawteeth in the period following the D-T heating phase indicate that the sawtooth
activity transports trapped fast alphas radially outward as shown in Fig. 4b. This
result cannot be explained by the conventional magnetic reconnection model for
sawtooth mixing. Only the introduction of a helical electric field produced by the
crash can explain the experimentally observed alpha redistribution [40].

4.3 Effects of MHD modes on the alpha particles

The first direct evidence of alpha particle loss induced by an MHD mode was
due to a kinetic ballooning mode (KBM) in TFTR D-T experiments. The kinetic
ballooning modes are driven by the sharp gradients in the plasma pressure
profile and have localized ballooning characteristics. A significant enhancement,
x 1.3 — 2, in alpha particle loss has been observed in some high-f D-T
discharges. The loss enhancement correlates well with the appearance of high
frequency (f = 100 - 250kHz), high-n (= 6) KBM’s driven by the plasma
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FIG. 5. With D-T operations, it is found that the alpha particle loss can be significant because of the
presence of the neo-classical MHD modes.

pressure gradient [43]. Particle simulation shows that the observed alpha loss is
induced by the wave-particle resonance. Similar KBM’s are observed in D
discharges, so the modes are not themselves driven by the alpha particles but by
the pressure gradients in the plasma.

Enhancement in the loss of fusion alphas has been observed in high power
D-T operation of TFTR in the presence of MHD activity. Sawteeth cause a
strong, transient enhancement in the alpha loss at the time of the central crash.
While the loss rate is transiently high, the net loss is small due to the short period
of enhancement. Neoclassical tearing modes, as shown in Fig. 5, are also seen
to enhance the alpha loss-rate. On the 60° alpha detector the loss may roughly
double the first orbit loss. The detector signal itself is modulated at the frequency
of the MHD mode, demonstrating that the loss is not toroidally symmetric; this
may be important to ITER in designing plasma facing components. Stationary
Magnetic Perturbations (SMP's), which are similar to locked modes, enhance
the loss in a similar fashion to neoclassical tearing modes. The fusion alpha
losses appear qualitatively similar to the fusion triton losses reported earlier. It is
hoped to develop a quantitative understanding of these phenomena which could
be applied to ITER.

4.4 Alpha driven TAE mode

The alpha-driven Toroidal Alfvén Eigenmode (TAE) had not been previously
observed in supershot discharges at the highest fusion power and alpha
concentration, consistent with theory. Recent theoretical calculations have shown
that the predicted alpha-driven TAE threshold is sensitive to the g-profile and to
the plasma .  This is potentially important in advanced tokamak regimes in
which the core current profile is being modified to achieve higher stability. In
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FIG. 6. Alpha-driven TAE in TFIR occurring =0.1 s after neutral beam injection in a D-T discharge
with weak central magnetic shear. The frequency is consistent with the density-dependence TAE fre-
quency, and mode timing is roughly consistent with theoretical predictions based on the beam ion
damping.

recent experiments with weak magnetic shear, TAE’s driven by energetic alpha-
particles have been observed in TFTR D-T plasmas [44]. In Fig. 6, it is shown

that these modes occur 100 —300 ms following the end of NBI in plasmas with
elevated central safety factor, q(0) = 1.1 — 2.5, and reduced central magnetic
shear. The fusion power threshold is ~1.5MW for q(0) = 2.4 which
corresponds to ~300kW peak alpha power and B, (0) = 10™. Modes appear in
the range 150 —250kHz with toroidal mode numbers n = 2, 3, 4, which are
observed to propagate toroidally in the direction of the plasma current. From
core reflectometer measurements, the dominant n = 3 mode is localized near r/a =
0.3 - 0.4, which also coincides with the region of peak V. The central B, for
the onset of mode activity is consistent with NOVA-K linear stability calculations
[45] for alpha-driven TAE’s in discharges with elevated q(0), low ion
temperature (10 — 15keV) and low beam-ion damping following the termination
of neutral beam injection.

5. SUMMARY

TFTR has explored a wide range of physics issues in plasmas with high
concentrations of trititum. Several possible advanced confinement regimes,
supershot, high-l;, and reversed shear, have been investigated using D-T and
shown to have significant potential for reactors. In general, D-T plasmas have
shown improved confinement compared to similar deuterium plasmas.
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The fusion performance in TFTR supershots has been extended to 10.7 MW
of peak power and 6.5MJ of fusion energy per pulse. The most significant
change responsible for the increase in fusion power has been operation at
increased toroidal magnetic field, up to 5.5 T, and plasma current, up to 2.7 MA,
and neutral beam heating power of 40 MW. Conditioning of the inner wall with
lithium has improved the confinement to take advantage of the increased stability
at higher field.

The high-current high-1, regime has demonstrated good energy confinement
and favorable MHD stability enabling the achievement of fusion power
production comparable to that achieved in supershots at similar heating powers.
The proven ability to achieve high values of B offers the potential of still higher
values of fusion power in TFTR.

The formation of an internal transport barrier in the enhanced reverse shear
regime has dramatically reduced the ion heat and particle flux from the core. This
is accompanied by a substantial reduction in core plasma fluctuations and a
steepening of the plasma pressure gradients. Future experiments will concentrate
on understanding the physics of the barrier formation and on controlling the
evolution of the barrier and the current profile to maintain stability.

ICRF heating schemes of importance to ITER have been validated and a new
scheme for RF current drive through mode-conversion in a mixed-species
plasma has been demonstrated. ICRF heating has been shown to sustain the
ERS mode without particle fueling, which is important to the development of
this operational regime. The interactions of energetic ions, including fusion
alphas, with ICRF waves have been investigated and support the development of
the alpha-channeling concept.

Fusion alpha particles have behaved classically for quiescent MHD plasmas.
Sawteeth have been shown to redistribute fusion alphas near the plasma core. In
discharges with weak magnetic shear, toroidal Alfvén eigenmodes driven by
fusion alpha-particles have now been observed and found to be in accord with
theoretical predictions.
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DISCUSSION

J. JACQUINOT: You have shown a strong density increase during discharges
with internal confinement barriers. Can this be explained entirely by fuelling from the
neutral beams?

K.M. McGUIRE: Yes, if we look at the TRANSP modelling, the beam fuelling
in the centre is consistent with the density rise observed in the experiment.

S.I. ITOH: With respect to the ERS relaxation, you have reported that the back-
transition coincides with the sudden growth of fluctuations. Supposing that the
transition is triggered by the fluctuations, what is the time-scale for the increase of
fluctuations?

K.M. McGUIRE: The time-scale for the increase of the fluctuations at the back-
transition is approximately 40-60 ms.

S.I. ITOH: I have a question conceming the irreversibility of the back-transition,
which relates to the controliability. Does the plasma recover the original high perfor-
mance after the ERS relaxation?

K.M. McGUIRE: We do have examples where the plasma switches back and
forth between the reverse shear mode and the enhanced reverse shear mode. Details
can be found in the paper by E. Mazzucato et al. IAEA-CN-64/AP2-16).

J.F. DRAKE: Since the ERS transport barrier tends 10 evolve into regions of
either weak or positive magnetic shear, at the back-transition, how close is the plas-
ma in the region of the barrier to the ideal MHD stability boundary?

K.M. McGUIRE: We find that at the back-transition the plasma is about
20-40% below the ideal boundary for low n kink modes and is moving away from the
boundary because the plasma B is decreasing. We will check the stability for high n
ballooning at the barrier location. Sometimes we do see double tearing modes later in
time; these are associated with the shape of the q profile.

M. KEILHACKER: Could you elaborate a bit more on the power threshold for
the ERS regime, its parameter dependence and the fact that it is higher in DT than in
D plasmas.

K.M. McGUIRE: It takes at least 20% more neutral beam power to obtain ERS
in DT than in D plasmas.

M. KEILHACKER: Do you have a physics picture of the processes underlying
this threshold?

K.M. McGUIRE: At present, we do not have a good physics picture of the
threshold in DT plasmas. However, we are studying the E x B shear flow in these
plasmas (see the paper by S.D. Scott et al. (IAEA-CN-64/A6-6) for further details).
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Abstract

STEADY STATE OPERATION RESEARCH IN JT-60U.

Significant progress in steady state operation research has been made in JT-60U. The highest
fusion triple product np(0)7T(0) = 1.5 X 10*' keV-s-m™ has been recorded in the high 8, H mode
at Ty(0) = 45 keV. A fusion triple product of np(0)7:T(0) = 0.51 X 10?' keV.s-m™ with
Was = 9.32 MJ was sustained for 0.5 s (~ 1.57g) with ELM activity. It was found that the triangular-
ity of the plasma shape has an important role in sustainment of current drive performance with high
confinement and high fusion performance. The edge stability of high §, H mode plasmas was signifi-
cantly improved and giant ELMs were suppressed with an increase of the triangularity. With high trian-
gularity operation (5 = 0.35), By = 2.5 and H factor (= 75/7h ") = 2.3, with a peak fusion
performance of np(0)7gTi(0) = 0.32 X 102 keV-s-m™ and Qpr = 0.27, were sustained for around
2.5 s. Highly improved core confinement with an equivalent Qpy = 0.83 has been obtained in
reversed shear discharges. Sustainment and control of a reversed shear configuration were successfully
performed by LHCD, emphasizing the importance of current profile control in reversed shear dis-
charges. The results observed have indicated that the reversed shear configuration is one of the attractive
candidates for an advanced steady state operation scenario. The first demonstration of heating and
current drive by negative ion based NBI has indicated the effectiveness of this method for core heating
and current drive in reactor relevant plasmas.

1. INTRODUCTION

The objectives of JT-60 research are to establish the physics basis for a steady
state tokamak fusion reactor and to contribute to the ITER physics R&D. Significant
progress in key physics issues such as improved confinement, a radiative divertor,
non-inductive current drive, profile control, stable high normalized 8 and fast particle
physics was achieved in JIT-60U in recent years. A high fusion triple product of
np(0)7eTi(0) = 1.2 X 10* keV-s-m™> with a large bootstrap current fraction
(Ins/I, = 50%) was achieved in the high 8, H mode regime in 1993 [1]. Quasi-
steady-state high fusion performance with np(0)7eT;(0) = 0.44 X 10 keV-s-m™
was also demonstrated in the high 8, ELMy H mode. In a low current regime
(L, = 1 MA), fully non-inductive discharges with NBCD and high bootstrap

! See the Appendix.
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FIG. 1. Fusion triple product np(0)75T,(0) plotted against central ion temperature TA0) for various
improved confinement modes.

current (74%) were demonstrated at normalized beta By = 2.9, H factor
(= 7g/78 %) = 2.5 and qys = 5.2. The high §, H mode regime is one of the
targets for establishing the physics basis for a steady state tokamak reactor.
During the past two years, the high 8, H mode regime has been extended with
a higher current of up to 2.7 MA (q¢s = 2.53) with higher power neutral beam
heating of up to 40.9 MW. Experiments with a reversed shear magnetic configura-
tion have also been performed to develop an advanced steady state operation
scenario. The fusion triple products achieved in these improved modes are shown in
Fig. 1 and their major parameters are given in Table I. This paper describes recent
progress in steady state operation research in JT-60U. The machine modification
during these two years is described in Section 2. The progress of steady state opera-
tion research with the high 8, H mode regime and with the reversed shear configu-
ration is presented in Sections 3 and 4. The first report on experimental results from
negative ion based neutral beam injection (N-NBI) is given in Section 5. Section 6
describes other key issues, and the modification of the divertor configuration planned
for February 1997 is introduced in Section 7. The paper is summarized in Section 8.
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TABLEI. MAJOR PARAMETERS OF TYPICAL IMPROVED CONFINE-
MENT DISCHARGES

E26939, E26949, E27411, E24621, E27302,
high 8, H mede, high 8, H mode, high 8, high 8, reversed

ELM free ELMy ELMy full CD shear
I, (MA) 2.4 2.5 1.5 1.0 2.4
B (T) 432 43 3.6 3.0 4,28
Qos 3.9 3.0 4.07 5.56 3.46
x 1.74 1.77 1.48 1.48 1.83
] 0.08 0.07 0.36 0.325 0.06
Pyg (MW) 32.7 32.9 229 25.8 12.9
Wy MI) 8.55 9.32 6.26 3.83 9.42
dw/dt (MW) 16.9 2.3 4.33 0.0 3.35
75 (5) 0.75 0.33 0.39 0.20 1.01
H factor 3.3 2.05 3.04 2.59 3.35
n (10" m™) 6.0 5.85 4.7 3.6 10.1
npo (10'° m~%) 4.35 4.30 3.4 1.9 4.49
Zoy 2.2 2.32 2.4 3.4 3.7
T;o (keV) 45.0 35.5 24 27 15.1
T, (keV) 10.6 11.0 1.5 9.0 8.10
npo7eTo (102! keV-s.m3) 1.53 0.51 0.32 0.1 0.68
S, (10" s7") 5.16 491 2.41 0.78 2.97
By 2.0 1.98 2.8 3.05 1.84
8, 1.15 1.18 2.0 2.80 1.22
Qpp (1073 3.5 1.78 1.53 - 3.73
Qor 0.43 0.28 0.27 — 0.82

2. MODIFICATION OF THE MACHINE

Two important systems have been newly installed in JT-60U. The first is the
triangularity control system and the other is the N-NBI system [2, 3].

2.1. High triangularity configuration

The previous JT-60U plasmas had a cross-section with a low triangularity 6.
High fusion performance in the high 8, H mode regime was obtained with § < 0.1
and was terminated by the appearance of giant ELMs. Obtaining high fusion perfor-
mance in a higher density regime was difficult because ELMs appeared at relatively
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FIG. 2. JT-60U N-NBI system: beam energy 0.5 MeV, beam power 10 MW, pulse length 10 s, beam
species D/H, two ion sources.

low density. To improve the stability at the plasma edge and to allow high fusion per-
formance in a higher density regime, a triangularity control system has been installed
in JT-60U. The triangularity & can be controlled from —0.06 to 0.6 at I, = 1 MA,
and from —0.03 to 0.3 at I, = 2 MA, with no large change of the plasma volume.

2.2, N-NBI system

For heating and current drive in a steady state tokamak reactor such as SSTR
[4], effective heating to the desired ignition point and efficient current drive are
required without depending on the edge plasma parameters. N-NBI is one of the most
promising candidates for heating and current drive of high density, high temperature
plasmas in a tokamak reactor. An N-NBI system with a beam energy of 0.5 MeV
has been developed, and the system was installed in JT-60U at the beginning of 1996.

A schematic drawing of the JT-60U N-NBI system is shown in Fig. 2. A beam
energy of 0.5 MeV is adopted for a good central penetration in high density opera-
tion, with shine-through below 5% in the density range (0.5-1) X 10 m3, An
injection power of 10 MW is determined to obtain clear N-NBI effects on heating and
current drive performance in high density and improved confinement modes
produced by high power positive ion based NBI (P-NBI). The total N-NBI system
efficiency is estimated to be 40% including power supply losses, neutralization effi-
ciency (60%), geometrical efficiency (90%) and reionization loss (2%).
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2.3. Other modifications

The P-NBI system was modified to increase the injection power and the beam
fuelling rate. A beam power of 40.9 MW at a beam energy of 90-95 keV was
injected into high 8, H mode discharges. In order to measure the current profile, a
14 channel motional Stark effect (MSE) measurement system has been installed.

3. PERFORMANCE OF THE HIGH 8, H MODE REGIME

Efficient steady state operation with high performance is possible in the high
8, H mode regime because good quasi-steady-state confinement with a high boot-
strap current fraction is produced with continuous ELMs. With an intensive core cur-
rent driver such as the N-NBI system in JT-60U, fully non-inductive discharges with
reactor core parameters can be expected in the high 8, H mode discharges. There-
fore this regime is one of the most important scenarios for steady state operation
research in JT-60U.

3.1. High 8, H mode at low q

With careful control of MHD activity during the current ramp-up phase at low
density, the high 8, H mode was realized at a high current of up to 2.7 MA
(Qs = 2.53). This made it possible to systematically study the safety factor depen-
dence of high 8, H mode performance [5]. In Fig. 3 the ratio of the H factor to the
safety factor at the 95% flux surface qqos is plotted against qos. The quantity H/qys is
a useful figure of merit for the ignition margin since (H/qos)? is proportional to the
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FIG. 3. Ratio of H factor to 95% safety factor, H/q,s, against ggs.
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fusion triple product. The margin H/qes > 0.6 is required in ITER for sustainment
of ignition [6]. Experimental results indicate that the quantity H/qqes has a peak at
around qos = 3 in the high 8, H mode, which suggests that the maximum ignition
margin would be expected at o5 = 3. The high 8, H mode in JT-60U is approach-
ing the required domain in ITER (H/qss = 1 at qgs = 3). A fusion triple product
of np(0)7eT;(0) = 1.53 X 102! keV-s-m~ with H factor = 3.3, H/qys ~ 0.85
was achieved at I, = 2.4 MA (qos = 3.9) (E26939 in Table I). This is the record
value of the fusion triple product in JT-60U. A quasi-steady-state high 8, ELMy
H mode with a fusion triple product of np(0)7£T;(0) = 0.51 X 10* keV-s-m™3
Wy = 9.3 MJ, H factor = 2.05, H/qys = 0.68 and By = 2.0) was sustained for
a duration of around 1.57g (E26949 in Table I).

3.2. Improved performance through increased triangularity

In the quasi-steady-state high 8, ELMy H mode with high fusion performance,
a gradual increase in the temperature of the divertor tiles has been observed, and the
performance was sometimes reduced with a large influx of carbon impurity from the
divertor plates [7]. Higher density operation to reduce the divertor heat load is
required to sustain high performance for a longer time. However, high performance
plasmas in the high 8, H mode were not obtained in the high density regime because
confinement improvement and density increase were terminated by an occurrence of
giant ELMs, which appeared at a relatively low density in JT-60U. The effect of the
triangularity of the plasma shape has been studied with the aim of improving the edge
stability and enlarging the operational region of the high 8, H mode to a higher den-
sity regime.
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FIG. 4. Electron density and normalized 8 at giant ELM onset versus triangularity 8.
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The onset density of the giant ELMs and the normalized 3 at the ELM onset
are plotted against the triangularity in Fig. 4, where other configuration parameters
are fixed. Previous high 8, H mode experiments were performed with a triangular-
ity 8 of 0.08. The ELM onset density increases with 8. A similar dependence on the
triangularity has been observed in the edge temperatures at the ELM onset [8]. Con-
sequently, the normalized edge pressure gradient and the normalized $ at the giant
ELM onset increased by a factor of greater than 2 with increasing 6 from 0.08 to
0.34, as shown in Fig. 4. The H factor also increased with 6 for a fixed major radius.
The maximum electron density with an H factor larger than 2.0 increased by a factor
of 2 in the high & discharges. This suggests that high & discharges are favourable for
realizing a cold dense divertor plasma with high confinement. ELM activity was also
affected significantly by 8. Giant EL.Ms appearing in low 8 discharges were sup-
pressed completely and frequent ELMs with very small amplitudes appeared in high
6 cases. This is also favourable for the divertor because of low pulsed heat loads. The
impact of higher triangularity is highlighted in Fig. 5, where By = 2.5 and
H factor = 2.3 were sustained for 2.5 s in high & discharges (§ = 0.35). The fusion
triple product np(0)7eTi(0) = 0.32 X 10%! keV-.s-m~* and the equivalent Qpr =
0.27 were achieved at t = 7.1 s. It should be emphasized that this high performance
is sustained without causing any large impurity influx from the divertor during high
power neutral beam pulses.
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With the increase of é up to 0.33 from 0.08, a fully non-inductive dis-
charge with high performance, high bootstrap current fraction (Ips/I, = 60%),
H factor = 2.0-2.5, By = 2.6-3 and np(0)7:T0) = 0.1 X 102! keV-s-m™> was
sustained for 2 s (107g). The duration of the full current drive condition in similar
discharges with a low & (6 = 0.08) was limited to 0.6 s owing to the growth of low
n modes or to carbon impurity influx from the divertor plates.

4. CHARACTERISTICS OF REVERSED SHEAR DISCHARGES

A reversed shear magnetic configuration is expected to provide an advanced
steady state operation scenario with a high bootstrap current fraction for ITER and
SSTR [4]. Various studies were performed in a reversed shear configuration to exam-
ine its potential as another scenario for steady state operation research in JT-60U.
The reversed shear in JT-60U was formed by NBI or LHCD in the current ramp-up
phase.

4.1. Reversed shear performance

A typical high performance discharge with reversed shear is shown in Fig. 6
[9]. The neutral beam power is injected during the current ramp-up phase to
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FIG. 6. (a) Time evolution of reversed shear high performance discharge; (b) radial profiles of
temperatures, density and q at t = 6.92 s.
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create a hollow current profile. The radial profile of the safety factor is
reconstructed by using the data from the MSE measurement. A wide negative
shear region (r/a < 0.6) is formed with careful control of MHD activity.
The steep gradient in temperature and density at around q.;, indicates the
formation of an internal transport barrier (ITB). The fusion triple product
np(0)7eTy(0) = 0.68 X 10%' keV-s-m™> was attained in this discharge. A record
value of the stored energy (9.56 MJ) in JT-60U was also obtained in the reversed
shear discharges. Plasma parameters for the shot with the maximum stored energy
are summarized in Table 1. The Z 4 was around 3.77 and the impurity concentration
in the reversed shear plasmas was rather high. The equivalent DT fusion power gain
Qpr was 0.82 in this shot (Qpr = 0.83 was also obtained in a similar shot).
Transport analysis in the reversed shear plasma indicated that the effective electron
thermal diffusivity 2 decreased by a factor of ~20 near the position of the ITB.
The effective jon thermal diffusivity xf inside the ITB was smaller than the
neoclassical value.

The H factor is plotted against the line average density normalized by the
Greenwald density in Fig. 7. The H factor for reversed shear plasmas increases with
the electron density while the H factor of the normal shear discharges degrades with
increasing density. At n/n(Greenwald) = 0.7, an H factor of 2.3 was obtained in
the reversed shear discharges. For the reversed shear plasmas, the density increases
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inside the ITB without gas puffing, while strong gas puffing is required in the normal
shear discharges because ELM activity limits the density increase.

The reversed shear discharges with high performance were often terminated by
disruptions due to the $ collapse. Before the collapse, the m/n = 3/1 mode localized
near the ITB with an asymmetric mode structure and a growth rate of ~160 us
appeared. MHD stability analysis indicates that the observed 8 limit is consistent with
stability of the n = 1 kink mode.

Helium transport was studied in reversed shear plasmas with the injection of a
He beam and He gas [10]. The particle confinement of He was enhanced inside the
ITB and the He density profile was determined by the strength of the ITB. Helium
particles inside the ITB were expelled by a partial collapse. Further studies should
be carried out with the aim of minimizing the concentration of He ash and impurities
in the reversed shear core plasma.

4.2, Sustainment of the reversed shear configuration
In order to sustain a reversed shear configuration, which is produced transiently

by a current ramp-up, active current profile control was investigated by using LHCD,
as shown in Fig. 8 [11]. A reversed shear was produced by NBI into the current

E25454

FIG. 8. Sustainment of reversed shear by LHCD and change in q profile dunng LHCD (n, =
10" m™, B, = 3 T, hydrogen).
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ramp-up phase. After a current flat-top was reached, the neutral beam power was
switched off except for the probe beam for the MSE measurements, and the current
profile was controlled by LH non-inductive current drive. A non-inductive hollow
current was produced with careful control of multipeaked wave spectra excited by
two multijunction launchers. The MSE measurements indicate that q, decreases
gradually during LHCD, but the reversed shear is kept until the end of the LH pulse.
Much faster current penetration was observed without LHCD. It has been found that
the magnetic shear can be modified and the core confinement of high power neutral
beam heated plasmas can be controlled by changing the launched wave spectra. The
reversed shear configuration has also been produced by LHCD alone where the LH
power is injected during the current ramp-up phase.

4.3, Radiative divertor

With successive neon and deuterium gas injection into a low recycling ELMy
H mode, a radiative divertor plasma with a high recycling rate and an H factor of
1.5 was realized. Then the detached plasma was maintained for 2 s. By using a
similar technique, radiative divertor experiments were also performed in reversed
shear discharges with hydrogen, as shown in Fig. 9 [12]. Neon was injected at
t = 5.5 s after the formation of the ITB (t = 4.95 s). The density increased to
3.3 X 10" m™ and was sustained until the end of the beam heating by feedback
control. Additional hydrogen puffing during the density feedback control efficiently
enhanced the recycling and the radiation cooling at the divertor. The divertor radia-
tion increased to 7.6 MW, while the radiation power from the main plasma was
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FIG. 9. Formation of radiative divertor in reversed shear discharges (hydrogen).
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around 1 MW. The total radiated power was approximately 70% of the total
absorbed beam power. The increase in Z; was also modest (AZ.; =~ 0.3). The
density and temperature profiles before and during the radiative divertor phase
showed that the ITB was sustained in the radiative divertor phase and moved inwards
from p/a = 0.3 to 0.25. The establishment of a detached plasma was confirmed by
a measurement of the heat flux on the divertor plates with an infrared camera. These
experimental results suggest a robustness of the ITB in the reversed shear against the
formation of the radiative divertor.

4.4. Fast particle behaviour in reversed shear

In reversed shear plasmas, confinement of energetic ions such as « particles
may possibly be degraded because of the low poloidal magnetic field at the core
plasma. Triton burnup deduced from the 14 MeV neutron yield has been investigated
in a reversed shear configuration [13]. It was found that the triton loss in the reversed
shear is larger than that in the normal shear owing to a large ripple stochastic domain
formed in the reversed shear configuration. The experimental results agreed well
with the orbit following Monte Carlo calculation {14]. These experimental results
suggest that optimization of the q profile in the reversed shear configuration is
required to obtain good confinement of both thermal plasma and energetic ions.

Second harmonic ICRF heating was investigated in the reversed shear dis-
charges [15] heated by NBI. Strong central heating by ICRF was observed. The pres-
sure gradient at the ITB increased during ICRF heating with the decrease of the ITB
radius due to partial collapses and current penetration. The toroidal Alfvén eigen-
modes (TAEs) were stable in the reversed shear with a strong transport barrier. Small
amplitude TAEs with toroidal mode number n = 5-8 were observed only after the
density gradient near the ITB became small owing to the sequential partial collapses.

5. HEATING AND CURRENT DRIVE PERFORMANCE BY N-NBI

The JT-60U N-NBI system was completed in March 1996. After subsequent
beam conditioning, N-NBI power of 2.5 MW at a beam energy of 350 keV was
injected into JT-60 plasmas.

Within the uncertainty of the measured shine-through and Z., the shine-
through power could be explained by the theoretical prediction based on both a single
step and a multistep ionization cross-section. The characteristic time of the neutron
decay after switch-off of the neutral beam pulse was investigated by changing the
electron density (n, = (0.5-2.8) X 10 m~) and the injected beam energy
(Es = 200-350 keV). The experimental neutron decay time is plotted against the
calculated neutron decay time in Fig. 10, where the calculations for the neutron
signal were made by using a Fokker-Planck code with the classical slowing down
process. Figure 10 indicates that the neutron decay time can be explained well by the



TAEA-CN-64/01-3

T LI Ill
@ n_ scan
O Eg scan

o
—_

Neutron Decay Time (s)
(Experimental Result)

o
OO
- —
(e
—re

el P X

0.1 1

Neutron Decay Time (s)
(Classical Theory)

FIG. 10. Neutron decay time: experiments versus classical theory.

E27080, 1.2MA,

—~ 4 ’g
= S
\-/2 —
z 9 2
~ 0 o
~.-w5 ’;
= 1 S
w | 3
0 (]
£ 21 5 F <
P | 8L
0 L. OI—‘-’
3 4 5 6 7

49

FIG. 11, N-NBI (350 keV) into a reversed shear plasma. A B, collapse occurs during N-NBI

(t = 6.65 s).
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FIG. 12. Time evolution of full current drive discharge with NBCD by P-NBI and N-NBI,

theoretical prediction based on the classical slowing down process. Central electron
heating by N-NBI has been confirmed experimentally. Giant sawteeth appeared
during N-NBI and a peaked electron temperature profile was observed. Strongly
anisotropic pressure (A, /AB,, > 3 at n, = 10®m™) and a longer total
incremental energy confinement time (7gy,. = AW,,/AP,;,) compared with P-NBI at
Ep = 80 keV  (7rin(NNB)/7:;,(PNB) = 1.6 at n, = 10 m™3) were observed,
which indicated the contribution from energetic parallel beam ions.

In Fig. 11, 1.73 MW of N-NBI power at Ez = 350 keV was injected into the
reversed shear plasma, which was heated by P-NBI of 13 MW. A significant increase
in the stored energy indicates that the confinement in the reversed shear discharge
was enhanced by N-NBI. The increase in thermal energy content during N-NBI was
0.76 MJ, which corresponded to 90% of the diamagnetic energy increase during
N-NBI. This improved confinement was terminated by a S, collapse during the
N-NBI pulse. The neutron emission rate increased by a factor of ~2.5, which was
mainly due to the beam-thermal D-D reaction. This result indicates the effectiveness
of core heating by N-NBI in high density plasmas such as reversed shear discharges
in JT-60U.

Current drive performance by N-NBI is shown in Fig. 12, where the beam was
injected into a partially (~70%) current driven discharge by P-NBI (4 MW of co-
tangential beams and 4 MW of perpendicular beams). During the N-NBI pulse, the
surface loop voltage becomes negative, indicating fully non-inductive current drive.
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The neutron emission increases by a factor of 2. The surface voltage, the total stored
energy and the neutron emission rate were reproduced by a 1.5-D transport code
(TOPICS [16]) and the ACCOME code [17]. The code simulation predicts that
0.28 MA s driven by N-NBI, which corresponds to a current drive efficiency of
7o = 0.8 X 10 m™2-A/W with 27% of the shine-through power, while
7cp = 0.48 X 10 m2.A/W for P-NBI.

Up to now, no N-NBI induced TAE has been observed over a parameter
range of Pypg < 2.3 MW, E; < 350 keV, [=1-15MA,B,=22Tand n, <
2 X 10° m3,

6. OTHER KEY ISSUES
6.1. H mode threshold

In order to refine the understanding of the density dependence of the H mode
power threshold scaling and to investigate the impact of the neutral density at the
plasma edge on the power threshold, investigations have been made over a wide
range of parameter scans such as I, (0.9-2.4 MA), g4 (3-11), B, (1.5-4.1 T) and
n, ((0.7-3) X 10' m3) with a fixed plasma configuration [18]. Experiments indi-
cated that for n, > 1.2 X 10 m-3, the threshold power could be written as
Py = 1.1n2°B, (MW, 10'° m~3, T). The non-dimensional constraint for a size scal-
ing predicts that this power threshold can be modified to Py = 0.18n>°BR!?
(MW, 10 m~, T, m). Extrapolating the threshold power to the ITER design
parameter, this scaling suggests that P, = 53 MW at 5 X 109 m-3.

Experiments on JT-60U have shown that the power threshold increases with a
decrease of the density to below 1.2 X 10" m=. Lower ion collisionality was
required for the transition at a density below 1.2 X 10' m™, In order to under-
stand the density dependence of the power threshold, the effect of the neutral density
at the plasma edge was investigated by using the DEGAS code. It was found that a
low ion collisionality (high ion temperature) is required for the transition at a high
neutral density at the plasma edge. The results suggest that the density dependence
of the power threshold is caused by the neutral density dependence.

6.2. Disruption

By inducing a major disruption with a fast current ramp-down (high ¢ disrup-
tion), a regime of runaway electron production during disruptions was identified
[19]; runaway electrons were observed at [dI,/dt] > 80 kA/s and B, > 2.7 T.
These results suggest the importance of the amplitude of magnetic fluctuations rela-
tive to the magnetic field in the confinement of runaway electrons. The production
of runaway electrons was suppressed even in a high magnetic field when a helical
magnetic field was applied by local helical winding coils during the disruption, Fast



52 USHIGUSA and the JT-60 TEAM

current shutdown has been realized without producing runaway electrons by injecting
a neon ice pellet.

6.3. Control of TAEs induced by ICRF heating

Edge current profile modification by LHCD or a current ramp method has been
attempted for the control of TAEs in JT-60U [20]. The effect of plasma rotation on
TAEs excited by ICRF heating was also investigated recently [15]. TAEs disap-
peared when co-tangential beams were injected, where a large velocity shear was
formed during the beam injection. In the counter beam injection the velocity shear
is low, and TAEs were not suppressed. These results suggest the feasibility of TAE
suppression by plasma rotation profile control.

7. DIVERTOR MODIFICATION FOR STEADY STATE RESEARCH

In order to realize a radiative divertor plasma easily in improved confinement
plasmas, the JT-60U divertor configuration will be modified. A W shaped divertor
with inclined divertor plates and a dome on the private region is adopted for the new
divertor configuration [21]. Three units of NBI cryopumps will be converted for
divertor pumping. The pumping speed can be controlled by fast shutter valves.
Numerical simulations indicate that the neutral backflow can be suppressed effec-
tively by the baffling effect of the inclined divertor plates. The dome can increase
the neutral pressure in the exhaust region and enhances divertor pumping efficiency.
The dome also plays an important role in the methane impurity influx from the private
region and prevents impurity concentration near the X point.

8. SUMMARY

Significant progress in steady state operation research has been made in
IT-60U.

(1) The highest fusion triple product np(0)7eTi(0) = 1.5 X 102 keV-s-m~> was
achieved in high 8, H mode at [, = 2.4 MA.

(2) Sustainment for around 2.5s of By = 2.5 and H factor = 2.3 with a
peak fusion performance of np(0)7eTy0) = 0.32 X 10* keV-s-m™ and
Qpr = 0.27 was achieved by increasing the triangularity (6 = 0.35). A fully
non-inductive discharge with H factor = 2.0-2.6 and a large bootstrap current
fraction (Ips/I, = 0.6) was sustained for 2 s in high & operation.

(3) Improved core confinement with the equivalent Qpy = 0.83 was obtained in
reversed shear discharges.

(4) Sustainment and control of the reversed shear configuration were demonstrated
by use of LHCD. A radiative divertor plasma with an ITB was produced by



S

IAEA-CN-64/01-3 53

neon gas injection into a reversed shear plasma. Studies on helium transport,
fast particle behaviour, ICRF heating and TAEs in reversed shear plasmas
showed that the reversed shear is one of the most attractive candidates for an
advanced steady state operation scenario.

The first demonstration of heating and current drive by N-NBI was performed.
N-NBI power of 2.5 MW at a beam energy of 400 keV has been injected into
JT-60U and has demonstrated the effectiveness of N-NBI as a core heating and
current drive method in reactor relevant plasmas.

Steady state operation research in JT-60U will be continued by modifying the divertor
configuration to a W shaped divertor, aiming at the simultaneous achievement of
high fusion performance with improved confinement, non-inductive current drive
and radiative divertor.
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DISCUSSION

C. GORMEZANO: Why is Z.; much higher in reversed shear plasmas than in
high {3, plasmas?

K. USHIGUSA: In reversed shear plasmas, the particle confinement is improved
after formation of the internal transport barrier. At the same time, the particle con-
finement time for impurities is also enhanced. This may be the reason why Z. in
reversed shear plasmas is higher than in high ﬁP H mode plasmas.

S.A. SABBAGH: What was the highest neutron rate achieved in a reversed shear
plasma? Also, at the same injected neutral beam power, how does the neutron pro-
duction in high Bp H mode plasmas compare?

K. USHIGUSA: The highest neutron emission rate in reversed shear plasmas is
4 x 1016 g1, Compared with the high Bp H mode, the neutron emission rate in
reversed shear plasmas is lower for the same injection power.

Y. SHIMOMURA: In your neon injection experiment, you had a result with
12 MW. What do you observe if you increase heating power up to 20 or 30 MW?

K. USHIGUSA: A disruptive ﬁp collapse appears in a high power beam heated
reversed shear discharge before the formation of a radiative divertor with a neon and
hydrogen/deuterium puff. At least ~1 s of steady reversed shear high performance
plasma is required for production of a radiative divertor, and we have not yet obtained
that. Only a short pulse radiative divertor with a neon puff was achieved in JT-60U.
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Abstract

FEATURES OF JET PLASMA BEHAVIOUR IN TWO DIFFERENT DIVERTOR CONFIG-
URATIONS.

Two pumped divertors have been installed and tested in JET under ITER relevant conditions. A
closed divertor is found to increase the particle and impurity exhaust rate in agreement with code model-
ling. Excellent power handling is demonstrated, allowing high current discharges with record stored
energy (15 MJ) and quasi-steady-state discharges with high fusion triple product (¢ X 102 m3 s kev).
The ITERH93-P confinement scaling law is confirmed over abroad range and a more favourable 8 scal-
ing is found. No hysteresis is found in the H-mode power threshold. A data base of highly radiating
discharges including impurity seeding describes the relationship between radiated power, impurity con-
centration and density. First results of high performance with optimised magnetic shear are presented.
Strong internal confinement barriers develop despite the relatively small input of toroidal momentum
and particle fuelling from ICRH and NBI.

1. INTRODUCTION - JET, A FLEXIBLE FACILITY

The JET Joint Undertaking is an organisation involving the participation of
15 European countries with central funding from EURATOM. The JET machine
[1] was designed with the essential objectives of obtaining and studying plasmas
in conditions and dimensions approaching those required in a fusion power plant.
In order to pursue new objectives, JET has been extended to the end of 1999 to
make essential contributions to a viable divertor concept for ITER and carry out
D/T experiments in an ITER-like configuration.

JET has considerable flexibility that allows the study of many different
modes of operation. It can match ITER geometry and dimensionless parameters
(except the normalised Larmor radius, p*) and can study the effect of large
variations around the ITER values. JET has operated at 6 MA in H-mode [2]. D/T
plasmas were studied for the first time in 1991 [3]. In preparing for the
forthcoming D/T phase (DTE1) to be carried out in early 1997, a closed circuit
gas handling system is being commissioned with 3 g of tritium which will be
increased to 10 g for the experiments. Remote handling of in-vessel components
is an integral part of the programme and will be used for a divertor target
exchange after DTE1.

JET has a coherent divertor programme which includes divertor model
validation. The main thrust of the programme is to operate successively a series of
single-null divertor configurations (Section 2) with increasing “closure”, ie the
fraction of recycled neutrals escaping from the divertor region is increasingly

! See Appendix.
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smaller. Retaining the neutrals in the divertor region leads to a higher density and
lower temperature divertor plasma for a given scrape-off layer (SOL) power and
mid-plane separatrix density. The pumping in the divertor region is therefore
made easier. Target sputtering could be reduced (unless chemical sputtering is
dominant) and the retention of impurities could be enhanced [4]. However, ELMs
(Edge Localised Modes) could defeat some of the favourable features of closed
divertors by producing strong interactions with plasma facing components
outside the target plates.

The divertor programme includes the successive testing of three pumped
divertors between 1994 and 1998 with the following sequence :

- in 1994-1995, Mk I: an open divertor requiring sweeping the heat load in
the divertor region;

- in 1996-1997, Mk IIA: a moderately closed divertor with a large wetted
area. This divertor can accommodate up to 40MW for 8s without sweeping.
In Mk IIA, operation is possible on both the horizontal and vertical target
plates. Mk IIA is compared with Mk I in Fig. 1; and

- in 1997-1998, Mk II GB: a closed gas box divertor configuration to be
installed by remote handling after DTEI.

Cryopump

Target plates

AT

FIG. 1. View of the poloidal cross-section of the Mk I (top) and Mk IIA (bottom) pumped divertors.
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TABLEI. JET PARAMETERS FOR Mk 1 AND Mk II
DIVERTOR EXPERIMENTS

Plasma minor radius, a 095 m
Plasma half-height, b 1.75 m
Plasma major radius, geometrical centre, Ry 2.85m
Plasma volume 85 m?
Plasma aspect ratio, Ry/a 3.0
Plasma elongation, b/a 1.85
Toroidal magnetic field (at Ro), By 36T
Flat top pulse length, t 10-25 s
Plasma current, I, 6.0 MA
Transformer flux, f 42 Wb
Neutral beam power at 80 keV and 140 keV 21 MW
Ion cyclotron power at 25-55 MHz 17 MW
Lower hybrid power at 3.7 GHz 7 MW

FiG. 2. huterior of the modified JET in 1996 showing several imporiant in-vessel components: four
ICRH antennas each on the right and left, adjacent lower hybrid launcher on the right, a part of the
saddle coils on the inner wall and the Mk IIA divertor on the floor.

The parameters of the JET tokamak are given in Table I. A view of the in-
vessel components of JET at the restart of operation in 1996 is given in Fig.2
where some of the components such as the divertor target plates, ion cyclotron
resonance heating (ICRH) antennas and lower hybrid current drive (LHCD)
launcher can be seen. The core and divertor plasma parameters are measured with
an extensive set of instruments [5]. Specific Toroidal Alfvén Eigenmode (TAE)
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studies have been carried out [6] by exciting these modes using either in-vessel
saddle coils or ICRF beat waves created by energising two antennas with a
precisely controlled frequency difference. A new and entirely digital real time
plasma position and shape control system [7] has been implemented providing
greatly increased flexibility and accuracy. The JET control and data acquisition
system is based on a network of dedicated minicomputers (in UNIX environment)
which provide centralised control, monitoring and data acquisition on CAMAC
and VME standards.

The support of the Vacuum Vessel has been fitted with hydraulic restraints
in order to limit vessel displacements, in particular with regard to large sideways
forces [8]. New instrumentation is available for measuring halo currents, forces
applied to the vessel and the corresponding displacements.

Long pulse operation and scenario optimisation rely on the continuous
development of the non-inductive current drive capability of JET which is based
mainly on the LHCD system (3 MA has been driven) but also on the fast waves
launched from the phased 4-strap ICRH antennas and the quasi-tangential neutral
beam lines.

2.  DIVERTOR PHYSICS ASPECTS

2.1 JET divertor configurations

X-point tiles fixed directly to the vacuum vessel were used in 1989-91 for
H-mode studies in which the target to X-point distance was very small (< 10 cm).
As a result, the screening effect of the divertor was mediocre at low divertor
densities and a fraction of the impurity atoms sputtered from the target plates
could go directly into the main plasma. Furthermore, the divertor plasma was not
fully opaque to impurity and hydrogenic neutrals. This was partly beneficial
since neutrals could re-enter the SOL well upstream and increase the flow over a
significant part of the SOL [2]. However, these neutrals also led to increased
impurity influxes by charge exchanged neutral sputtering. The duration of high
performance discharges was often limited, ultimately, by a strong influx of
carbon impurities, the so-called "carbon bloom". Energies of only about 15 MIJ
could be conducted to the target plates.

The relatively open Mk I divertor and in-vessel cryopump were installed for
JET operation during 1994-95 (Fig.1). For high power handling, the magnetic
configuration was swept (4 Hz) horizontally with the help of the in-vessel divertor
coils. This allowed energies in excess of 180 MJ (CFC-tiles) and 120 MJ
(beryllium tiles) to be conducted to the tiles without significant sublimation or
melting occurring [2]. The carbon blooms which previously terminated high
performance discharges were avoided. Operation with plasma currents up to
6 MA was possible, the plasma stored energy reached 13.5 MJ and the maximum
D-D neutron rate was 4.7 x 1016/s. A range of divertor physics experiments was
conducted with high power (up to 32 MW) and steady-state H-mode plasmas with
a radiative divertor using N7 as the seeded impurity were studied.

The Mk IIA divertor presently used in JET is a moderately closed divertor
consisting of a continuous water-cooled divertor structure about 6 m in diameter
and weighing about 7 tonnes. It was installed to an alignment accuracy of 1 mm
and its replacement is compatible with remote handling. The increased wetted
area leads to a power handling capability which is a factor of 3 - 5 better than
Mk I. Operation is carried out on both the horizontal and vertical target plates,
permitting a comparison of results on impurity retention and neutral recycling,
and on the orientation of the target plates both with and without pumping
provided by the cryogenic pump. An extensive experimental campaign has been
carried out with this divertor with plasma currents up to 5 MA and energies up to
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150 MJ have been accommodated by Mk IIA without producing excessive
impurity influxes. A number of configurations such as Standard Fat, Super Fat,
High Flux Expansion, Vertical Plate and High X-point (to simulate Gas-Box type)
configurations have been used with low (0.18) and high (0.32) triangularity
plasmas.

2.2 Regimes of divertor operation

2.2.1 The low recycling regime is characterised by a low temperature
gradient (target-upstream), reduced particle flows to the target and low density in
the divertor and is required by scenarios providing the highest fusion
performance (albeit transiently). The performance increases as the duration of the
ELM-free period is increased by reducing the recycling (extensive wall
conditioning, use of the cryopump, and use of target plate material such as
beryllium and/or beryllium evaporation).

2.2.2 The high recycling regime is characterised by a high density at the
target and a high parallel flow of ions to the target helps to retain impurities in the
divertor by friction. The radiated power fraction is moderate and it is mostly
confined to a narrow region close to the target. This could lead to a high power
density at the target and excessive erosion. ITER has therefore also considered a
“gas box” design [9] in which the radiation losses in the divertor are enhanced
and the exhaust power is distributed over a larger sidewall area of a deep divertor
via charge exchange and radiation losses. The target geometry is tailored to
enhance this effect and the divertor is relatively closed. Hydrogenic and impurity
neutrals are required to recirculate within the divertor region and the loss of these
neutrals to the main chamber is minimised with the help of the divertor
cryopump. However, flows from the main plasma to the X-point are reduced and
this may adversely affect impurity control.

Code calculations at JET and elsewhere show that hydrogenic plasmas
cannot radiate sufficiently for the plasma to be extinguished before reaching the
target. To achieve this “fully detached” regime, in which the energy reaching the
target is negligible, impurity seeding is needed to increase the radiative losses. In
experiments at JET with Mk I and Mk IIA, detached plasmas obtained by seeding
N> in the divertor region have been obtained with up to 80 % of the power being
radiated [10]. The plasma then becomes detached as evidenced from the ion
saturation current characteristics measured by Langmuir probes in the divertor
region. The plasma remains stable, but the continued increase in radiation causes
the radiation peak to move from the target plates to the X-point and leads
ultimately to a radiative collapse in which the whole plasma surface radiates.

2.3 Differences in performance of Mk I and Mk IT1A

2.3.1 Detachment is defined to occur when the ion flux (ion saturation
current measured by Langmuir probes) to the target starts to decrease when the
density is increased by gas fuelling. In agreement with code calculations, it is
found [11] that detachment in L-mode occurs at a factor of 2 lower density in
Mk IIA than in Mk I because the increased closure in Mk IIA permits a higher
divertor density for the same mid-plane density. H-mode data has not been
obtained as the probe characteristics are strongly perturbed by the ELMs.

2.3.2  Neutral particle compression. The loss of hydrogenic and impurity
neutrals from the divertor into the main chamber increases the neutral pressure in
the main chamber and adversely affects the H-mode power threshold, deteriorates
H-mode confinement, and increases the release of impurities from the main

chamber walls by charge exchanged neutral sputtering. Neutral particle retention
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in the divertor (or closure of the divertor) is important and is generally expressed
as a compression ratio between the neutral particle fluxes in the divertor and the
main chamber using calibrated hot-ion cathode gauges and D measurements. It
is found that the compression ratio is higher by a factor of 2 - 2.5 in Mk IIA than
Mk 1. Particle removal with the cryopump is similarly increased. This result has
been confirmed by the measurement of the decay time of injected Neon which is
found to be a factor 2 to 4 greater in Mk I (Fig.3).
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FIG. 3. Comparison of neon decay time as a function of D, fuelling rate in the Mk I and Mk 1IA
divertors in neon puff experiments. Top and bottom refer to D, fuelling in the main chamber and in the
divertor respectively.

2.4 Modelling

The multifluid plasma code EDGE2D/U coupled to the Monte Carlo neutral
particle code NIMBUS has been used at JET to simulate and compare the
modelled and experimentally measured divertor performance. The codes
calculate the distribution of deuterium and impurity density, temperature and
flow, and other quantities corresponding to measurements such as the ion
saturation current density (measured by probes at the divertor target), Dy and
bremsstrahlung radiation signals, and the impurity and deuterium radiation power
densities. The basic equations include classical (collisional) parallel (along the
magnetic field lines) plasma transport for electrons, hydrogenic and impurity
ions. Anomalous transport across the field lines is described by a simple
prescription in which the transport coefficients are specified and generally taken
constant across the SOL. The modelling of divertor plasmas has made good
progress during the last few years, but there is still no satisfactory modelling of
ELMy H-mode plasmas. The difficulty arises principally from the very large
variations in density during and after an ELM and in periods between ELMs.
Although between ELMs, the magnetic geometry is well defined, it can be
strongly perturbed during the ELM itself. Modelling of long ELM-free H-modes
as well as grassy ELMs in radiative H-mode plasmas has been successful since the
variation in plasma parameters does not change appreciably on the short time
scale. '

Generally the modelling of tokamak plasmas treats the edge and core
plasma separately, which often leads to artificial boundary conditions between the
two regions. At JET, the transport codes describing the plasma core (JETTO) and
the plasma edge (EDGE2D/U-NIMBUS) have been coupled using transport
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coefficients and fluxes which allow seif-consistent modelling [12]. A pinch term
is found to be required in the edge transport to simulate the observed narrow
SOL. This has allowed an ELM-free hot-ion H-mode to be modelled self-
consistently and the results are given in Fig.4.

An example of a JET L-mode discharge modelled with EDGE2D/U-
NIMBUS is shown in Fig.5 [13]. The electron temperature and pressure drop is
reproduced by the calculations which include radiation losses in the divertor and
SOL.

3. CONFINEMENT ISSUES

3.1 ITER similarity experiments

The prediction of energy confinement in ITER is based on a confinement
scaling (ITERH93-P) derived from a multi-machine data base of H-mode
discharges. There is a need to confirm this scaling and improve its accuracy by
conducting experiments in which dimensionless parameters describing the plasma
are varied around ITER values. The most relevant variables are (i) normalised
Larmor radius p*, (ii) normalised collisionality v* and (iii) normalised plasma
pressure . The ITERH93-P scaling has been written in the dimensionless form as
follows [14]:

B TITERH93.p o< p* “27 v* -0.28 §-1.2 )

where the parameters p*, v* and B are defined in terms of their average values.
Recently, careful experiments have been carried out in JET in which each of the
three parameters was changed while keeping the other two fixed. Moreover, the
power level was significantly above the H-mode threshold and producing type I
discrete ELMs. It is concluded (Fig.6) that the dependence on p* (close to gyro-
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FIG. 6. Normalised confinement time Bry, is plotied as a function of Bt pprues.p scaling for p*, v* and
B-scans. B represents the cyclotron frequency.
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Bohm) and v* is correctly described in the ITERH93-P scaling but the
dependence on P is found to be very weak ie B-0-05 It is suspected that the
ITERH93-P scaling is based on data which includes some taken too close to the
MHD B-limit. This new result on B scaling is more favourable and, if confirmed
by other experiments, would increase the ITER confinement at ignition by 10 to
15 %.

3.2 H-mode threshold

Existing H-mode threshold scalings have large data dispersion leading to
uncertainty in the threshold: Py, = 50 - 200 MW in ITER at a density of

5 x 1019 m-3. As the power threshold decreases with density, it is considered to
enter the H-mode at low density (2-3 x 1019 m™3) and then to increase the density
progressively as the o-particle heating increases. The input power has to be
somewhat higher than the power threshold, otherwise the confinement is
insufficient. ITER ignition scenarios also depend on a possible hysteresis between
Hto L and L to H transitions. Although there is evidence of hysteresis in ELM-
free H-modes, more recent experiments in JET [14] in ELMy H-modes indicate
that there is essentially no hysteresis. This behaviour might be different in JET
because of the high temperature walls and high pumping which are very effective
at controlling recyclin%. The data on threshold power in Mk IIA can be described
by Py, ~ 0.3 npg B R25 (x 1020 m=3 T m2-3) but data dispersion is still large,
indicating that other aspects will have to be included for an appropriate
description of the scaling. The threshold power was found to be independent of
the type of additional heating (NBI or ICRH).

3.3 Effect of plasma configuration

The ELM behaviour in JET depends on plasma shape (triangularity),
divertor magnetic configuration (high or low flux expansion), neutral recycling
in the divertor and in the main chamber, and gas fuelling at the edge. High flux
expansion with high triangularity, low recycling and no edge fuelling produces
long ELM-free periods during which the confinement time increases
continuously to 1.2 - 1.5 times ITERH93-P scaling. Figure 7 shows that, in
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FIG. 7. ELM frequency versus plasma triangularity for 2.5 MA, 2.5 T discharges with 12 MW beam
power. The notation for the plasma equilibria A/B/C indicates target orientation (H = horizontal,
V = vertical), flux expansion (HFE = high, SFE = standard) and triangularity (HT = high, LT = low)
respectively.
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steady-state discharges with constant power and fuelling, the ELM frequency
decreases with increasing triangularity; on the other hand, the energy
confinement appears to be independent of triangularity [11].

3.4 Highly radiative ELMy H-modes

Highly radiative plasmas reduce the heat load to the divertor target plates
avoiding excessive erosion of the target. An example of a highly radiative
divertor discharge [2] which was heated at a power level of 32 MW (17 MW of
NBI and 15 MW of ICRH) is shown in Fig.8. Such a discharge was obtained by
nitrogen injection to enhance radiation and indeed the radiated power fraction
reached 70 % of the total input power. The density reaches steady-state and the
H-mode quatity factor relative to ITER89-P scaling is about 1.5.

The confinement quality degrades progressively with increasing radiation
and impurity concentrations in the main plasma can be high if the plasma density
is too low. When the radiated power fraction is larger than 0.5, the confinement
scaling is seen to become worse than gyro-Bohm scaling (Fig.9, [15]). A multi-
machine size scaling for Ze¢ in radiating divertor plasmas has been established so
that a value for ITER can be predicted. The data from various divertor tokamaks
world-wide is included with the proviso that discharges have a radiated power
fraction larger than 50 %. The following scaling best represents the data [16]:

Zete= 1 + 5.6 Pr Z0-19/ (< ng > 1.95 § 1.03) 2)

where Pr (MW) is the radiated power, S (m?) is the plasma surface area, < ne >
(1020 m-3) is the line averaged density and Z is the atomic number of the seeded
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FIG. 8. Time traces of an H-mode discharge with 30 MW of combined ICRF and NB heating and more
than 70% of the power exhausted by radiation from seeded nitrogen.
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FIG. 10. Measured effective charge (Z,4) versus the scaling of Eq.(2) for a number of JET discharges

in Mk I and Mk ITA with seeded impurity gas as indicated. The solid line is a fit to the data.
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impurity. The Z.¢r data obtained with the Mk I and Mk IIA divertors of JET are
plotted as a function of this scaling as shown in Fig.10. The value of Z.
predicted for ITER in such highly radiating discharges (85 %) and <n. >=1.2 x
1020 m-3 would be about 1.6. According to this scaling, ITER would have a
tolerable impurity level. There is a clear need to increase the data set with data
obtained in other divertor configurations.

4. ENERGETIC PARTICLE EFFECTS

Alpha particles will be the dominant power source in ITER. Therefore, the
confinement of the energetic o-particles and the impact on plasma performance
are important issues. Moreover, any uncontrolled loss of O-particles either by
collective instabilities such as Toroidal Alfvén Eigenmodes (TAE) or ripple
induced losses could have serious consequences for the first wall.

4.1 TAE excitation

Global Alfvén eigenmodes can be excited by energetic particles such as
fusion born o-particles, injected neutral beam ions or fast-ions accelerated by
ICRH. In a reactor, the destabilisation of these modes can lead to a spatial
redistribution or an enhanced loss of a-particles with the result that they may not
fully heat the plasma. There are a variety of effects which can dampen the modes
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FIG. 11. Tracking during the ohmic phase of TAEs (n = 1) excited by the saddle coils and high-n
modes driven unstable at V4/3 by high power 140 keV NB heating.
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and both the driving and damping effects must be evaluated to assess the linear
stability. External excitation of the modes has been done in two ways: (i) by
saddle-coils mounted inside the vacuum vessel and (ii) by beat waves generated
by two ICRH antennas run master-slave at slightly different frequencies (100 -
200 kHz at 50 MHz). A coherent detection of AEs in the magnetic, electron
cyclotron emission or reflectometry diagnostics provides a means of determining
their damping rates. Measurements are made in the presence of a varying fast
particle drive, such as 140 keV deuterium NBI, in order to resolve the differences
in damping and driving rates of the mode. A feedback loop acting on the
frequency of the exciter is used to track chosen eigenmodes during the discharge.
Figure 11 shows such a real-time tracking of AEs [17] over a period of 2.5 s in
which the frequency of the exciter oscillates around the mode frequency and
provides a means of determining the damping rate as a function of time. Values
of Y/ ® =0.55 - 0.59 % are found, compared to the theoretical estimates of about
1 %. The application of high power NB heating appears first to dampen the n = 1
mode but later the phase resolved measurements by several MHD coils indicate
that higher order modes up to n = 20 start to grow at the AE frequency. These
modes are routinely observed during hot ion H-modes with 140 keV NBI with
Vi = VA /3 and could be responsible for limiting the fusion performance.
Kinetic TAEs have been identified. Ballooning AEs have also been observed.

4.2 Confinement of fast ions

Ion cyclotron minority heating has been used previously in JET to produce
1-1.5 MeV He3 ions with an energy content up to 2 - 2.5 MJ corresponding to
almost 40 - 50 % of the total plasma energy of such discharges [18]. The
suprathermal ion energy could be described by classical slowing down of the fast
ions. Further studies have been carried out of central ICRF heating at the third
harmonic of deuterium in JET where suprathermal effects are dominant and a
very energetic tail is expected to develop that does not cut off until 4 MeV when
the ion orbits reach the limiters. The deuterium neutron rate in these discharges is
observed to reach a high value of 9 x 1015/s due to the energetic deuterium tail.
These results were well reproduced by PION code calculations, giving confidence
in the understanding of the production and confinement of energetic tails [19].

4.3 Ripple experiments

The effect of toroidal field ripple on plasma behaviour and fast particle
losses was studied with the Mk I divertor. The ripple was varied in the ITER
relevant range of 0.1 to 2 %. Ripple induced losses of thermal and high energy
particles (125 keV neutral beam 1ons and 1 MeV tritons) were less than 1 % and
were consistent with theoretical estimates. However, the observed losses of
particles of intermediate energy (thermal to tens of keV) were higher than
predicted [2]. The slowing down of rotation due to ripple was also a notable result
of these experiments.

5.  HIGH PERFORMANCE AND STEADY STATE REGIMES

 In preparing for the D/T phase, JET is pursuing two scenarios for high
fusion performance: (i) hot-ion H-mode and (ii) optimised shear mode. Good
fusion performance is also achieved in steady-state at high current (5 MA) in a
regime directly relevant to ITER.
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5.1 Hot ion H-mode

Traditionally “hot ion H-mode” refers to operation with strong neutral
beam heating of a low electron density target plasma, with high triangularity
(0.25) and high flux expansion in the divertor. Central NB power deposition and
central fuelling produces a moderately peaked density profile. The neutral beam
predominantly heats the ions and T; exceeds T, considerably (> 2 - 2.5) over the
inner half of the plasma radius. The high performance lasts for about 2 s and is
terminated either brutally or softly ("roll over") by a complex and largely
unexplained event [20] involving (i) sawteeth or other internal MHD phenomena
occurring in the central region, (ii) “outer-modes” occurring in the body of the
plasma and (iii) “giant” ELMs at the plasma edge. The outer modes have now
been identified by detailed soft X-ray measurements as ideal kink modes [20]
and giant ELMs appear when the ballooning instability criterion is satisfied. The
rollover in performance could be linked to the excitation of TAEs (Section 4.1)
where the TAE resonance condition V=V /3 for the 140 keV neutral beam is
satisfied. Code calculations suggest that, at the resonance condition, sufficient
beam ion redistribution within the plasma could account for the degradation in
performance.

LHCD has been used to eliminate the sawteeth and to soften the effect of
the outer modes but the performance is still limited at a normalised By = 1.8 well
below the Troyon limit (By = 2.8). More recently, ICRH has been applied to hot
ion H-modes [21]. The effect of the ICRH is shown in Fig.12. The addition of
6 MW of ICRH improves the rate of rise of the neutron rate, increases the stored
energy by about 5 MJ and T, by about 30 %. Therefore good confinement is
maintained even when the power input to the electrons is substantially increased.
A stored energy of up to 14 MJ was obtained with combined heating. Power
step-down experiments allow the highest Q to be reached.
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FIG. 12, Time traces of NB heated hot ion H-modes with and without ICRH,
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5.2 Discharges with optimised shear

Weak or reversed magnetic shear has been associated with improved core
confinement since the JET experiments with deep pellet injection (PEP mode
[22]). MHD instabilities like ballooning, resistive tearing and internal MHD
modes are then stabilised provided that low rational values of q are avoided. Shear
of plasma rotation (plasma flows) has also been shown by theory to stabilise
microinstabilities involved in anomalous transport. In such a situation, an internal
transport barrier can be established and the resulting steep ion temperature
gradient produces more rotation shear.

In JET, optimised shear experiments [23] are carried out immediately after
the current rise phase of the discharge where advantage is taken of the natural
delay in the current diffusion to the plasma centre as the current is ramped up.
The current diffusion can be further delayed by electron heating by ICRH. The
target plasma has q > 1 everywhere. Neutral beams and ICRH are injected at
optimised times in the low target plasma density. An example of time traces of
such a high performance discharge is shown in Fig.13 where the maximum
neutron rate of 3.4 x 1016 /s is flat for ~ 0.5 s, the stored energy is 9.4 MJ and the
peak T and Tj are 14 keV and 28 keV respectively. The g profile obtained from
a combination of EFIT equilibrium code and Faraday rotation measurements
shows that the magnetic shear in the core is weak and slightly positive just before
and during the heating. Figures 14 and 15 compare the profiles of Tj, pressure P
and rotation ® in the above two high performance modes. The internal
confinement barrier corresponds to r/a ~ 0.55. The shear in plasma rotation is
large at this location.

Pulse No: 38437

10—
= WDI)\
s s
0
. 30 ]
>
< 10 S
T4F
» I Neutron rate
ol Flat-top
= - 0.5s
X 0 m—
T H
o 89
1=
4
Z 2
0
g
= 10
0

Time (s)

FIG. 13, Time traces of a combined (NB + ICRF) heating optimised shear discharge giving enhanced
core confinement. H89 refers to an improvement of confinement over the ITER89-P (L-mode) scaling.
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FIG. 14. Comparison of typical ion temperature profiles in a hot ion H-mode and an optimised shear
discharge.
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5.3 High current plasmas and approach to steady-state

The combined advantages of the high power handling of Mk IIA, the
divertor cryopump and the high recycling conditions established in the divertor
enable the production of long pulse steady-state H-modes. ELMy H-modes of
20s duration at 2 MA were achieved in Mk I [24]. Recently, this regime has been
extended to higher plasma currents (4.7 MA) and higher input powers with
combined ICRH and NB heating. An example of a discharge at 4.7 MA is given
in Fig.16 where a fusion triple product of 4 x 1020 (m-3 s keV) is maintained for
1.5s. This constitutes substantial progress from the best steady-state performance
presented [24] at the 1994 TAEA Conference (2.65 x 1020 m™3 s keV). At higher
power (28 MW), the plasma stored energy reached a new world record of 15 MIJ.
However, steady-state was not achieved in this case. The reasons for this are not
clear. It should be noted that in these high current discharges the plasma density
increases over several seconds and it is more difficult to maintain the input power
above the H-mode power threshold.
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FIG. 16. Time traces of a high power 4.7 MA discharge where the fusion triple product reaches a value
of 4 x 1 0*°m™ s keV. P;_y « nBS represents an L- to H-mode threshold power scaling.

6. JET FUTURE PROGRAMME

In the present Mk IIA configuration the conductance of the "by-pass leak"
between the divertor and the main torus chamber is comparable to the pumping
rate of the cryopumps. These leaks reduce the neutral pressure in the divertor and
increase it in the main chamber. They could contribute to the pollution of the
main plasma and adversely affect the evaluation of the divertor performance such
as the effect of pumping, gas fuelling at different locations within the divertor and
seeding of Ny impurity. The conductance will be reduced by a factor of 5 after a
machine intervention in October 1996 to close the larger gaps.
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Another divertor configuration is scheduled to be investigated in JET
during 1997/98: the so-called Gas Box configuration which will simulate the
presently chosen configuration for ITER. It has a large open region close to the
target and a narrower entrance. The X-point is high to achieve the longest
divertor leg length adjacent to the region of free recirculation of neutrals from
the target while minimising the escape of neutrals to the main chamber. Operation
with Mk II GB would emphasise the divertor SOL plasma being extinguished
(detached) before the target plates are reached. The target configuration can be
changed from vertical to horizontal targets by removing parts of the tiles. The
target tiles and the tile carriers are both fabricated from CFC and will be installed
in JET by remote handling just after the DTE] experiments.

D/T operation (DTE1) is planned to start on JET in early 1997. The effect
of tritium on energy confinement and H-mode threshold will be assessed for the
first time in an ITER-like divertor configuration. These experiments are also
aimed at demonstrating long-pulse fusion power production with expected fusion
power output in the range of 10 MW for several confinement times. A second
period of high performance D/T operation (DTE2) is scheduled to take place in
1999. It will take advantage of a preceding period for optimising the operating
modes and the in-vessel configuration. This period of D/T operation will also
provide a full scale test of the technology of processing tritium in conjunction
with an operating tokamak and the experiments will address a-particle heating
and associated effects.

7. DISCUSSION AND CONCLUSIONS

JET has conducted a wide range of experiments in both an open and
moderately closed divertor configuration. The issues of confinement quality,
plasma purity and divertor operating conditions have been addressed and are
reported in ten papers at this Conference. The excellent power handling of the
Mk IIA divertor has been demonstrated and has allowed new performance
developments including a record plasma energy of 15 MJ and a high fusion triple
product in high current steady-state discharges.

Modelling of the particle and power exhaust in the divertor has progressed
and describes the observations well, with the notable exception of discharges with
large ELMs which are not presently taken into account accurately.

Long pulse ITER dimensionless conditions and type I ELMs satisfy the
ITER confinement requirements. The ITERH93-P confinement scaling is
confirmed over a broad range of parameters but the scaling with [ is found to be
more favourable. If this is confirmed on other experiments, the confinement time
predicted for ITER should increase by about 10 to 15 %.

Confinement degrades in highly radiating discharges and Z.¢ can be large
in impurity seeded discharges at low density. Plasma purity is better at high
density and a data base quantifies the expected plasma purity in ITER.

In addition to the hot ion H-mode, a second high performance regime has
been developed in JET. It is based on optimising the plasma current profile. With
low central magnetic shear and q > 1 everywhere in the plasma, internal
confinement barriers are observed above a power threshold which is presently
about 17 MW. This regime appears similar to that obtained with identical
geometry in DIII-D. It is significant that the confinement barrier appears in JET
despite a lower fuelling and toroidal momentum input in JET than in DIII-D.

D/T experiments will start in early 1997. The experiment will address the
effect of trittum on energy confinement and H-mode threshold in an ITER-like
divertor configuration.
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DISCUSSION

R.J. GOLDSTON: It is somewhat difficult to understand the meaning of your
scaling of Z.g as a function of P,4. Does your ITER point imply that adequate radia-
tion can be achieved in ITER at Z.g =~ 1.2 (plus helium)?

J. JACQUINOT: The scaling is a simple relationship (dimensionally correct)
linking the separatrix surface (S), the charge of the impurity (Z), the plasma density
(ny), the radiated power P4 and Z.¢. The relation holds for machines with available
data, despite large variations of the parameters. The ITER point corresponds to a ref-
erence ITER scenario with 8§3% radiated power.

M. PORKOLAB: In your optimized shear regime, have you done a transport
analysis (similar to that done on TFTR and DII-D)? If so, what can you say about the
ion (and the electron) transport as compared will neoclassical predictions?

J. JACQUINOT: Preliminary analyses using TRANSP calculations show that
the electron and ion thermal diffusivities are of the same order and are a few times the
neoclassical ion thermal diffusivity.
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Abstract

OVERVIEW OF ASDEX UPGRADE RESULTS.

The experimental ASDEX Upgrade results of the Divertor I phase are reviewed with emphasis
on H-mode physics, power handling, plasma edge and divertor physics, operational limits (8 and den-
sity), disruption behaviour and testing of tungsten as a target plate material. All these investigations are
focused on the preparation of the ITER physics database. The change to the new divertor is briefly
outlined.
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1. Introduction

ASDEX Upgrade (AUG) is a mid-size tokamak with non-circular cross section
(major radius Rg = 1.65 m, horizontal minor radius a = 0.5 m, elongation b/a =
1.6), designed as a poloidal divertor device rather similar to ITER with respect to
magnetic configuration. All poloidal field coils of AUG are placed outside the
toroidal ones. A saddle coil ('PSL'.. passive stabilising loop) inside the vacuum
vessel damps the vertical displacement instability. The present divertor
configuration (Divertor I) places the target plates relatively close to the X-point
(cf. fig. 15).

In general all plasma-facing components are graphite-covered (except target
plates cf. chapt. 8), the vessel is routinely boronized and turbomolecular pumps
(15 m3/s for Dy) allow the control of hydrogen and noble gas particle content of
the vessel. Usually, AUG is operated in a single-null divertor configuration (SN)
and in the following regime of global parameters: Bpl=15-3T,Ip=06-1.2
MA (qo5 = 2.1 - 5.8) and ion VB drift towards the X-point. Discharges are usually
D, or H, gas-fuelled, but fuelling by pellets is also possible (cf. chapt. 6).

For additional heating ICRH, ECRH and NBI (neutral beam injection) systems are
applied. The ICRH system has a broad frequency range (30 < f < 120 MHz) and a
power capability of each of its four generators of up to 1.5 MW. Recently an
ECRH system (140 GHz, up to 400 kW) has been instalied which is mainly used
for modulation experiments. The NBI system (beam . energy 65 keV for D,)
reaches routinely injected powers of up to 10 MW. In addition the beam can be
chopped with variable duty cycle permitting fine-tuning of the injected power.
Being one of the most ITER-similar experiments, AUG has directed the efforts
mainly towards the solution of the most crucial problems for the successful
operation of the ITER fusion reactor as there are power handling, impurity control
and helium pumping. Further objectives are H-mode physics, operational limits,
discharge control, disruption dynamics and plasma-facing materials.

This paper reviews the most important results of the experimental campaigns until
this current IAEA conference. In addition, the future program of AUG, especially
the adaptation of the divertor (Divertor II), will be briefly described.

2. Development of Diagnostics

AUG is equipped with an extensive range of diagnostic systems, many of them
being aimed at edge and divertor parameters. Three examples for recent
development of diagnostic systems will be presented in the following.

2.1. Fast ECE Radiometer

Fast, local T, measurements on AUG are performed by means of a 45-channel
ECE heterodyne radiometer with horizontal line-of-sight at the midplane on the
low field side. As an example of the results obtained with this system, the
formation of tearing modes for ohmic density limit discharges will be described.
As tearing modes rotate toroidally with respect to the fixed line of sight of the ECE
diagnostic, a two-dimensional toroidal flux surface map can be reconstructed from
the Te(t,r) measurement during the time of one toroidal rotation. Fig. 1 shows a
contour plot of T, measured during the current profile contraction phase between
two minor disruptions. Regions with a temperature variation of less than 20 eV
around q=2 and less than 10 eV for q = 3 are identified as islands with m=2 and
m=3 mode numbers, respectively [1].

In high q discharges the MHD activity leading to the density limit seems to be
initiated by radiative cooling of the m=3 island ('Rebut-mechanism'). Repetitive
minor disruptions happen due to coupling of (3,1) and (2,1) islands.
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Fig. 1: Reconstruction of coupled (2,1) and (3,1) islands from ECE T,
measurement in a time interval during current profile contraction between two
minor disruptions. Islands recognised by regions of flat T, are marked by shaded
areas. While the (3,1) island grows, the (2,1) island shrinks. q(r) is derived from
equilibrium reconstruction at t=1.75s.

2.2. Radial Electric Field from CX Neutral Analysis

Fluxes of neutrals that result from charge-exchange processes of slowing-down
ions from the neutral injection that have scattered into the ripple-trapped domain,
can deliver information about radial electric fields E; in the plasma [2]. This
method provides data with improved time resolution (=~ 100 Us) compared to
spectroscopic measurements.

Especially for the L-H transition the behaviour and temporal development of E;
plays a decisive role in various theories [3]. In Fig. 2 energy spectra of neutrals
originating from ripple trapped particles are plotted for five different time points
relative to the L-H transition (t=0 corresponds to the drop in the Dy signal, not
shown). The change in the energy spectra is due to an increase of E; which
confines ripple-trapped particles with increasing energy. According to single
particle calculations the spectrum for t=132.5 ms suggests that the electric field E;
has reached a final value of 19 kV/m after a slow L-H transition process.
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Fig. 2: Energy spectra of ripple Fig. 3: Cl singlet line spectra for
trapped ions at five different time two toroidal chords parallel and
points relative to the L-H transition. antiparallel to the magnetic field,

respectively.

2.3. Impurity Flow towards the Divertor

Drift velocities of impurity ions in the divertor region have been determined by
measuring Doppler shifts of emission lines. Fig. 3 shows the CIlI-line emission
which was recorded from chords viewing toroidally in opposite directions in the
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divertor above the recycling zone. The opposite line shifts result from a net drift of
C2+ ions towards the outer target plates and correspond to a toroidal drift velocity
of about 1.1-104 my/s [4]. With an ion temperature of 6 eV as obtained from the
width of the spectra, a Mach number of 0.4 - 0.5 can be derived for the CIII
emission region which is in agreement with B2-EIRENE model calculations [5].

3. Transport

Confinement is an essential issue for ITER which will probably require the
improved confinement of the H-mode. Therefore, in AUG, L and H-mode
confinement properties were compared, in particular under conditions relevant for
ITER.

3.1. Global Confinement Characteristics

For ion VB drift towards the X point and medium deuterium density the H-mode
power threshold is low. Under such operational conditions, the H-mode exhibits
higher confinement than the L mode by an enhancement factor fiy = 1.6 - 2 [6].
However, under conditions of high threshold (hydrogen instead of deuterium, ion
VB drift away from X point) the L-mode confinement gradually improves with
power and approaches that of the H-mode, leading to a vanishing hysteresis in the
L-H, H-L transition [3].

Whereas the L-mode confinement is only weakly influenced by increasing edge
density or neutral density in the divertor, the H-mode confinement is significantly
deteriorated in high density discharges (cf. chapt. 6.2).

Puffing of impurities for radiative cooling (cf. chapt. 7.2] in such high density
discharges leads to less degradation of confinement, because moderate peaking of
the electron density profile compensates for this effect [6].

3.2. Transport Investigations by Heat Waves

We have investigated the electron heat conductivity . using both sawtooth (x3T)
and ECRH modulation (xfCRH) heat pulse propagation (Pgcpg < 400 kW) in ohmic
and L-mode discharges. Results for ¥, from such perturbative experiments in
comparison with values obtained from power balance (% ) considerations are
summarised in fig. 4 [6]. The analysis of sawteeth yields 1 < x3T /%™ < 6 and no
correlation between x5’ and %' is found. However, in the case of ECRH
modulation, xF™®® is at most two times larger than ®, which is in agreement with
the assumption yx, *(VT,)" (a < 1) [7]. Therefore, we conclude that the results
from the ECRH modulation represent the steady-state transport, whereas the
sawtooth analysis in general does not, because the perturbation in the latter case is
too high [6].

3.3. Scaling of 'Dimensionally Similar' Discharges

The scaling of confinement with the normalised gyroradius p* has been examined
with 'dimensionally similar’ discharges by varying just p* while leaving all other
dimensionless parameters (safety factor q, collisionality v* and normalised
pressure BN) unchanged. Such an approach has the advantage that the transport
behaviour of future devices like ITER with similar q, v*, BN values can be derived
from existing data, if the scaling with a single parameter p* is known.

In a series of 'dimensionally similar' L-mode discharges a Bohm like scaling of the
confinement has been observed [6].
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The confinement variation in a similar H-mode scan with v;;* = 0.1 which yielded
gyro-Bohm like scaling confirms results from JET and DIII-D which were found
for an even more collisionless regime (v,;,* = 0.01). Thus the Ansatz of a simple
power law in p* for the thermal diffusivity was justified in a wide range of
collisionality.
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Fig. 4: Thermal conductivity derived Fig. 5: Time traces of Dg, BN and the

from modulation experiments vs. normalised confinement time 1g for a
corresponding ones from power stationary ELMy H-mode discharge
balance considerations for Ohmic (Phear =75 MW, g =3, Ip=1 MA, Br
and L-mode discharges. All x* = 2 T) near the ITER operation point
values above 2 m? /(s are from- (cf. chapt. 4).

hydrogen discharges (cf. text).
4. B-Limit

The operational space of tokamak devices is limited in the safety factor g, the
density ne (cf. chapt. 6) and the plasma pressure § by the occurrence of MHD
activity. Here we discuss the MHD characteristics of these limits. The need for high
B operation in ITER has triggered a series of B-limit experiments on AUG in
ITER-similar geometry. In the following we use BN which is normalised according
to the Troyon scaling [8] and the q value at the 95% flux surface.

The maximum achievable BI** in a discharge as a function of q was determined
and a maximum of B> = 3 around q =~ 3 was found. Ideal MHD stability theory
predicts a higher limit (B{f™ = 4), but low (m,n) tearing modes develop leading to
the lower value found in the experiment. Near the desired ITER operation point of
PN = 2.5 and g=3 discharges exhibited stationary behaviour over more than 30
confinement times. This is documented in fig. 5 for a 7.5 MW NBI heated ELMy
H-mode discharge where time traces of Do, BN and the normalised confinement
time 1g are presented. However, even for such cases of reduced By, the occurrence
of tearing modes leading to confinement deterioration cannot be ruled out
completely.

There is strong evidence that the observed tearing modes are of neo-classical
origin [33]. For q values lower than 3, f limit discharges terminate with a
disruption due to locking of the neoclassical modes, whereas for higher q values
these modes do not lock and generally no disruption occurs. In the latter case,
tearing modes persist also after the f drop, but lead only to enhanced core
transport.
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5. H-Mode Operation Window in terms of Local Parameters

The H-mode with Edge Localised Modes (ELMs) is still regarded as the most
promising stationary regime of enhanced confinement for a future reactor-size
fusion device. The H-mode operation space is usually characterised by global
plasma parameters [3]. However, both theory [9] and experiment suggest that H-
mode behaviour is connected to edge rather than to global parameters. Therefore,
we have correlated the L-H transition with local measurements of T, (ECE
radiometer, Thomson scattering) and n. (Li-Beam, DCN interferometer). These
measurements (Tb, ng) are taken in the barrier region about 2 cm inside the
separatrix where the physics of closed field lines dominates over SOL physics. We
find for Tg at the L-H and H-L transitions a general trend towards a slight
decrease at increasing n.. Furthermore, only a weak variation of T, at the L-H
and H-L transition occurs, suggesting that the hysteresis in Pyq is not a
collisionality effect, but mainly due to a change in confinement [10].

Fig. 6 shows forbidden (shaded) areas as well as various stable operational regimes
ina T, n. diagram. One can distinguish between regions of L-mode, instationary
ELM-free H-mod% ang EILMy H-mode with two different ELM types. Type-I
ELMs occur at Tg - n, = const. = Pe edge Which indicates, assuming a roughly
constant radial decay length, a limit to the pressure gradient as is in accordance
with the ideal ballooning limit [3]. In addition the L-H transition as well as the
boundary of the Type-III ELM regime are indicated by the dashed lines. Type-II
ELMs mainly occur below a certain critical temperature suggesting that resistivity
plays a decisive role for their understanding. Both ELM types are observed in the
same density range. Type-I and Type-III ELMs are also distinguished by the
heating power dependence of their repetition frequency as well as by clear
- differences in the magnetic precursors [3]. The latter have been found for the first
time for Type-I ELMs at very low frequencies (below 10 kHz).
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Fig. 6: Regions of stable and unstable discharge behaviour for L and H-mode
confinement in a Teb » N, - plane (cf. text).
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6. Density Limit

The line-averaged density corresponding to the density limit (DL) which is
normally disruptive in tokamaks is empirically described by the 'Greenwald' limit
(GL) [11], which depends on elongation and plasma current density and is
insensitive to heating power. Future fusion devices like ITER envisage operation at
densities beyond the DL when this scaling law is assumed for extrapolation.
Raising the density in H-mode discharges leads to an H-L transition prior to the
standard L-Mode DL. The validity of the present scaling law for the H-mode
threshold using global parameters is not proven in the high density regime. In
addition to global parameters also local ones of the plasma boundary have to be
taken into consideration.

Therefore, AUG has investigated also in terms of edge parameters the ITER-
relevant high power, high density regime in order to establish a more secure basis
for extrapolation to ITER.

6.1. The Disruptive Density Limit in the L-Mode

In order to investigate the power dependence of the DL in L-mode, it was
necessary to prevent a transition to H-mode. This can be achieved by increasing
the H-mode power threshold by using hydrogen instead of deuterium or more
advanced by carefully raising both density and heating power simultaneously in
appropriate steps [11]. In contradiction to the GL, we found in clean (no
additional impurity puffing) discharges a moderate but distinct increase of . (DL)
with rising heating power Preat as one would expect assuming Marfes to be the
cause for the DL. For hydrogen discharges with Ti.(DL) o< Ppes9-3 a slightly
stronger dependence as for deuterium discharges with Phea0-23 [117 is found. In
addition the GL has been slightly surpassed with deuterium and clearly overcome
by a factor of 1.4 with hydrogen. This difference is probably due to cleaner
discharges and therefore smaller Zqsf values in the case of hydrogen compared to
deuterium. Considering edge parameters the dependence between density
neS¢P(DL) and the power crossing the separatrix, Pgep, is considerably more
pronounced with neSP(DL) o Pgep06 [11].

The DL in highly radiating impurity dominated L-mode discharges (fiaq =
P:rad/Pheat > 90%, averaged Z.gs < 4) seems to be independent of Pheyy, although the
same detachment and Marfe sequence as in the clean hydrogen/deutrium case is
observed [12]. Increasing Ppeqt in such ‘dirty’ discharges leads obviously only to a
higher radiation level, but cannot be translated into increased density. In such
highly radiating AUG discharges Z.g might be artificially connected to Ppeat by
the applied feedback control of fy;q (cf. chapt. 7.2). Thus, higher Ppeyt causes
higher Z.¢¢ leading to a power insensitivity of the DL, which occurs normally at
densities of 60% to 80% of the GL.

6.2. Upper Density for H-Mode Operation

The maximum achievable density in H-mode discharges is limited by an H-L
transition. The line in fig. 6 corresponding to both the L-H and the H-I. ransition
(note, no hysteresis in this picture) terminates at a maximal density value. Anempts
to overcome this value by strong gas puff accompanied with high NBI heating
power did not succeed. [13, 11]. A considerable degradation in H-Mode
confinement with increasing edge density has to be assumed to explain this
behaviour. Because of this unfavourable change in H-mode confinement
properties, the achievement of the necessary edge temperatures at reasonable



TAEA-CN-64/01-5 87

heating powers in the high density regime of gas fuelled discharges seems to be
almost impossible. This effect is also found in global confinement where T in the
H-mode decreases with increasing edge density [14]. The fundamental reason for
this degradation is still unclear.

6.3. Pellet Fuelled Discharges

Approaching in a gas-puff fuelled H-mode discharge the H-L transition by
increasing the neutral density causes higher edge density but increases the central
one only weakly. Particle refuelling by pure gas puff has touched hard limits in
the operational space at least when H-mode confinement is aspired (cf. chapt. 6.2).
Therefore, higher densities might only be possible by introducing an additional
particle source inside the plasma.

Combining repetitive pellet injection with moderate gas puff fuelling permits the
achievement of stationary phases of high density exceeding the GL. In a first
attempt densities twice the GL have been reached transiently in non-stationary
discharges, which suffered from excessive plasma cooling caused by the pellets. As
a special tool to maintain long lasting high density phases we applied a control
algorithm using a bremsstrahlung signal as a measure of the line averaged density
to inhibit the injection of pellets when a pre-programmed n, is reached. In this way
stationary phases with line averaged densities of up to 1.5 GL in ELMy H-mode
discharges have been achieved.

In Type-I ELMy H-mode discharges each pellet triggers an ELM which expels a
part of the injected fuel [12] and thus lowers the fuelling efficiency in addition to
the well-known reduced efficiency at higher T,. All previous pellet fuelling
experiments on tokamaks have operated on the low field side (LFS) suffering from
outward drift effects which lead to unfavourable results at higher heating power.

In recent investigations on AUG high efficient fuelling of H-mode discharges by
pellets was demonstrated. This considerable improvement in fuelling efficiency by
a factor of 4 (cf. fig. 7) could be achieved by injecting pellets from the high field
side (HFS) [15]. Injection from the HFS takes advantage of drifts which help to
transport the deposited pellet material towards the plasma center.
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Fig. 7: Line averaged density for a discharge fuelled by identical pellets first from
the low field (LFS) and subsequent from the high field (HFS) side.

7. Plasma Edge and Divertor

7.1. H-Mode and Radiating Boundary

Radiative cooling of the plasma boundary by controlled injection of impurities
yields substantial reduction of the power flow to the target plates which is
indispensable for future reactors. The compatibility of such radiative discharges
with H-mode confinement, high heating power and divertor operation was for the
first time demonstrated on AUG [16, 14, 17].
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In these experiments the radiated power fraction was adjusted [18] by a feedback
loop controlling the puff rate of the seed impurity (mainly neon) to such a value
that the power flow across the separatrix was just above the H-L power threshold.
By these meansan H-mode with frequent small amplitude Type-1II ELMs
accompanied by complete divertor detachment (CDH-mode) can be achieved.
Thus, high heat loads of the target plates and intolerable Type-I ELMs are
avoided. A significant fraction of radiation in 8 CDH discharge emanates from an
edge region inside the separatrix, thus lowering the power flow across the
separatrix which has to be kept above the H-L threshold. Fig. 8 shows time traces
for the transition from H to CDH mode. Right after the onset of Ne puffing at
t=2.05 s, the CDH-mode is obtained, as indicated by the reduced peak target power
load of less than 1 MW. However, this reduction of the power flow to the target
plates is accompanied by a considerable increase of the central Zegr values. The
observed improvement in energy confinement is probably due to a peaking of the
electron density profile [17]. The peaking seems to be correlated to the central Zqgr
[20]. Fig. 9 compares NelO+ profiles measured by CXRS for CDH-mode
discharges with and without sawtooth activity. If sawteeth are lost, central impurity
peaking is always observed, while with sufficiently high sawtooth frequency, the
profiles remain flat. Only a slight increase in energy content and no improvement
of radiative characteristics due to sawtooth suppression was found. In particular
with respect to dilution sawtooth suppression should be avoided.

In contrast to the standard H-mode no power threshold hysteresis is found in
CDH-phases. When the power flow to the edge drops below the H-L transition
threshold, the CDH mode converts to a radiative L-mode with still improved
confinement compared to ITER-89P L-mode scaling. At high radiation level
(Prad/Ptot 2 0.8) L and H-modes tend to converge with respect to confinement,
although they can still be distinguished by the Type-III ELM signature [17].

The quality of a radiating diverted discharge can be characterised by two
parameters P, = AP;yq / AZ¢ describing the achieved radiated power per central
Z.5t increase and by the fraction fin of main chamber radiation emitted from inside
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the separatrix [14]. High values for P, and low values for fI? are aspired. The first
can be achieved by increasing the edge electron density n., since APy4 scales with
Abef and with the square of nb [19, 21]. On the other hand, fin depends mainly
on the choice of the seed impunty and decreases with lower Z, With respect to
dilution, however, higher Z values are favoured.

The CDH-mode certainly fulfils the requirement of an operational mode for ITER
as far as the power load to the target plates is concerned. However, extrapolation to
a ITER size device seems difficult because the H-mode threshold scaling (cf.
chapt. 6) is still uncertain.

In addition, the increase of central Z.gr in CDH phases is a major concern.
However, if appropriate scaling based on data from various machines is used for
the extrapolation to ITER, no huge improvement over current experimental results
seems necessary to meet the goal of the required low Zggs for ITER [21].

7.2. Pumping of Noble Gases

Exhaust of impurities is not only a technical matter of pumping, but also depends
strongly on transport in the scrape-off layer (SOL) and on the divertor retention,
These quantities determine the impurity density at the pump duct. Investigations
on AUG have shown for Ne [14] and for He [22] that the compression (ratio of
divertor and midplane edge neutral density of the respective impurity) increases
strongly with the divertor neutral gas flux density. This effect has been shown to
be independent of external gas fluxes and determined exclusively by the neutral
gas flux density in the divertor [23]. 2D-modelling of impurity transport in the
SOL using B2-Eirene has verified this scenario and has reproduced the
experimental observations, namely the increasing compression with increasing
divertor neutral density. In addition it has been shown that the Ne compression is
larger than the He compression (due to the larger ionisation mean free path of He
with respect to Ne) [5].

Converting the compression values into enrichment factors (He-compression
normalised to deuterium compression) yields values above 0.3 for the H-mode and
CDH-mode regime, which is sufficient for He exhaust in ITER. A different way of
looking at He exhaust is the normalised confinement ume p* = 1"He / g Which is
often used in 1D burn criteria [24]. Figure 10 shows p* as a function of the neutral
gas flux density in the divertor chamber (measured with an ionisation gauge).
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Again one can see that for H-mode and CDH-mode plasmas (neutral gas flux
density > 1020 m2 §5-1), p* is below 10, i.e. it is sufficiently low to allow a
continuously burning plasma.

7.3. Volume Recombination

Recently, spectroscopic measurements in the divertor region were performed using
lines-of-sight parallel and close to the outer target plate. By this means, we
investigated the temporal evolution of the Balmer series during NBI-heated
discharges with rising densities approaching the density limit. In such discharges
the intensity of continuum and line radiation due to proton-electron
recombination processes increased dramatically (cf. fig. 11, where spectra for two
densities are compared) at the onset of detachment, indicating that volume
recombination contributes significantly to the neutralisation of incoming protons
in front of the target plates. In addition a sensitive method for determining T, in
the Te-region < 5 eV has been developed by evaluating these spectroscopic
measurements [25]. In a distance 1 - 5 cm above the target plate in the outer
divertor T, values between 0.8 - 1.4 eV were found in the highest density phases.

8. Tungsten Divertor Target Plates

So far no definitive material has been chosen for divertor plates and for the first
wall in a future fusion reactor [26]. Under high density and low temperature
divertor conditions, which are necessary for power handling in general, high Z-
materials like tungsten have the advantage of low sputtering yields and high
probability of 'prompt’ redeposition of the sputtered atoms [27]. Therefore,
tungsten coated tiles, manufactured by plasma spray on graphite, were mounted in
the divertor of AUG [28]. Almost 90% of the plasma-facing surface in the strike
zone was covered by this tungsten layer. More than 600 discharges with the
tungsten divertor have been performed covering the full operational range of AUG
(cf. chapt. 1).

Because of the high radiation losses expected from high-Z atoms penetrating the
central plasma, the erosion and the transport behaviour of sputtered atoms from
the plasma boundary to the core region is very critical and has to be investigated in
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detail in order to prove the suitability of high-Z materials for future application in
a fusion device. The effect of prompt redeposition is clearly observed and leads to
a reduction of the effective erosion rate in comparison to results from jon-beam
measurements {(cf. fig. 12). Thus the unwanted flux of sputtered atoms towards the
plasma is further reduced in particular for low T, [29].

In most cases, under normal discharge conditions the volume-averaged
concentration of tungsten (relatlve to electron density) in the main plasma was
close to, or even lower than, 107 (cf. fig. 13). Because of these low concentrations
found in most discharges no influence of tungsten on the plasma parameters and
the discharge performance was detected. Only in a few low power discharges did
accumulation of tungsten occur, which could be explained by trapping of tungsten
in a central snake-type m=1 mode [30].

Spectroscopic observation of tungsten both in the main plasma and in the divertor
did not reveal a strong correlation between tungsten influx from the target plates
and the tungsten content in the central region. The maximum concentration did
not increase with rising heating power (cf. fig. 13) concluded from preliminary
evaluation of spectroscopic data. A more detailed evaluation of various diagnostic
measurements promising a comprehensive picture of erosion and transport of
tungsten can be expected in the near future.

9. Disruption Physics and Mitigation

In vertically elongated AUG plasmas disruptions are closely linked with vertical
displacement events (VDE) which induce large poloidal halo currents (Iyy) and
large forces on mechanical structures. Measurements at 6 toroidal positions
showed that the maximal Iy values can reach up to 50% of the pre-disruption
plasma current (Ip). The toroidal distribution of Iy indicatesann=1 structure with
an averaged peaking factor of 1.6 + 0.5 with respect to the toroidal average. No
correlation of this peaking factor with the normalised halo current Iy /Ip was
found [8]. For discharges with similar plasma shape and similar vertical shifts, Iy is
proportional to Ip/ qogs.
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The resulting forces on the vessel and the PSL during the disruption (cf. chapt. 1)
are reduced both by the interaction of the eddies with the external poloidal field
and by the inertial damping of the vessel and reach maxima which are
proportional to Iy - By.

Deposition of the plasma energy on the target plates during disruptions is also a
major concern. In clean discharges we observe that up to 100% of the plasma
thermal energy and up to 30% of the total (thermal and magnetic) energy is
deposited onto the divertor plates during the thermal and current quench
respectively. Strong neon puffing reduces these numbers by a factor of two [8].
The extrapolation of our observations to ITER concerning forces and heat loads
leads to the conclusion that safety setups will be indispensable. A significant
mitigation can be achieved in AUG by injection of neon pellets (2-10%0 atoms,
v=560 m/s) penetrating to the plasma core. Such 'killerpellets' cool the plasma in
less than 1 ms and trigger a fast current quench. Fig. 14 compares ohmic density
limit disruption with a pellet-induced one. After injection of the pellet the energy
flux to the divertor is fully suppressed in the thermal quench and even in the
following current quench the heat load is significantly reduced as well as the Halo
force. In addition the maximal vertical forces on the vessel reach just 50% of the
values in the comparable flat-top disruption [31].

10. Outlook

From the experimental experience gained on AUG so far, high radiation, high
density, cold divertor operation in combination with high confinement conditions
is always connected to only moderate radiation levels in the SOL and divertor. As
long as this behaviour cannot be altered by improved divertor concepts, necessary
reduced target power loads can only be achieved in such scenarios if the H-mode
threshold is low. In addition better compression of impurities in the divertor is
required to enhance divertor radiation levels and at the same time decrease the
impurity concentration in the main plasma. The final conclusion from all this
observations suggests the design of a more closed divertor exhibiting improved
retention of all neutral particles.

Fig. 15: Poloidal cross section of the Fig. 16: Poloidal cross section of the
present Divertor I. Juture Divertor II LYRA.

In addition, the energy flux density on the AUG target plates has already reached
values close to the handling capabilities of the present Divertor I (cf. fig. 15) and
measures have to be taken because a second NBI-system (Ppeq=10 MW) will be
installed in the near future.
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Therefore, because of these physics and technical reasons, a new divertor design
(Divertor II) based on extensive model calculations for the AUG and ITER
divertor has been developed [32]. Divertor II consists of two basic structures for
the heat load carrying target plates, constructed in modular form in order to allow
within a short time the change of various elements and thus the divertor geometry.
The first Divertor II campaign will start with inward directed, inclined target plates
(LYRA/, cf. fig. 16). A specific effect of these plates is that recycling neuntrals shall
be directed towards the region of highest energy flux leading to the desired
increased retention.

Experiments with this 'LYRA' divertor design will start in spring 1997, Testing
experiments with two different GAS BAG divertor geometries are envisaged as the
following step.
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DISCUSSION

S.1. ITOH: You reported that Type I ELMs are dangerous and Type III ELMs are
tolerable. Could you explain the reasons for this and give us some prospects for future
machines.

M. KAUFMANN: Type I ELMs normally lead to a very high power load to the
target plates, connected with a high divertor plasma temperature. In addition, they
produce recycling and erosion in a wide region outside the SOL.

In addition to further work on the characterization of the different ELM types,
the limitation of the loads by ELLMs will be a focal point of our work.

F. ENGELMANN: Do you see runaway electron generation during disruptions
with or without killer pellets in ASDEX-Upgrade?

M. KAUFMANN: In neither case do we see runaways.

O. GRUBER: May I add that not only did we have no indication of runaway
electrons during disruptions, whether during ‘normal’ disruptions or with killer
pellets, but other divertor experiments did not see runaways during the current quench
phase either, where you would expect problems for ITER in view of theoretical con-
siderations. Only during the thermal quench have divertor plasmas shown a small
runaway population.

Y.-K.M. PENG: Could you comment on the heat flux (and duration) experi-
enced by the tungsten coated divertor plate in recent ASDEX-Upgrade experiments.

M. KAUFMANN: The tungsten coating of the graphite target plates had a
design limit of 7.5 MW/m? for 1 s. The maximum value experimentally deposited was
6 MW/m? for typically 2 s, and we had a temporary maximum value of 15 MW/m?
during Type I ELMs. One should keep in mind that the technical design in ASDEX-
Upgrade must be considered as the final technical solution.
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Abstract

DIH-D TOKAMAK CONCEPT IMPROVEMENT RESEARCH.

Recent results in tokamak performance optimization and understanding through shape and plasma
profile control have brought DII-D closer to its goal of advanced tokamak (AT) demonstration
(H = 7¢/7imEReop UP t0 4, and By = B¢/(I/aB) up to 6, simultaneously in steady-state). A high perfor-
mance regime characterized by negative central magnetic shear has resulted in a high 8yH product of
up to 18, and Qg equivalens = 0.32. Strong plasma shaping coupled with the control of current and pres-
sure profiles is responsible for the improvement in MHD stability, and stabilization of microturbulence
by sheared ExB flow plays a dominant role in the reduction of transport. Density control and helium
exhaust are demonstrated with divertor pumping, and reduction of heat flow to the divertor by an order
of magnitude through radiative cooling suggests an effective heat exhaust scheme compatible with AT
operation. Active current profile control using a combination of a neutral beam system, bootstrap cur-
rent and a fast wave system has been initiated. Achievement of long-pulse AT operation is the future
focus of the DII-D Program.

1. INTRODUCTION

The objective of tokamak concept improvement research is to identify a cost effec-
tive and shorter time scale path for the development of the tokamak as a fusion power
plant. For a more economical and environmentally attractive fusion power plant, the
requirements are: high fusion power density (high B), high ignition margin (high 1),
continuous operation with low recirculating power (high bootstrap fraction) and ade-
quate heat removal and impurity and particle control. The developmental path can be
significantly shortened if improvements in the four areas can be separately or simul-
taneously demonstrated in existing tokamak facilities, concomitant with development
of good scientific understanding and predictive capability. The DIII-D tokamak
(Fig. 1) with its unique flexibility to assess a wide range of configurations and operat-
ing regimes is well suited for exploring AT operation through active control of the
plasma shape and plasma profiles. It also has available a 20 MW neutral beam (NB)
system, a 6 MW fast wave (FW) system and a 1 MW electron cyclotron heating (ECH)
system (up to 3 MW of ECH in the near future) for extending the duration of the high
performance regimes to demonstrate steady-state relevance. Its divertor provides the
pumping capability for particle control and heat exhaust. Additionally, a compre-
hensive set of spatially and temporally resolved diagnostics provides detailed mea-
surements essential for developing the scientific understanding.

* Work supported by the US Department of Energy under contracts DE-AC03-89ER51114, DE-
AC05-960R22464, DE-AC04-94AL85000 and W-7405-ENG-48, and grants DE-FG03-86ER53266
and DE-FG03-95ER54294.

! See Appendix.
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In this paper, we report progress in the past two years on the optimization and
understanding of these four key areas of research in the DIII-D tokamak and the effort
in integrating the progress into a self-consistent advanced tokamak scenario relevant to
a fusion power plant.

2. ADVANCED TOKAMAK OPERATION IN DIII-D

Recently a high performance mode involving a negative central magnetic shear
(NCS) configuration in DIII-D has demonstrated attractive stability, confinement and
bootstrap alignment properties which are desirable for a compact ignition machine.
The NCS regime is a modification of the internal magnetic structure which is
theoretically predicted to improve performance. Both a reduction and an increase in
magnetic shear from that obtained in a standard ohmically driven discharge are
predicted to be favorable {1], and this leads to the development of two AT operational
regimes: NCS and high internal inductance (¢;). For the past two years, DIII-D has
concentrated mostly on the NCS path to high performance.
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NCS discharges are characterized by a non-monotonic safety factor (q) profile and
the existence of internal transport barriers supporting steep gradients in Tj and Vg, as
shown in Fig. 2. Steep gradients in Te and ne are also observed in some cases.
L-mode and H-mode NCS discharges with inside limiter, single-null divertor (SND),
and double-null divertor (DND) configurations have been produced in DIII-D.
Figure 3 summarizes the highest performance NCS discharge [2] which is a high
triangularity DND configuration; achieved parameters are By =4.0 Br=6.7% at Br =
2.1T,H 2 40,W =4.2 MJ and 1 = 0. 4s. This discharge reached a new DIII-D record
in fusion neutron yield of Qpp = 1.5 x 10-3, corresponding to QeqT = 0.32.
Compared with the previous highest Qpp discharge (which is a hot ion VH-mode), the
increase in neutron yield can be attributed to a larger volume of enhanced confinement.

2.1. High Beta Regimes

The NCS approach aims to access the second stable regime to ballooning mode in
the plasma core using current profile control. The first NCS discharge on DIII-D was
produced by rapid shape elongation with high power NB heating [3]. B (0) of
44%was achieved demonstrating access to a second stable core. More recent NCS dis-
charges are produced using NB injection into a low density target plasma during the
early current ramp-up phase (Fig. 4). The beam heating raises the plasma temperature
rapidly which lengthens the current diffusion time. As a result, the hollow current pro-
file even though not in steady-state remains hollow for a longer duration [4]. This
allows study of stability and transport properties in the absence of a steady-state profile
control tool. Early beam injection in concert with rapid current ramp-up has become
the method of choice for many tokamaks including DIII-D, JET, JT60-U, Tore Supra,
and TFTR [5] to produce and study negative magnetic shear configurations.
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FIG. 4. Time traces showing (a) NCS formation by early NBI during I, ramp; (b) temporal behavior
of By and Te/Trrersop

In DIII-D, NCS plasma core can exist in combination with different edge condi-
tions including L-, H- and VH-mode with different pressure profiles. The 3 limit due
to kink modes critically depends on the plasma shape and pressure profile. The highest
By achieved (B ~ 5) is in a bigh triangularity (8) NCS H-mode with a relatively broad
pressure profile [6]. The higher [y limit with strong shaping is qualitatively consistent
with ideal MHD theory. However, theoretical studies using optimized profiles predict
further improvement in By may be possible [7]. The high B phase is sustained for only
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a short duration and is terminated by either a soft collapse or a slow decay to lower 8
values (Fig. 4). The soft collapse, which results in a drop in 8 but does not terminate
the discharge, is usually accompanied by enhanced MHD activities with toroidal mode
number n =2 to 5. The edge motional Stark effect (MSE) diagnostic supports the pic-
ture that as the plasma evolves to higher f3, the edge builds up a significant bootstrap
current and pressure gradient. The discharge becomes susceptible to edge kink mode
instability, similar to what has been observed for VH-mode [8]. We believe the edge
kink modes are responsible for the loss in stored energy during the collapse. We also
found evidence that the vessel wall together with plasma rotation is effective in
stabilizing the external modes until the edge current and pressure become too large at
high B [9]. The slow B decay appears well correlated to the slowly decreasing g-profile
in the absence of steady-state current profile control and the onset of MHD activities
associated with lower order mode rational surfaces. Theory also predicts the edge kink
mode to become more global in character with existence of low mode rational surfaces
and can eventually cause the discharge to terminate. Stabilization of the external kink
mode and sustainment of the optimum q profile and pressure profile are key factors for
increasing By further and extending the high 3 phase of the NCS H-mode.

NCS plasmas with an L-mode edge exhibit very different behavior. They are
characterized by highly peaked pressure profiles: p(0)/{p) ~ 5. While these very peaked
pressure profiles contribute to enhanced fusion power production, they often lead to
discharge termination with a hard disruption when By reaches values of 2.0 to 2.5 [10].
The disruption is preceded by a fast growing rotating n = 1 magnetic precursor with a
growth time between the resistive and ideal MHD growth time. The B value at which
these discharges terminate is below that predicted by ideal n =1 mode theory. The
strong core pressure gradient and large negative magnetic shear result in a condition
which violates the resistive interchange stability criterion. Analysis shows that these
DIII-D discharges are unstable to localized resistive interchange modes [11]. In Fig. 5,
the stability limit against the n = 1 resistive interchange mode is shown in terms of By
and p(0)/{(p). Also shown is the localized structure of this mode. Later in time, a
double tearing mode is also found to be unstable. While not yet proven, we suspect
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FIG. 6. Evolution of By and density profile with transition from L- to H-mode edge for NCS.
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that the resistive interchange coupled with the double tearing instability, which has a
global mode structure, is the cause for the hard disruption. The NCS L-mode appears
to behave similarly to the enhanced reverse shear (ERS) mode observed in TFTR,
although the termination of ERS has been attributed to internal kink modes [12].

A way of combining the favorable feature of enhanced fusion yield in an NCS
L-mode with the higher B limit of NCS H-mode was successfully implemented in
DIII-D. This is illustrated in Fig. 6. An NCS L-mode is produced initially and its B
and core pressure are allowed to increase with further heating up to the point when the
B limit is approached. Plasma shape control is then deployed to induce a transition to
H-mode. The density profile flattens quickly resulting in a broadened pressure profile
which in turn raises the B limit. This technique allows a steeper core pressure profile
than standard H-mode and a higher  than NCS L-mode. Since the fusion production
rate depends on optimizing both, this path leads to the highest neutron rate on DIII-D
to date Qf)‘?T:osz) [13].

Transition from L-mode to H-mode is effective in producing a broad pressure
profile but does not control the density rise associated with ELM-free H-mode. The
density rise reduces core NB heat deposition and current drive efficiency. To gain
control of both the density and density profile, an upper divertor pump and baffle are
being added to DIII-D for pumping high 3 plasma shapes.

2.2. High Confinement Regimes

Transport improvements in plasmas with negative magnetic shear have been seen
in many tokamaks: DIII-D, JET, JT60-U, TFTR, and Tore Supra. The improvements
are qualitatively similar. Reduction in y; and D to neoclassical levels in the plasma
core has been observed in DIII-D, JET, JT60-U, and TFTR [5]. Significant . reduc-
tion has been seen in JT60-U with NBI, and both JT60-U and Tore Supra [14] have ob-
served 7, reduction using lower hybrid radiofrequency waves for direct electron heat-
ing. In DIII-D, when electron heating by FWCD is applied to NCS discharges, reduc-
tion in %, is also directly observed [15]. Combining NCS with improved edge con-
finement, DIII-D has successfully demonstrated for the first time transport reduction
and turbulence suppression across the entire plasma (Fig. 7). A unifying explanation of
the transport improvements in all channels and across the entire plasma is strongly
hinted by data from the Charge Exchange Recombination (CER) diagnostic in DIII-D
{6,16]. Figure 8 shows strong temporal and spatial correlations between the increase in
ExB shear damping calculated using CER data with the transport reduction in regions
where the flow shear dominates over microinstability growth rate. This is further sup-
ported by physics-based modeling of experiments which includes the effects of ExB
shear and magnetic shear stabilization [17]. It is found that the ExB shear damping rate
(wExB) can become so large as to shut off transport from low-k ion temperature gradi-
ent modes (ITG) in all channels allowing only neoclassical transport over a large core
plasma. A residual electron heat transport caused by high-k 1, modes may still exist.
Their larger growth rates prevent 1, modes from being stabilized by the ExB shear,
although the magnitude of their transport is usually quite small. Additionally, Beam
Emission Spectroscopy, which measures electrostatic fluctuations in the core, shows
local suppression of plasma turbulence. In discharges where the transport is reduced
across the entire plasma, far infrared scattering, which measures fluctuations across the
entire plasma, shows a clear suppression of turbulence across the plasma [18]. An in-
out asymmetry in the turbulence is sometimes observed consistent with the ExB flow
shear explanation of core transport reduction in NCS discharges.
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What is the role of negative magnetic shear? In DIII-D, we have produced dis-
charges with NCS but no transport improvement. Likewise, TFTR has enhanced re-
verse shear (ERS) and reverse shear (RS) discharges with the same g-profile but differ-
ent confinement [12]. Kinetic stability analysis [17,19] of DIII-D discharges confirms
that the stabilization effect on the ITG modes by negative magnetic shear alone is not
sufficient to explain the core transport barrier formation i.e., the region of improved
confinement is broader than the region where ITG modes are stabilized by magnetic
shear. There is clearly some correlation between NCS and the internal transport bar-
rier. When it forms, the foot of the transport barrier is at or slightly outside the mini-
mum in safety factor qmin. Comparing NCS with hot ion mode, the internal density
transport barrier appears to form more readily. When counter-FWCD is used to en-
hance the NCS, the internal transport barrier was more readily established [15].

Analysis has confirmed the NCS region to be in the second stable regime to ballooning
modes. This together with q,,;;, > 2 would allow the core to be free of MHD activities
and the development of a much steeper pressure gradient. The high central q value
also contributes to enhancing the ExB shear suppression rate. The conclusion we can
draw from all the evidence is that magnetic and ExB shear work together in enhancing
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confinement in NCS plasmas. Magnetic shear and Shafranov shift (local shear) act to
lower the growth rate while ExB shear suppresses the residual microturbulence.

Understanding what determines the input power threshold for transport barrier
formation is important for projection to future tokamaks. Theory has suggested that the
threshold is given by the balance between the microinstability growth rate and the ExB
shear damping rate, and the internal transport barrier should first form in the plasma
core where the magnetic shear stabilization has the biggest impact [20]. This is
corroborated by DIII-D measurements which show the core transport barrier first
formed in the interior and expanded with increased beam power and contracted with
decreased power [18]. The threshold power varies over a wide range in present exper-
iments. DIII-D requires only a few MW to produce the transition to high confinement
with internal transport barriers while other tokamaks such as TFTR and JT60-U typi-
cally require much higher power. This could perhaps be explained by two possible
reasons. The first may be related to the different- mechanisms which drive the ExB
shear flow. The ExB shear damping rate in toroidal geometry is given by

©Opyp =(BR/B)d(E./RBg)/dr ,  1/(RBy)d/dr=djay , W
and assuming neoclassical ion poloidal velocity,
E,[(RBy)=Vy /R+(1-K;)/(Zie)dT; Jd w+T, [(Z,en;)dn; fay @

Since K ~ 1 in the plasma core, only toroidal flow and density gradient contribute sig-
nificantly to producing the ExB flow. DIII-D with tangential NBI can induce turbu-
lence suppression effectively with toroidal flow shear from the toroidal momentum
input. This is absent for balanced beam injection in which case the flow is purely dia-
magnetic and the flow drive depends largely on the density gradient. High beam power
may thus be required to provide a steep density gradient to drive the flow. The second
speculation is that the turbulence growth rate and thus the threshold depends strongly
on shape in addition to magnetic shear. This is supported by the H-mode power
threshold observed in the DIII-D elongation-ramp experiment [21] and is also consis-
tent with a recent experiment to study bean and peapod configurations on DIII-D.
Preliminary results from this experiment indicate that these configurations produce
transitions to higher confinement modes readily at low input power. The power
threshold to enter an enhanced confinement regime is clearly a subject which needs
further study if these enhanced confinement modes are to be applied to next step
experiments.

3. ISSUES FACING ACCEPTANCE OF AT MODES FOR FUSION
POWER PLANTS

3.1. Long Pulse and Steady-State Operation

For an economically attractive fusion power plant, steady-state operation with min-
imized recirculating power is desirable. This requires operation with high bootstrap
current fraction. Combining this with the requirement for high power density, we are
led to explore AT modes with both high B and Bp. The quantities Bt and Bp are
related by
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Br *Bp= 25[(1+%2)/2|(By /100)2 , 3)

Simultaneous high B and Bp can only be achieved with high By and strongly shaped
plasmas. DIII-D has produced a variety of discharges including high #;, high Bp and
NCS modes, with both large By and Bp. The high performance phase of all DIII-D
discharges with )y values significantly above 3 lasted only for short durations, The
termination of the high By phase can be either a soft 8 collapse (or slow decay) with
the plasma settling back to a more modest $y value, or a hard disruption. To extend
the duration of the high performance phase, we have chosen a strategy to avoid the
modes with hard disruptions and focus on circumventing the soft 3 collapses. There is
strong evidence that the edge kink mode is a key factor in the § collapse for all high
performance discharges with H-mode edge. We believe the steep edge current density
and pressure gradient developed with the increased B, the presence of low q rational
surfaces and possibly the slowing down of plasma rotation due to loss of beam ions all
play a role in destabilizing the edge kink mode. Some progress has been made to
develop techniques to control these quantities, although no reliable technique exists for
mitigating the edge kink mode and extending the high performance phase duration.

We have explored controlling the edge plasma density of AT modes using the
divertor cryopump as a means to control the edge pressure gradient. The cryopump has
been shown to be effective in controlling the density and recyling rate for ELMing
H-mode plasmas. However, because of its present location, it is only effective for
pumping low triangularity (8), SND plasmas. Since our highest performance NCS
H-mode plasmas are high § DND, ELM-free H-mode plasmas, the present cryopump
is not ideal for this purpose. We were encouraged by recent success in producing high
performance NCS discharges on DIII-D in JET-shaped plasmas (SND with § ~ 0.3)
with simultaneously achieved values of By ~ 4 and H ~ 4. Low amplitude, high fre-
quency ELMs in SND NCS discharges at lower beam power and the cryopump were
effectively used to control the edge density and the edge pressure gradient. Key results
are depicted in Fig. 9. Approximately constant line-averaged density and values of B

o ooN
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FIG. 9. Long-pulse high performance NCS with ELMing H-mode edge.
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~3 and H ~ 2.5 were maintained simultaneously for 1.5 s. The ByH product is among
the highest achieved for H-mode lasting over several Tg. During this duration, no
significant MHD activities were observed indicating some beneficial effect from the
edge control. Higher By has not been attained because additional power tends to lead
to large amplitude ELMs which result in further confinement degradation. The lower &
also lowers the ideal B limit significantly. Since it is easier to produce small amplitude,
high frequency ELMs in high 8§ DND plasmas, which also have higher stability limits,
an upper pump and baffle for high & operation, presently being installed, should ease
both limitations.

DIII-D has produced a large number of long pulse discharges including H-mode
and high Bp mode and with various shapes including ITER-demonstration discharges.
These plasmas are maintained by a combination of NB, bootstrap, and radiofrequency
driven currents. Some of them have up to 80% bootstrap fraction. They typically have
monotonic g-profiles and are limited to By < 3 and H < 2. Analysis confirmed that
these plasmas are below the ideal B limit. However, attempts to increase B by increas-
ing beam power have resulted in enhanced MHD activities which limit the stored
energy and sometimes result in hard disruptions. There is strong indication that this
limitation is due to the destabilization of resistive tearing modes by neoclassical boot-
strap current [22]. The conditions favoring this are presence of seed islands (possibly
introduced by sawteeth and ELMs), positive magnetic shear and low ExB flow. A
scaling of the experimentally obtained critical § with collisionality appears consistent
with this theory [23]. Because of this result, one might question: even if we can
mitigate the edge kink mode for NCS H-mode, will the maximum f be limited by
neoclassical tearing mode for long durations? With NCS, absence of sawtooth (q > 1)
and strong ExB flow, theory would predict stability for NCS discharges. Whether this
holds true experimentally can only be answered when we have the off-axis ECRF
current drive tool to control the current density profile for long durations.

3.2. Particle Control and Heat Exhaust

We are working to develop methods of particle and heat exhaust compatible with
AT operation in the plasma core. In the “standard model” of divertor physics (i.e.,
classical parallel heat conduction, constant pressure along the field lines, coronal equi-
librium radiation rates, and constant impurity concentration in the core, scrape-off-
layer (SOL), and divertor) the amount of power that can be radiated in the divertor is
directly linked to the core Zeff and dilution. For example, in ITER for light impurities
when the core Zaff limit is reached, the standard model only allows 100 MW radiation
in the divertor. The remainder of the power exhaust must be made up by core plasma
radiation. While results from TEXTOR are promising on maintaining good core per-
formance with a nearly 100% radiative mantle [24], we are concentrating on ways to
increase divertor radiation while maintaining low core impurity levels and gas fueling
burdens using physics approaches outside the standard model: plasma detachment, 2-D
cross-field heat flow effects, non-coronal radiation enhancements, non-thermal distri-
bution effects, and divertor impurity enrichment [25].

We have employed a new divertor Thomson scattering system in conjunction with
radial X-point sweeping to make detailed 2-D documentation of divertor plasma
detachment, which lowers the divertor plasma temperature and the heat flux to the
divertor plates [26] (Fig. 10). In attached plasmas, irrespective of confinement mode or
heating mode, we find the total plasma pressure along the field lines in the SOL is con-
served to within a factor of two. With detachment produced by deuterium puffing, the
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FIG. 10. Divertor Thomson data showing T, and P, drop and plasma detachment with D, pumping.

pressure drops more than ten times along the separatrix to the divertor strike point
while remaining high further out in the SOL; we refer to this condition as a partially
detached divertor. We have also found that the electron temperature in the divertor
plasma is reduced into the range 1-3 eV, a range where volume recombination of the
plasma should be strong. Modeling with the UEDGE code has successfully matched
most key features of our divertor data in a detached plasma and shows that volume
recombination is a dominant process [27]. Volume recombination increases the radia-
tion from the divertor by producing the recombination power in the plasma rather than
in the divertor plate. We have been able to use partially detached plasmas to produce a
long (50 cm), radiating divertor leg with only a 2:1 variation of the emission along the
leg, exceeding the ITER requirement [26] (Fig. 11). The aim of the ITER divertor
solution is to reduce the peak heat flux at the divertor plate by spreading the heat flux
along the divertor channel, but ITER only requires a 6:1 uniform spreading.
Preliminary analysis indicates that the length of the radiating zone in Fig. 11 exceeds
substantially the predictions of the standard model, requiring investigation of the role
of non-coronal and convective effects. The core plasma confinement in the case of
Fig. 11 was progressively reduced to the L-mode level by the high neutral pressures
(reaching | mTorr) near the core plasma that resulted from the strong gas flow through
to the divertor pump and the inadequate divertor baffling in DIII-D. The full installa-
tion of the double null, triangular plasma, Radiative Divertor in DIII-D will provide the
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FIG. 11. Long radiating divertor leg demonstrating effective radiation exceeding ITER requirements.

baffling needed to allow simultaneous high performance core plasmas with low impu-
rity and neutral pressures with high plasma and neutral densities in the detached
divertor.

A divertor impurity enrichment (defined as the ratio of impurity concentration in
the divertor to the impurity concentration in the core plasma) greater than one can
enhance divertor radiation while maintaining limits on core Zgs and radiation. An
enrichment of three in ITER would enable essentially all the exhaust power to be radi-
ated in the divertor. Increased enrichment is expected from strong fuel ion flows that
drive impurity ions down the field lines overcoming the thermal gradient force that
pushes impurity ions up the field lines. In our so-called “puff and pump” experiments
in which fuel gas flows up to 150 T¢/s are admitted at the top of the machine and
exhausted through the divertor pump, we have documented carefully a modest enrich-
ment (1.4-2) [26,28] in the divertor pump plenum using neon impurity gas and
obtained preliminary indications of a much larger enrichment using argon impurity gas.

In most divertor tokamaks, attempts to raise the core plasma density above the
Greenwald limit have been frustrated by detachment of the divertor leading (under high
gas puffing) to a divertor MARFE which migrates into the core plasma. By lightly
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pumping the divertor and using pellet fueling instead of gas fueling, we have been able
to prevent the collapse of the divertor and so gain a view of the physical processes in
the plasma core that limit the density. We have obtained densities 1.5 times the
Greenwald density limit while maintaining energy confinement at 1.8 times ITER-89P
scaling [25]. Particle transport after pellets is largely independent of density relative to
the Greenwald limit. Core radiative collapses and tearing mode effects are seen.

Our divertor results have provided some strong support of key features of the ITER
divertor concept: detached plasmas, radiation distributed uniformly along the divertor
leg, and densities above the Greenwald limit. Promising lines of investigation to
increase divertor radiation while maintaining clean, high performance core plasmas are
being pursued.

3.3. Core Impurity Control in Enhanced Confinement Regimes

Associated with transport reduction is the potential build-up of impurities in the
plasma core which will have a deleterious effect on the tokamak performance. For AT
operation to be acceptable for fusion power plants, adequate control of impurity con-
taminants and helium “ash” has to be demonstrated. Experiments have been conducted
on DIII-D to characterize both global and local impurity transport characteristics under
a variety of conditions. Progress has been made in identifying AT operations in which
impurity contamination is simultaneously being minimized.

To address the issue of helium ash exhaust, previous experiments on DIII-D with
helium introduced via gas puffing at the plasma edge have shown that sufficient helium
exhaust can be achieved (‘l:‘I‘_l /‘t ~ 1252‘ simultaneously with good energy confinement in
an ELMing H-mode plasma T29?. ese results have been extended in more recent ex-
periments utilizing helium neutral beam injection as a central source of helium. This
central helium source coupled with simultaneous divertor exhaust using a divertor cry-
opump provide a better simulation of the central source of fusion produced alpha prod-
ucts. In these experiments, substantial helium exhaust is observed with 'c’;,e /’cE ~8.5.
The measured helium density profile is observed to remain essentially the same during
the He beam injection phase after a brief transient. This observation suggests that the
exhaust of helium in this case is limited by the effective exhaust efficiency of the
pumping configuration and not by helium transport within the plasma core.

In DIII-D, the carbon behavior in NCS discharges appears to be dependent on
whether the edge plasma exhibits an L-mode or H-mode character [30]. As illustrated
in Fig. 12, for NCS L-mode, both electron and carbon density are observed to increase
in the core while the edge carbon density remains nearly constant. Consequently, the
carbon concentration and Z¢ change little. In the ELM-free NCS H-mode case, the
carbon inventory increases linearly in time during the high confinement phase,
accumulating primarily in the plasma edge while the core remains relatively clean.
Finally, discharges in which NCS has been maintained simultaneously with ELMs
exhibit a clamping and subsequent decrease in carbon concentration once ELMs begin,
similar to what is observed in standard ELMing H-mode plasmas.

The DIII-D studies have identified the AT operating conditions most compatible
with effective impurity and helium “ash” exhaust as an ELMing H-mode edge with
divertor pumping. ELMs are also desirable for self-regulating the edge pressure gradi-
ent which is useful for mitigating the edge kink mode instability. At present, the high-
est performance AT modes are ELM-free discharges. A key focus for the DIII-D AT
Program in the future will be to produce enhanced performance NCS H-modes with
ELMing edge.
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FIG. 12. ELMing NCS H-mode showing a clamping and subsequent decrease in carbon impurities.

4. SUMMARY AND FUTURE DIRECTIONS

A significant achievement in tokamak concept improvement research on DIII-D
for the past two years is the development of a reproducible enhanced performance
mode which possesses simultaneously attractive stability, transport and bootstrap
alignment properties for a compact fusion power plant. This mode is achieved by pro-
ducing a NCS configuration under several shapes (8 = 0.8 DND and 0.3 SND), and
plasma edge conditions (L—, ELM-free H- and ELMing H-mode). The highest per-
formance in terms of fusion gain is achieved for a DND NCS H-mode plasma,
achieving a Qpp value of 0.0015. These experiments achieved record stored energy
for DIII-D, in excess of 4 MJ, increased the triple product to np(0)Ti(0)1g = 6.2 X
1020 keV s m=3 , and neutron rates up to 2.2 x 1016 s=1. The highest BH product =
20 with By value of 5 and H of 4, is achieved in a weakly negative magnetic shear
H-mode plasma. Numerical simulations using optimized pressure profiles indicate fur-
ther increase in By should be achievable. The transport reduction to the neoclassical
level and the formation of transport barriers from measurements of core fluctuation and
electric field are consistent with theoretical predictions of ExB shear flow suppression
of microturbulence.

The high performance phase has only been maintained for relatively short durations
(<0.5 s), and is terminated either by a soft B collapse or hard disruption depending on
the pressure profile peakedness. MHD instabilities responsible for the termination
have been qualitatively identified as edge kink modes and resistive interchange/double
tearing modes, respectively. To demonstrate the viability of AT modes for fusion
power plants, the existence of steady-state relevant operation has to be proven. To this
end, we need to ameliorate the soft B collapse by maintaining the optimized current and
pressure profile for enhanced stability and transport. We plan to achieve this by explor-
ing (a) a combination of radiofrequency current drive and well-aligned bootstrap cur-
rent for current profile control; (b) particle pumping in strongly shaped plasmas for
core and edge density control; and (c) the operation of NCS with ELMing H-mode
edge.
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FIG. 13. T, increases with 0.4 MW of electron cyclotron heating at 110 GHz.

Electron cyclotron current drive is the key for off-axis current profile control. With
a 3 MW ECH system operational in 1997, we plan to extend the pulse length of NCS
discharges significantly. Upgrading the system to 6 MW will allow full demonstration
of steady-state operation. We are encouraged by preliminary heating results with the
new 110 GHz 1 MW system as shown in Fig. 13. With 0.4 MW out of 1| MW coupled
to a low density plasma, Te of 10 keV has been achieved at n, = 5x1018 m—3. The
DIII-D tokamak is presently being vented to install a new divertor cryopump
compatible with high & AT operation This capability is essential to demonstrate a fully
integrated AT scenario. It will be used to explore edge pressure control in DND
plasmas including both density and ELM control, divertor detachment and heat exhaust
in strongly shaped configuration, and impurity contaminant control in enhanced con-
finement regimes.

Studies in DIII-D have shown that plasma detachment is effective in reducing the
heat flow to the divertor plate. A pressure drop of >10 times with T, at the plate
reduced to 1-3 eV has been achieved. Comparison with numerical modeling has pro-
vided insight of dominant atomic physics in low T, divertor plasma. We will continue
to explore the effectiveness of impurity enrichment for radiative divertors. The pro-
posed radiative divertor modification [31} which is now being scheduled for 1998 will
allow continuous evolution of the concept and undoubtedly will add to the performance
of the divertor.

In conclusion, the DIII-D tokamak concept improvement research has made signif-
icant strides in developing the scientific understanding and predictive capability of AT
operating regimes. This underlying understanding accomplished by detailed diagnostic
measurements will remain an important element of our research. Looking ahead, the
availability of off-axis ECCD and upper divertor pumping will allow the program to
proceed with the integrated demonstration of high performance, long-pulse operation
compatible with efficient heat exhaust and particle control.
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DISCUSSION

B. COPPI: You refer to the excitation of the resistive interchange mode, but this
is very weak, especially at high temperatures.! Have you verified the relevant stability
conditions and found them to be violated?

V.S. CHAN: Yes, we have done a detailed stability analysis for equilibria simi-
lar to the experimental conditions. We found the resistive interchange mode to be
unstable, driven by the peaked pressure profile and strong negative magnetic shear.
This result has been verified by several independent calculations.

F. WAGNER: You addressed the issue of impurity accumulation. Could you
describe in more detail the impurity transport characteristics (in terms of D and v;;)
for the plasma core region where y; << yhang-tinton

V.S. CHAN: We have not analysed the data from our impurity study in long
pulse NCS discharges. We do have results from an experiment in which helium is
injected into the core of an ELMing H mode using neutral beam injection. With diver-
tor pumping, we did not see a significant change in the impurity profile after an ini-
tial transient phase. The preliminary conclusion we draw is that the core impurity
transport is limited by the pumping efficiency rather than the core confinement.

! COPPI, B., ROSENBLUTH, M.N., in Plasma Physics and Controlled Nuclear Fusion Research
1965 (Proc. Int. Conf. Culham, 1965), Vol. 1, IAEA, Vienna (1966) 617.
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Abstract

OVERVIEW OF HELICAL SYSTEMS.

Recent experimental results, mainly from heliotron/torsatron devices and an advanced stellarator,
are reviewed. An international helical system database on the energy confinement time has been com-
piled; the confinement time scaling is similar to the tokamak L mode. Improved confinement regimes,
i.e. high T; mode, pellet mode, H mode and rehieat mode, have also been investigated. In L mode and
improved confinement regimes the energy confinement scaling has a favourable density dependence,
and the operating density limit by radiation collapse in helical devices has a much steeper magnetic field
dependence than in tokamaks. The maximum attainable 8 of about 2% is not limited by MHD instabili-
ties but by the absorbed heating power. Investigations of divertor configurations, including local island
divertors and natural island divertors, showed that next generation devices are very promising for steady
state operations. On the basis of these results, next generation devices (LHD and WVII-X) with a major
radius in the range of 4 to 5.5 m, have been under construction or have been approved for construction.
A small Heliac has started its operation, and another has been under construction. A small modular stel-
larator with quasi-helical symmetry has also been under construction.

1. INTRODUCTION

Experimental investigations have been carried out in a variety of helical
devices. The maximum machine parameters of heliotron/torsatron type devices and
an advanced stellarator [1-4] fall into the following ranges: machine major radius:
Ry = 2-2.2 m; plasma minor radius: a, = 0.2-0.3 m; magnetic field: B, = 2.5 T;
and absorbed heating power: Py, = 3-4 MW. The maximum plasma parameters
obtained to date are as follows: central electron temperature: T.0) = 3 keV;,
central ion temperature: T;(0) = 1.6 keV; line averaged density: n, =
2-3) x 10® m™?; volume averaged 3: {B) = 2.1%; and energy confinement
time: 7z = 40 ms (these parameters have not been obtained simultaneously). One
main thrust of these experimental investigations has been to exploit to advantage the
magnetic configurations characteristic of helical devices in improving transport, rais-
ing B, utilizing various heating methods (especially wave heating), and verifying the
divertor function.

A next generation device, LHD [5, 6], is approaching the final stage of its con-
struction, and another, WVII-X [7], has been approved for construction. Small
machines of a fully three dimensional axis type are expected to extend our experimen-
tal knowledge into hitherto unexplored regimes.

Helical devices in operation and under construction are summarized in Table I.

113



114 _ I[YOSHI

TABLE I. MACHINE PARAMETERS OF HELICAL DEVICES IN OPERA-
TION AND UNDER CONSTRUCTION

Ry & V, By Py

m M) @) (T MW Remarks on configuration

H-E (Kyoto) 22 02 1.74 2.0 7 ? =2, m = 19, high ., high shear

CHS (Nagoya) 1.0 0.2 079 20 3 ¢ =2, m = 8, medium «, magnetic well
L2-M (Moscow) 1.0 0.11 024 1.5 0.9 ¢=2,m = 14, medium ¢, medium shear
U-3M (Kharkov) 1.0 0.13 033 20 02 ¢ =3, m =09, open helical divertor

CAT (Auburn) 0.53 0.1 0.10 0.1 ¢=1+2, m=5

U-2M (Kharkov) 1.7 022 16224 20 =2, m = 4, low helical ripple

LHD (Toki) 39 0.6 28 3.0 28 ¢ =2, m = 10, SC, closed helical divertor

WVI-AS (Garching) 2.0 0.2 1.58 25 § m = 5, low shear, low P-S current

WVIO-X (Greifswald) 5.5 0.5 27 2.5 m = §, SC, optimization

HSX (Madison) 12 0.15 0.53 125 0.2 m = 4, quasi-helical symmetry
H-1 (Canberra) 10 02 079 1.0 02 m =3, heliac

TI-IU (Madrid) 06 01 01207 06 ¢=1,m=6

TU-Heliac (Sendai) 0.48 0.07 0.05 0.35 m = 4, heliac

TI-II (Madrid) 1.5 02 1,18 1.0 m = 4, flexible heliac

* ¢ stands for multipolarity and m for toroidal period number.

2. TRANSPORT STUDIES
2.1. Global confinement

A major progress in the area of transport studies is the establishment of an
empirical scaling law for the global confinement time in helical systems. A database
of 859 L mode discharges from ATF, CHS, Heliotron-E (H-E), WVII-AS and
WYVIH-A has been compiled, and a regression analysis has been performed [8]. The
confinement time data are shown in Fig. 1. The proposed scaling law is given by

Tg = 0.079 33'2] Rg.65 Pa-bos.ssv ng.Sl B8.83 L0'40 (l)

In performing the regression, the ansatz was made that the rotational transform
evaluated at r = 2a/3 is relevant. Let us make a few remarks on the scaling law. The
exponents of the independent variables Ry, a,, Pa,, . and By are similar to those of
the LHD scaling [9]. The density exponent here is somewhat smaller. The predicted
7 is in a range similar to that for the L mode in tokamaks. This similarity may
reflect the fact that neoclassical ripple transport is not a major loss mechanism in the
discharges included in the database. (A reduction of ripple transport has been
attempted, either by using the radial electric field in heliotron/torsatron devices or
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FIG. 1. Global energy confinement time scaling based on the international helical system database. SI
units are used: 1g(s), ay(m), Ryfm), Poy(MW), n,.{IO“9 m™) and By(T) (based on Ref. [8]).

by optimizing the ripples in an advanced stellarator.) The confinement in WVII-AS
in terms of scaling is better than in ATF, H-E or CHS. An explicit demonstration
of the relative advantages of each device, however, must wait for future experiments
in higher temperature and less collisional plasmas. The density dependence of the
energy confinement time is favourable. However, 1¢ has been observed to saturate
at high densities. This saturation could be removed by using the reheat mode (see next
section).

Operating at high densities is important for helical devices because it reduces
ripple transport. For this reason, the density limit has been studied intensively. Some
results are shown in Fig. 2. The density limit in present devices is set by a radiation
collapse at the plasma edge; it is given by the following scaling law:

n. o B§PY, )
where the exponents, a and b, are reported as 0.5 and 0.5 in the high heating limit
in H-E [9] and as nearly 1.0 and 0.4 in WVII-AS [10]. The density limit is much
higher in a helical device than in a tokamak of similar size. A possible reason for
this is that helical devices do not show current disruptions, which are a serious

problem at the density limit in tokamaks. The size dependence of the density limit
is now being studied by comparing WVII-AS and CHS.
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FIG. 2. (a) Density timit as a function of magnetic field strength; (b) density limit as a function of NBI
power. In comparing to the Greenwald limit, the plasma current is replaced by the rotational transform
in W7-AS (based on Ref. [10]).

The configuration dependence of 7¢ has been studied. An inward shift of the
magnetic surfaces has been found favourable in heliotron/torsatron devices [11] as
well as in stellarators [12]. Improved heating efficiency [11] and reduction of ion
neoclassical loss [12] are considered candidates for explaining the improved confine-
ment. Increased shear has also been pointed out as being effective in reducing the
anomalous transport when the magnetic axis is shifted in heliotron/torsatron devices
[13]. The role of magnetic shear has also been tested on an advanced stellarator.
The magnetic shear was reduced or enhanced in WVII-AS by using RF driven cur-
rents, but the effect of the change on confinement was found to be small [14]. An
explanation for this discrepancy may be that the region of shear modification was
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small and that the negative sher simultaneously enhanced the neoclassical loss,
because of a substantial reduction iota. Changes in the magnetic structure have been
found to reduce the threshold power for L-H transitions in CHS [15].

Further efforts to improve confinement are necessary for arriving at an attrac-
tive reactor design based upon a helical system.

2.2, Improved confinement modes

Improved confinement modes have been studied in helical systems; those
observed in CHS, H-E and WVII-AS are summarized in Table II.

High T; mode
The high ion temperature mode has been observed in neutral beam heated

plasmas in H-E (T;(0) = 1.1 keV) [16, 17] and WVII-AS (T;(0) = 1.6 keV) [12] at

TABLE II. IMPROVED CONFINEMENT MODES OBSERVED IN CHS, H-E
and WVII-AS

Operating Mode CHS H-E WVIL-AS
electron density
Low High T; TES0) = 0.85 keV
Arg < 40%
AT{0) < 80%
x0.1) = 0.5m?%s  TFASXSQ)
n, =25x10°m? = 1.6 keV

[16] (12]
TIPA0) = 1.1 keV
[17

Medium Pellet TE50) = 0.7 keV

AT|(0) = 60%

x(0.1) = 0.7 m%s

n, =4 x 10%m?
[19]

Medium H Arg = 15% Arg < 30%
n,=3x10°m? M,y = 0.5-1
(15, 221 n=5x10%m>
[20, 21}
High Reheat A7y < 20%

n =6 x 10°m>

[23]
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relatively low densities. The energy confinement time in the high T; mode in these
devices is 40% longer than in the L mode in H-E. High T, mode plasmas are
characterized by peakedness of both ion temperature and electron density profiles.
Peaked density profiles in the high T; mode are produced by neutral beam fuelling
with low wall recycling in H-E, and off-axis electron cyclotron heating (ECH) in
WVII-AS [18]. From measurements of the profile of the radial electric field, its shear
is believed to be responsible for the observed reduction in x; (= 0.5 m%/s) near the
plasma centre in H-E.

Pellet mode

Injection of a frozen pellet of working gas was found to be effective in achieving
a high central ion temperature in helical devices, just as pellet injection was found
to be effective in achieving a high density in tokamaks. This was demonstrated in the
pellet injection mode in H-E (Ti(0) = 0.7 keV, n(0) = 7.3 x 10” m™) [19]: the
ion temperature profile became peaked, and Ti(0) increased after pellet injection.

H mode

Transition into the H mode was clearly observed in WVII-AS [20, 21] and CHS
[15, 22]: the intensity of H, light dropped, and the edge density rose rapidly.
However, an increase in the energy confinement time of up to 30% was less than that
usually observed in divertor tokamaks. At L to H transitions, a jump in the poloidal
rotation velocity in the electron diamagnetic direction (more negative electric field)
was also observed in helical systems. The critical poloidal Mach number,
Mpa = Vo/Vihema(B/Byg), at L to H or H to L transitions was 0.5-1.

Reheat mode

An increase in the stored energy was observed, together with density peaking
when gas puffing was turned off in a high density regime. This was called reheating
in CHS [23]. The reheat mode is characterized by a peaked density profile triggered
by the decrease in the neutral density at the plasma edge.

Similarities exist in plasma characteristics between improved confinement
modes in helical devices and tokamaks. The density and ion temperature profiles in
the high T; mode are similar to those observed in the core enhanced confinement
modes in tokamaks (supershot [24], PEP mode [25], VH mode [26], high 8, mode
[27]). The existence of a critical M,y suggests that a similar mechanism for the
H mode prevails both in helical systems and in tokamaks (see Ref. [28] for review).
The plasma behaves very similarly in the reheat mode in helical devices and in IOC
mode in tokamaks [29]. Quantitative performance comparisons of improved modes
in helical devices and tokamaks must wait for studies in LHD plasmas with improved
particle confinement at larger size and reduced edge neutral densities made possible
by a helical divertor.
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FIG. 3. (a) Potential and (b) electric field profiles of ECH and NBI plasmas for R,, = 0.921 m and
B, = 0.9 T in CHS. The electric field profile of a medium density plasma shows strong shear (solid
line). The expected electric field from neoclassical theory is shown by the dashed-dotted line (quoted

from Ref. [35]).
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2.3. Local transport

The measured electron thermal diffusivity, x., is of the order of 1-10 m?/s in
helical devices. The radial diffusivity profile is relatively flat, or even increases
towards the plasma centre [30, 31]. This is in contrast to tokamaks, in which the
diffusivity decreases sharply towards the plasma centre. In the L mode the ion ther-
mal diffusivity, x;, is similar to x, in its magnitude and profile. In improved modes,
however, x; decreases towards the plasma centre, and the central values are
0.5-1 m?%/s. These values are close to those observed in improved modes in toka-
maks [24]. In general, the measured thermal diffusivities are much larger than the
neoclassical values, except near the plasma centre at low collisionality, where the
neoclassical values are large. Theoretical efforts have been made to model the
anomalous transport. A non-linear theory has been developed for a current diffusive
ballooning/interchange mode [32], which gives a qualitative explanation for the
transport anomaly.

2.4. Radial electric field

The radial electric field and the associated space potential profile have been
investigated intensively as a possible means of reducing the ripple loss and preventing
confinement degradation in helical systems [33, 34]. These investigations were moti-
vated by the expectation that the ripple loss and other neoclassical transport losses
become more important in higher temperature, lower collisionality plasmas in future
devices. The radial electric field depends on both heating scheme and plasma density.
Recently, a 200 kV HIBP measurement started to obtain a radial profile of electric
potentials in CHS [35]. A positive field was observed in ECH plasmas, while a nega-
tive field was seen in NBI plasmas [33, 35, 36], as shown in Fig. 3. In NBI plasmas,
the field became more negative as the electron density increased, but the
field became less negative as the density decreased. A bifurcation of the radial elec-
tric field was seen in transitions from the ion root to the electron root [37], or in L
to H transitions [38]. Measurements in low density plasmas in CHS heated by high
power ECH suggested the appearance of a potential structure that acts as an internal
transport barrier [36]. Some aspects of the radial electric field behave in accordance
with neoclassical theories, but the magnitude and the radial profile of the field do not
always agree with predictions of neoclassical theories [28, 39].

3. HIGH 8 PLASMA

Design values of the volume averaged § limit are typically 5% for the next
generation helical systems [5~7]. In present experiments, 8 values of up to 2% have
been achieved with neutral beam injection [40-43]. This observed experimental limit
is close to the theoretical stability limit in H-E, but is far below the theoretical limit
in other devices. In CHS experiments, the global energy confinement was not
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degraded further than that given by Eq. (1); the density was increased along with the
input power, and the measured magnetic fluctuations did not increase as 3 increased.
The maximum g values in the present CHS experiments are determined by a density
limit set by radiation loss and degradation of beam heating efficiency in low magnetic
field operations [44].

Thanks to Tecent advances in supercomputer technology, the development of
three dimensional MHD codes enabled greatly improved comparisons of experimen-
tal and theoretical equilibria of high 8 plasmas. A measured dependence of the
Shafranov shift on the plasma pressure could be clearly described by model MHD
calculations [3, 45]. The Shafranov shift was observed to be reduced in WVII-AS as
was expected from the reduction in Pfirsch-Schliiter current. This experimental con-
firmation of a theoretical expectation was one of the most important objectives of
configuration optimization in WVII-AS.

Various saturated MHD modes have been studied in helical devices. A burst
type mode in NBI plasmas in CHS was examined with local potential measurements
using HIBP [35]. The dynamic structure of pressure driven instabilities was studied
in H-E by using a 2-D tomographic analysis of soft X ray signals [46]. A similar tech-
nique was used for the analysis of a type of Alfvén eigenmode (GAE) in NBI plasmas
in WVII-AS [47]; no significant fast ion loss has been observed, so far.

A ballooning instability was recently investigated theoretically for plasmas in
helical devices. The instability had been considered less serious in the past because
of a favourable magnetic shear structure of helical systems [48].

4. DIVERTOR STUDIES

In a heliotron/torsatron type configuration a built-in separatrix configuration in
the free space between the helical coils leads to a helical divertor structure. In design-
ing LHD, careful consideration was given to realizing a helical divertor also in a rela-
tively low aspect ratio device. The basic function of helical divertors was studied
in H-E, which has a clearly defined divertor structure due to its high aspect ratio.
Particle and heat flux profiles were measured at the plasma boundary, which demon-
strated the existence of localized structures at the divertor traces [49].

The boundary field of a modular stellarator does not possess a simple divertor,
because of the overlapping of various mode structures. The island divertor concept
has been developed, instead, to realize an effective divertor function at the boundary.
The island divertor was studied in WVII-AS [50] by taking advantage of natural
islands in the vicinity of the outermost magnetic surface. Figure 4 shows density pro-
files within an island near the surface, which demonstrate the presence of a high den-
sity plasma within the island when the main plasma density is high enough. This
spontaneous increase in the density within the island provides a basis for establishing
a cold dense plasma in island divertors. Three dimensional modelling of divertor
plasmas is also in progress [51]. The island divertor is considered to be a main candi-
date for modular systems such as WVII-X.
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FIG. 4. Electron density profiles inside natural islands for various electron densities of the main
plasma in WVIH-AS. When the main plasma density is high the density inside the island becomes peaked
(quoted from Ref. [50]).

A similar island divertor called LID (local island divertor) [52] can be con-
structed in LHD by introducing a perturbation field to create artificial islands at the
plasma boundary. The island structure is designed to enhance the efficiency of a stan-
dard pumped divertor. LID is designed to be an alternative to a standard helical diver-
tor for LHD. Preliminary experiments to demonstrate the LID concept were
performed in CHS [53]. The main plasma density was observed to decrease, and the

plasma flow into, and the gas pressure within, the pumped divertor both increased
when an artificial island structure was created.

5. DEVELOPMENT IN HEATING

ECH is a main heating resource in almost all helical devices. For example, an
ECH power density of a few MW/m? is expected in L-2M [54]. Long pulse
(4667 s) operation of ECH plasma was achieved in ATF by using a 28 GHz gyrotron
with the injected power of 70 kW [55]. The required gyrotron frequency continues
to rise as the confining field in present and future devices increases. Recently, over-
dense plasmas without electron cyclotron resonance could be heated with ECH in
WVII-AS [56]. Here, an O-X-B mode conversion took place with the following
parameters: By = 2.0 T, 140 GHz, n, = 1.6 X 10%° m-3, while the second har-
monic mode cut-off of 140 GHz occurs at By =2.5T and n, = 1.2 X 102 m™.



TAEA-CN-64/01-7 123

ICRF alone could sustain plasmas for a maximum RF pulse length of 70 ms in
CHS. In these experiments, electrons were primarily heated via a mode conversion
of an ion cyclotron wave to an ion Bernstein wave in deuterium (H minority of 30%)
plasmas [57]. ICRF alone could also sustain deuterium plasmas (H minority of 10%)
in WVII-AS, and the ion tail distribution was observed [58].

6. FUTURE PLANS

LHD is in the final stage of its construction; superconducting helical windings
have been completed [59-61]. The first plasma is scheduled in April 1998 with
1 MW ECH and diagnostics for the basic plasma parameters. WVII-X, which is
fully optimized for a Helias type reactor, is scheduled to be operational in 2004. The
large plasma volume and heating power, and the superconducting magnets in these
facilities, will open a new era in studies of plasma confinement and steady state oper-
ations of helical devices. Reactor relevant plasmas will be realized in these devices.
The U-2M torsatron with a low helical ripple is waiting for resumption of operation
[62]. A small Heliac has started its operation (H-1 [63]), and another is in the final
stage of construction (TJ-II [64]). In these Heliac devices, plasma confinement in
configurations with a fully three dimensional magnetic axis will be studied; the £ = 1
component is a key element for stellarator optimization. A small modular stellarator,
HSX [65], based on the principle of quasi-helical symmetry [66], is under construc-
tion in the United States of America. This principle results in the absolute confine-
ment of particle orbits.

7. SUMMARY

Helical systems have a variety of magnetic configurations. Although the sys-
tems have well-known inherent advantages, i.e. no major disruptions and steady state
operations, there remain key issues to be addressed: improving confinement by a sig-
nificant factor, achieving high 8 (>5%) and demonstrating steady state operations
with appropriate exhaust. These issues are expected to be solved in the next genera-
tion devices, LHD and WVII-X, which are optimized on the basis of results from
presently operating heliotron/torsatron devices and an advanced stellarator, respec-
tively. A new trend based on stellarator optimization is also emerging. Intensive
investigations of helical systems are currently in progress from both physics and
engineering standpoints.
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DISCUSSION
D.D. RYUTOV: In the pellet mode you mentioned, the diffusion coefficient was

~0.6 m3/s. How does this compare with neoclassical transport?

A. ITYOSHI: The ion thermal diffusivity measured (¥; = 0.6 m?/s) is comparable

to that expected from neoclassical transport near the plasma centre, although the mea-
sured edge x; is much larger than the neoclassical values.
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WrUTHOmKOR

Abstract

DIVERTOR DETACHMENT, He EXHAUST AND COMPACT TOROID INJECTION ON TdeV.

Progressive detachment with increasing density is shown to proceed with a marked reduction of
the ion flux to the divertor plates, a pressure gradient between an ionization front and the plate, and
strong cross-field transport in the divertor. The divertor He exhanst is not affected by detachment
although the He enrichment remains low but constant. A moderate density of i, ~ 5 x 10 m™3
seems to be sufficient both for efficient peak power load reduction at the plate and good He exhaust
through the divertor. Simulations indicate possible divertor geometry improvements which will soon be
verified experimentally in the new TdeV-96 divertor upgrade. Finally, central fuelling with compact
toroid injection is reported with no detrimental effects on the plasma.

1. INTRODUCTION

Edge plasma and divertor studies have been performed on TdeV for the last few years
[1,2], providing unique and interesting results on divertor detachment [3], exhaust [4] and
biasing [5] simultaneously. This paper describes the physics of divertor detachment [6]
and demonstrates how moderate detachment reduces efficiently the peak power load on the
divertor components without impeding the He retention and exhaust capability of the
divertor. Simulations are also used to show how He exhaust can be affected by varying the
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* Canadian Fusion Fuels Technology Project, Mississauga, Ontario, Canada.
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divertor geometry in the upcoming TdeV-96 upgrade. Finally, much improved results are
presented on compact toroid injection, a novel core fuelling technique scalable to large
tokamaks.

TdeV is a divertor tokamak (R= 0.86 m, a= 0.27 m, [= 0.25 MA) with a full
complement of diagnostics mostly for the edge plasma and the divertors. The divertors use
a triplet coil geometry, with closed outer divertors, open inner divertors and electrically
insulated plates for biasing. The outer upper divertor chamber is equipped with steady-
state cryosorption pumps that can exhaust He as well as D,. A flexible 1.3 MW lower
hybrid (LH) system is used for both heating and current drive [7]. The results presented
in this paper are obtained in the single null (top) configuration with or without LH heating.

2. DIVERTOR DETACHMENT

Detachment involves the creation of a pressure gradient along the field lines inside
the divertor from increased radiation and lateral transport losses. Figure 1 (a) shows D,
images of the divertor that demonstrate the transition from a high recycling regime at low
density to a detached configuration at high density. Although the radiation zone has moved
near the X-point at high density, the region of maximum density remains within the
divertor. Radiation losses appear to be important to establish detachment since the
radiation zone is upstream from the region of decreasing density toward the plate. Hel line

(a) Dy emission {ohmic, density ramp)
3.3x10"°m3 3.8x10'°m3 4.4x10"°m’3 5.1x10'%m"3

fe=2.7x10'%m3

—horizontal plate
N J“oblique plate

-
o

Emissivity ratio emax(Da/Dﬂ)
(a.u)

(o]

-~ . 1 . ] - ER
0 20 40 60 80
Height from divertor plate (mm)
|- horizontal plate X point 150 mm —

FIG. 1. (a) D, emission images showing progressive detachment as the central electron density is
increased. (b) Images obtained from a tangential view of the divertor. (c) Ratio of the peak emissivity
D,/Dg proportional to the electron density along the field lines [8].
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ratio measurements [9] indicate that the electron temperature just below the horizontal plate
has dropped to less than 5 eV for fi,~5x10'* m?, Mach probe measurements in the divertor
also show an upstream temperature which is higher than the downstream temperature, a
further evidence that the temperature is decreasing toward the plate and that a significant
pressure gradient exists along the field lines inside:the divertor.

Figure 2 shows that the ion flux to the horizontal plate is decreasing simultaneously.
Detachment does not however impede the neutral throughput of the divertor, as shown later
in Fig. 6 with the divertor pressure rising with the central density. The D, profile just
below the horizontal plate is relatively narrow at low densities [Fig. 2 (b)]. At higher
densities however, the profiles of both the emission layer [Fig. 2 (b), (¢) and (¢)] and the
particle flux to the horizontal divertor plate [Fig. 2 (a)] show that the plasma fan is
significantly broader. On the other hand, density profiles outside the divertor throat show
that the SOL profile is not significantly broader under detached conditions. There must
then be significant cross-field transport within the divertor, carrying the incoming ions both
inward into the private flux region and outward onto the inclined plates. Several
mechanisms involving ions and/or neutrals could explain this enhanced lateral transport,
including recombination to reduce the total ion flux to the horizontal plate.
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FIG. 2. Radial profiles for various line average densities for (a) the ion flux on the horizontal plate,
(b) D, emission just in front of the plate (Abel inverted), (c) D, emission further upstream and (d) SOL
electron density at the divertor entrance. (e) Enhanced D, emission under complete detachment from
molecular processes near the plate.
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FIG. 3. Power deposited on (a) and radiated from (b) the outer divertor versus central line average
density. The deposited power is from thermocouples cross-referenced with an infrared camera. The radi-
ated power is from bolometers looking at the shaded areas shown in (c). The X-point radiation is decon-
voluted from several bolometers.
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FIG. 4. Measured peak D, brightness (dashed) and D,/D; ratio (solid) along the field lines in the
divertor for (a) an attached and (b) a detached plasma. (c) Calculated D, brightness from simulations
Jor the antached and detached plasmas. (d)-(g) Comparison of measured and reconstructed D, images.
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At detachment:

@ v v v v
0o 4 TV
of nevwﬂal . Neinj. Nyinj. E

1.2F y P } + t
. 5:_ (b} SOL density v S = 3
19 -3 .o E
(10°m?) "% 2 E
% + t t + —+y .
PsorTp 04E(c) SOL particle energy v 3
2 ﬁ V 0.2; M ]
e Vp - .
(keV) oL . . . . ) . ]
8L @)  X-point radiation” " w A
(kW) 3o+ 0.1 MW/MW w é
ol i f— —— : E

0.16r(e)  Divertor pressure v

(Pa) 0.08F 0.23 Pa/MW v wv 3

ok | .

0 100 200 300 400 500 600
Fsor (kW)

FIG. 5. At detachment, as a function of the SOL power: (a) line average density of the central plasma,
0) line average density in the SOL, (c) energy per particle in the SOL going to the divertors, (d) radiated
power in the outer divertor and (e} pressure in the outer divertor. Detachment is defined here as a fixed
ratio between the radiated power ‘near’ and ‘away’ from the horizontal plate (see Fig. 3(c)).

This large radial transport in the divertor under detachment is consistent with an
increasing fraction of the divertor power flowing to the oblique plates [Fig. 3 (a)].
Simultaneously, the power to the horizontal plate is reduced by a factor of 4 as the central
density is raised from 3 to 6x10'° m™. About half the missing power to the plates can be
accounted for by the increased radiation from the X-point or the region just above it. This
enhanced radiated power under detachment is however insufficient to account for the power
redistribution to the oblique plates which must involve ions and/or neutral transport.

The proximity of the emission region to the horizontal plate in Fig. 2 (¢) and its
correlation with the reduction of the ion flux to the plate suggest that molecular processes
could play an important role at least for the low temperature near the plates during
detachment. Recombination involving dissociative attachment [10] or ion conversion [1 1],
which invoke excited molecules coming from the surface, could explain the enhanced D,
near the plate and could play an important role in the power redistribution near the plates.

The B2/EIRENE codes have been used to model the experiments under both attached
and detached conditions. Figure 4 shows a comparison between experimental and
calculated D, emission characteristic of an attached (~2x10" m*) and a moderately
detached (~4.5-5.0x10" m?) plasma. The agreement is good, specially for the attached
case. For the detached case, the simulation is able to reproduce the appearance of the
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pressure gradient and the displacement upstream of the D, emission zone [Fig. 4 (g)).
However, the exact shape of the poloidal distribution is quite sensitive to the boundary
conditions assumed to reproduce the pumping slot and the oblique plate in the simulation,
indicating once again the sensitivity of poloidal distributions to the divertor geometry.

The effect of auxiliary heating on detachment is summarized in Fig. 5. The central
density at which the plasma detaches from the horizontal plate increases slightly with the
power flow across the separatrix Py, (total input power minus radiated power) [Fig. 5 (a)).
Due to a degradation of the particle confinement, auxiliary heating increases the SOL
density [Fig. 5 (b)] and the energy per particle in the SOL [Fig. 5 (c)] with the net effect
that the particle flux toward the divertor is increased. Detachment requires first to cool
down the plasma near the divertor entrance through radiation near or just above the X-point
and then to remove energy and momentum using neutrals from the divertor. Figures 5 (d)
and (€) show that the radiated power at the X-point and the neutral pressure increase both
at about the same rate and almost linearly with the SOL power in order to maintain
detachment at the plate. Figure 5 also shows that detachment can be obtained at
significantly lower central densities by increasing the X-point radiated power with
controlled impurity injection. Lower SOL temperatures inside the divertor allow more
efficient exchange with the neutrals.

3. He EXHAUST

Figure 6 (a) gives a simple example of T} 5, measurements, the He exhaust time
constant, using spectroscopic observation of Hell in the edge plasma. The divertor
compression ratio is defined as C=ny/n,<(N,V,)/(N, V), where the “p” and “d” subscripts
refer to the central plasma and the divertor respectively. Helium compression can be
inferred from t} 5, using a simple two-reservoir model [2, 12], whereas the deuterium
compression can be obtained from the divertor pressure and interferometry measurements.

In the low density case of Fig. 6 (a), substantial tile pumping was used to
demonstrate that T}, /T~ 10 can be achieved (case with bias and LH) as required by a
reactor [13] if sufficient pumping speed is available. Auxiliarv heating with the LH system
achieves a lower t} 5, than ohmic but a similar t}5,/t; due to a simultaneous degradation
of both the particle and energy confinement. Biasing [5, 14] does better by setting up a
strong ExB flow toward the divertor while the energy confinement time remains unaffected.

Figure 6 (b) characterises the divertor exhaust as the central density is raised through
detachment with pumping from the steady-state divertor cryosorption pumps only. Tile
pumping was subtracted out by repeating similar discharges with and without cryopumping
and assuming that 1/T3=(1/7})qyopuepet{1/T3)iee - Tile pumping dominates the divertor
cryopumps by about a factor of 5 at low densities (fi,~3x10'® m™) without any significant
saturation. Alternatively, the divertor cryopumping completely dominates at higher densities
(A,>5%10" m=) where tile pumping saturates quickly. Figure 6 (b) indicates that
detachment, occurring around fi,~5%10'* m?, does not impede the divertor exhaust of either
deuterium or He. Helium enrichment remains low and almost constant at ~0.2 and is
independent of whether divertor pumping, LH heating or biasing are used or not.

TdeV’s results generally support ITER’s assumptions, especially for critical
parameters such as the compression ratio and He enrichment. TdeV’s difficulty in
achieving t%;, /Ty~ 10 with steady-state pumping is not critical since the limitation is from
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FIG. 6. (a) Example of He exhaust measurements. He, injected in a short puff at the equatorial plane,
represents about 10% of the plasma density initially. A large pumping speed is provided by the carbon
tiles, which have been preconditioned with low density discharges in this case. (b) He and Ne enrich-
ment, D, compression ratio and normalized He exhaust time versus line average density of the central
plasma. The effect of tile pumping at low density has been subtracted here. The pumping speed for the
divertor is 6 m®/s for both D, and He, provided by six commercial cryosorption pumps.
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FIG. 7. Flexible diverior geometries possible with the TdeV-96 upgrade. The horizontal slot between
the two plates in the outer divertor gives access to a closed plenum pumped by the steady-state cryosorp-
tion pumps (6 m’/s for D, and He in the upper divertor and 4 m’/s in the lower divertor). The divertor
throat baffling can be varied during the discharge by adjusting the internal coil currents.
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the low divertor pumping speed S, and not the plasma exhaust. The figure of merit
Se/(V/tg), used to compare the pumping capability between devices, is ten times higher
for ITER mostly because of the much larger divertor pumping speed on ITER compared
to TdeV or for that matter any existing tokamak. The lack of space around small tokamaks
is the main limitation and small devices like TdeV will therefore require a higher divertor
compression ratio to achieve ¥y /tg~ 10 with steady state pumping.

4. DIVERTOR GEOMETRY EFFECTS

Figure 7 shows some examples of various divertor geometries that will soon be
available on the TdeV-96 upgrade, which includes completely new divertors and a precise
control of the plasma shape in either single or double null configuration. The open inner
divertors allow a wide range of plasma pressures (,+/2) and a high triangularity. The
divertor tiles are made of carbon fibre composites (CFC) except for the outer lower divertor
tiles which are tungsten deposited on molybdenum, allowing an in-situ comparison of
carbon and metallic tiles in the same device. A new electron cyclotron resonant heating
(ECRH) system (1.5 MW, 110 GHz) is also planned for 1997, increasing the total
heating/current drive capability to about 2.5 MW. Accordingly, divertor tile area and
shaping have been maximised to reduce the power flux intensity and increase the heat load
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FIG. 8 CT injection on TdeV. (a) Schematic of the injector. (b, c) Penetration to the centre of the
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CT is indicated by dashed lines and is clearly seen on the edge/SOL chord after 10 ms. (d) Particle
inventory versus time comparing a CT injection to a single pulse fuelling from the CT gas valves only.
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capability to 20 MJ each for the top and bottom divertors in anticipation of longer pulse
experiments. The divertors are fully biasable with the plates electrically insulated and
connected externally.

Figure 7 (a) shows a divertor geometry optimized for negative biasing [5], while
Figs. 7 (b) and (d) compare geometries with an open and tight throat baffling respectively.
Finally, Figs. 7 (c) and (d) compare geometries with pumping from the private region and
the outboard location respectively. This latter comparison was simulated with B2/EIRENE
to see the sensitivity of detachment and exhaust to the geometry. Detachment in the high
power flow region is found to be similar for these two cases but the exhaust characteristics
are different. The simulations indicate that the He flux incident on the horizontal pumping
slot in the outer divertor is similar for both cases but that the deuterium flux is reduced by
almost a factor of two for Fig. 7 (d). The He enrichment factor would then be higher by
almost a factor of two for the private region pumping geometry. Detachment appears to
favour He neutral transit toward the private region as it streams toward the divertor plate
close to the separatrix. This effect will be examined in future experiments.

5. COMPACT TOROID INJECTION

Core fuelling would improve the burn efficiency and should lower the edge density
[15] on a reactor compared to edge fuelling. Figure 8 demonstrates the viability of core
fuelling with a single pulse compact toroid (CT) injector, a device that could centre fuel a
reactor when using high repetition rate technologies. Impurity contamination, a problem
that plagued earlier experiments [16], has now been reduced to a very low acceptable level
through electrode conditioning.

Figure 8 (b) shows a fast increase of the central interferometer chord (1/a=0.1),
indicating central penetration of the CT and gradual peaking of the density profile as time
evolves. The penetration distance is determined by the balance between kinetic energy
density of the CT and local magnetic energy density. The particle inventory is increased
by 27% and the energy confinement by 38% after 30 ms. The fuelling efficiency (plasma
mass increase divided by the CT mass) is 42% for this case compared to only 6% for CT
gas valve fuelling providing the same particle inventory increase [Fig. 8 (d)]. The CT
fuelling efficiency could be significantly increased by decreasing the ratio of the CT length
to the tokamak minor radius, which is close to one in the present case. Parasitic post-CT
edge fuelling from trailing gas will also have to be reduced for good density profile control
with high repetition rate CT injection.

Simulations of CT injections for ITER parameters with the RLW transport model
demonstrate the potential of reducing the edge density at constant fusion power by almost
a factor of 2 compared with edge-fuelled cases provided that the CT penetrates to
approximately mid-radius and that the parasitic gas load is of the order of or smaller than
the CT inventory. Central fuelling with CT could therefore allow ITER to exceed the
Greenwald density limit.

6. CONCLUSIONS

Detachment is characterized by a reduction of both the temperature and density in
front of the divertor plate and a reduction of the ion flux at the plate as the density is
increased. Radiation first cools the plasma at or just beyond the X-point and neutrals
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and/or ions transport laterally energy and momentum over a larger area inside the divertor.
Partial detachment at moderate density (~5x10'® m®) is sufficient for significant (4x) peak
power reduction on the plates. Enhanced radiation near the X-point with impurity injection
facilitates detachment at lower densities. Divertor exhaust is not impeded by detachment
but the divertor He enrichment with respect to D, remains low at ~0.2, almost independent
of the density and auxiliary heating level. Simulations indicate however that the enrichment
is sensitive to the divertor geometry, a point that will soon be tested on the TdeV-96
upgrade. Finally, core fuelling with CT injection has been demonstrated without any
adverse effect on the plasma, opening the possibility of better density profile control with
lower edge densities and much improved fuelling efficiencies.
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DISCUSSION

Y. SHIMOMURA: Do you have any data on the impurity level of the CT?
R. DECOSTE: Tungsten impurities that could have been produced from erosion
of the central electrode of the CT could not be detected in the plasma and are there-



TAEA-CN-64/02-1 139

fore at a very low level. Low Z impurities are the main contaminant and they should
be reduced in the new gun with better electrode conditioning.

R.D. STAMBAUGH: You apparently had neon enrichment as high as 3. Could
you discuss how this was measured (defined) and obtained.

R. DECOSTE: Neon enrichment, as with helium, is the neon divertor concen-
tration normalized to the deuterium concentration. Dynamic (1:';,) and static (partial
pressure) measurements give similar neon enrichments, which are typically above 1.
Nitrogen enrichment is even higher.






JAEA-CN-64/02-2

PROGRESS TOWARDS ENHANCED CONFINEMENT,
LONG DURATION DISCHARGES ON TORE SUPRA

EQUIPE TORE SUPRA¥*
(Presented by B. Saoutic)

Association Euratom-CEA,
Saint-Paul-lez-Durance,
France

Abstract

PROGRESS TOWARDS ENHANCED CONFINEMENT, LONG DURATION DISCHARGES ON
TORE SUPRA.

Recent Tore Supra results supporting the feasibility of high-confinement, long duration dis-
charges are reported. Two-minute discharges with improved confinement have been obtained. This
progress is largely due to improvements in the operating control system of Tore Supra, which now
allows real-time feedback control of global plasma parameters. A clear correlation between improved
confinement and current profile shape has been established. Transport barriers for electron heat diffu-
sion are observed in experiments where the magnetic shear is weak or negative in the central part of
the plasma. These observations strongly support development of new current drive schemes for current
profile control. Considerable progress concerning particle and heat exhaust has also been achieved. A
new technique allowing conditioning in the presence of a toroidal magnetic field has been implemented.
A vented limiter has been tested as a means of particle exhaust through collection of neutrals, and its
performance is compared with that of a ‘‘classical”’, ion collecting throat limiter. The knowledge gained
from extensive long pulse experimentation has been used to develop a new generation of plasma facing
components, which will permit further development of the long discharge capablity of Tore Supra.

1. Introduction

Producing high confinement, long-duration discharges remains one of the
most challenging issues for magnetic fusion research. This is illustrated by Fig. 1
which shows plasma performance (through the usual criterion n t T;j) versus pulse
duration, and where the present results stand with respect to ITER objectives.
Fulfilling this goal requires developing heating and current drive scenarios as well
as solving particle and heat flux problems in steady state. Such investigations are
particularly appropriate for the superconducting tokamak Tore Supra (major
radius R= 2.2-2.4 m, minor radius a < 0.8 m, toroidal field on axis B; < 4.2 T,
plasma current I, < 2 MA) research program which is aimed at the study of long,
high-performance pulses.

This paper summarises recent results, obtained on Tore Supra (TS), which
pave the way towards the realisation of enhanced confinement, long duration
discharges. The next section reports on new long-duration discharges obtained
during the 1995-96 experimental campaign. Enhanced confinement and transport
issues are then discussed in section 3. Section 4 deals with the non inductive
current drive scenarios, with particular emphasis on current-profile control. New
tools, which have been developed to control the particle inventory of the wall and

* See Appendix.

141



142 EQUIPE TORE SUPRA

1023
107

1T, (ke Vam+s)
S

A
18

10 *

X

1017 M

v

16 ¢

10 o

102 10t 10 1wt 100 100 10t
duration (s)

FIG. 1. Plasma performance versus pulse duration.

of the plasma, are presented in section 5. Finally, section 6 describes the heat
exhaust capability of the various actively plasma facing components which have
been tested on TS and which are presently being further developed in view of
expanding the TS tokamak performances.

2. Progress in long-pulse operation

The 1995-96 experimental campaign greatly increased the long-discharge
data base of TS [1]. This is illustrated (solid symbols) by Fig. 2, which displays the
total radio frequency (RF) energy injected in the tokamak versus the RF power.
Most of these discharges have been obtained using lower hybrid current drive
(LHCD), at power level up to 3.5 MW, and with the plasma limited on the actively
cooled inner wall. Among these new discharges, three classes deserve a particular
attention:

- discharges at nominal current (I, = 1.7 MA, surface loop voltage Vigop =

0.25 V) which lasted up to 32 seconds,

- fully non-inductive discharges (\/1oop =0 V) at a current of 0.62 MA,

with improved confinement, which lasted up to 75 seconds,

- discharges at a current of 0.8 MA (Vioop = 0.1 V) with improved

confinement, which lasted up to 2 minutes.

2.1 Plasma feedback control

The progress in maintaining long-duration discharges is largely due to the
improvement of the plasma control capability of TS. This has been achieved by an
upgrade of the operating control system which now allows real-time feedback
control of global plasma parameters (plasma current, edge safety factor, plasma
surface flux...) through the poloidal and LH heating systems. This system has
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already made possible scenarios where the edge safety factor is kept constant
during the whole shot, thus allowing higher current ramp-up rates[2]. A striking
example of its use, for long pulse operation, is given in the 75-second duration,
fully non-inductive discharge (see Fig. 3): in the initial ohmic phase, the plasma
current is ramped up to a plateau of 1 MA; at 5 s, the feedback control on the
plasma surface flux is switched on, leading to constant flux operation;
subsequently the loop voltage drops to zero and the plasma current decreases.
Later on, at 5.7 s, feedback is applied to the plasma current, using LHCD power
instead of the usual ohmic power; the plasma current then quickly stabilises and is
maintained close to the reference value (0.65 MA) for 70 seconds.

This control capability not only results in substantial progress toward
steady-state operation, but also provides a reliable practical means for studying
many other aspects of continuous tokamak operation. For example, preliminary
experiments have shown that it was possible to control the internal inductance of
the plasma, using LHCD launcher phase as feedback [3], thus preparing the way to
real-time control of the current profile.

2.2 Two—-minute long shot

Figure 4 displays a two minute long shot during which a total energy of
280 MIJ has been injected to the plasma, thus establishing a new world record.
During the first minute of the discharge, the electron density remains constant, but
then begins to increase slowly. Moreover, the effective charge (Z.gr) increases from
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FIG. 2. Injected RF energy versus RE power for ion cyclotron resonant heating (ICRH) alone (4 ),
lower hybrid current drive alone (o) and combined operations (). The ICRH points comprise data
JSrom both minority and fast-wave electron heating experiments. Open and solid symbols correspond,
respectively, to data before and during the 1995-96 campaign.
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the 75 s duration, fully non-inductive discharge.

a value of 2 during the first minute to a value of 2.2 at the end of the discharge.
This Z.¢s increase is due to increased oxygen and silver contents. Their densities
increase continuously during the second part of the discharge (from 0.4 1017 to
1.2 1017m-3 for O, from 0.1 10!5 to 2.0 1015 m-3 for AF‘I)' During the same
period, the density of carbon remains constant around 3 10!7m-3, and the global
density of heavy impurities (Ti, Cr, Fe, Ni and Cu) does not exceed 0.4 101°m-3,
Thus, the electron density increase due to impurities is less than 15% of the total
electron density rise, whicH is thus dominated by helium and hydrogenic species.
The most probable explanation for the density rise is the presence of some internal
components which are not yet actively cooled (outboard pump limiter, some parts
of the vacuum chamber....): their temperature continuously rises throughout the
discharge, and, eventually, parts which cannot be conditioned (except by long
pulse operation) begin to outgas. This underlines the importance of active cooling
for all plasma facing components and an effective steady-state particle exhaust
scheme.

This two minute discharge exhibits another remarkable feature: during its
entire duration, the plasma displays the characteristics of the lower hybrid
enhanced performance (LP) regime [4,5]. The safety factor profile flattens at the
centre, and the magnetic shear increases in the outer part of the plasma. At 55
seconds, the usual transition to a hot core LHEP is observed (the central
temperature rises from 6 to 8 keV). The electron total thermal content exceeds the
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perature and electron total energy versus time during the 120 s long discharge.

Rebut-Lallia-Watkins (RLW) scaling predictions by a factor of 1.6 throughout the
entire discharge. Such a discharge clearly demonstrates that improved
confinements due to current profile shaping can be extrapolated to continuous
tokamak operation.

3. Enhanced confinement and transport issues

In order to assess the enhanced confinement regimes observed on TS, a
new scaling law for the total thermal energy confinement time has been derived
from TS L-mode data base:

Tgq = 0.0199 R20 1,098 B 02, 043 Pioi 073

where Tgw, R, I, By, Npar (line averaged densnty), Pyt (total injected power) are
respectively expressed in units of s, m, MA, T, 101% m8 MW. This scaling exhibits
no (or very weak) mass dependence, a strong density dependence and a Py
dependence less favourable than the inverse square root. A similar scaling for the
total thermal energy confinement time has been seen on JT60-U[6]. This law has
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the characteristics of a gyro-Bohm scaling, probably because the heating schemes
used on TS heat mainly the electrons. In the enhanced confinement regime, the
total energy content can exceed the prediction of this scaling up to a factor Hts of
1.7. In correlation with the increase of Hrg, the electron energy content also
exceeds the RLW scaling, by up to a factor Hrpw of 2.2 (see Fig. 5).

A clear correlation between enhanced confinement and increased magnetic
shear at mid-radius has been established. This is illustrated in Fig. 6, where the
enhancement factor is plotted versus the normalised shear (ratio of the value of the
magnetic shear during the heating phase to its value during the ohmic phase), for
L-mode and four improved confinement regimes: fast wave direct electron heating
(FWEH), monster sawtooth, LHEP and high-l; regimes. This correlation is
confirmed by fluctuation measurements. For the L-mode regime, the density and
magnetic fluctuation level strongly increase with the electron temperature gradient,
with evidence of a critical gradient threshold. For high magnetic shear regimes,
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there is almost no dependence of the density fluctuation level on the temperature
gradient [7].

During- LHEP regime operation, transport barriers have also been
observed. These imply electron thermal conductivity coefficients of the order of
neo-classical values in the plasma core, where the magnetic shear is weak or even
negative. Figure 7 shows the electron heat diffusion coefficient ¥, for two LHCD
power deposition profiles. The most realistic deposition profile (dashed lines)
corresponds to a ray-tracing/Fokker-Planck calculation using a hot electron
diffusion coefficient determined by simulating the hard X-ray diagnostic
measurement. The second deposition profile corresponds to the maximum central
power deposition still compatible with the hard X-ray measurements within the
error bars.

4, Non inductive current drive scenarios

As shown in §2, discharges in the LHEP regime can last as long as two
minutes. However, in some discharges, a transition occurs during the early phase of
the LHEP regime, when the current profile is still evolving. Following this, the
plasma returns toanL-mode regime characterised by a strong, sawtooth-like n=1,
m=2 MHD activity [8]. This clearly indicates the importance of current profile
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tailoring and control for obtaining stable, steady-state discharges with enhanced
confinement. Thus, new current drive schemes allowing on and off-axis current
control must be developed.

A new scenario has been developed to ensure efficient mode conversion
(MC) heating with low field side antennas [9]. Rather than maximising the first
pass damping, this scheme avoids competitive damping, as is done for FWEH.
Consequently, it is much less sensitive to the plasma ion species mix than other MC
scenarios. Experiments at the 2.5 MW power level demonstrate that this scheme
can be as efficient as minority ion cyclotron heating. It makes it possible to test, in
the future, MC current drive and ion Bernstein wave / LHCD synergism, two
scenarios which offer the possibility to localise the current drive where desired.

The use of fast wave current drive 1o control the plasma current at the
centre of the plasma has already been demonstrated [10]. The operation range of
fast wave direct electron heating has been extended, on TS, up to 9.5 MW of
coupled power and up to a magnetic field of 4 T. Discharges have been obtained
with bootstrap current fractions as high as 70% during transient and 40% in
steady-state conditions (5 second duration). Various bootstrap calculation models
have been tested on these shots. The best agreement with the experimental data is
obtained for models solving the flux-surface averaged parallel momentum and
heat-flow balance for each plasma species [11]. It is important to note that
approximate formulas are not valid over the whole range of FWEH operation.

In order to achieve off-axis LHCD, experiments have been conducted at
lower toroidal field, where the wave does not access the plasma centre. These shots
are dimensionally similar to higher field and density shots but allow the attainment
of zero loop voltage at lower LHCD power. Clear evidence of off-axis current
drive has been observed on the hard X-ray diagnostic (hot electron localisation) as
well as on the current profile (from polarimetry measurements). This result is
reproduced well by numerical simulations using both ray-tracing and wave
diffusion/Fokker-Planck codes (see Fig. 8).

5. Particle control

5.1 Control of wall particle inventory

The density rise at the end of the two-minute shot demonstrates that
particle exhaust capability is a vital requircment for long pulse operation. The
inner wall which is presently the main heat exhaust device of TS does not have
particle exhaust capability beyond that of wall pumping. For this reason, long-
pulse operation on TS relies on intensive boronization and helium glow discharge
cleaning. However, because of the super-conducting coils of TS, the toroidal
magnetic field is continuously present during operation, making glow discharge
cleaning impossible between discharges: the wall pumping capacity then decreases
continuously from shot to shot, eventually leading to a completely saturated wall
and to systematic disruptions.

The evolving deuterium content of the wall is monitored using an original
technique relying on the pre-magnetization plasma parameters [12}. At the start of
the pre-magnetization phase, which occurs 1.8 s prior to the main plasma
breakdown, a small deuterium gas puff causes breakdown of a plasma. This pre-
magnetization plasma can be stable if the plasma poloidal field compensates the
destabilising vertical field. However, the rise time of this poloidal field (tg}) is of
the order of 60 ms. For unsaturated conditions, the effective particle life time (tp )
is much shorter than tg, because of the high pumping rate of lhe wall, and the
plasma rapidly collapses. In contrast, for saturated conditions, tp is longer than
1g, and the plasma lifetime is four to five times longer than in the unsaturated case.
The duration of the pre-magnetization plasma gives then a direct measurement of
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the degree of wall saturation, before the main discharge begins. This will be used,
in real time, to adjust the plasma prefill pressure and/or the plasma break-down
voltage, in order to insure a successful start-up of the discharge, regardless of wall
saturation. This will also indicate when conditioning becomes necessary.

The continuous evolution of the wall saturation has a major drawback: it
makes it difficult to obtain reproducible and optimised operation conditions. To
cope with this problem (that ITER will also encounter), a new conditioning
technique has been developed [13]. It uses the ion cyclotron resonant heating
(ICRH) system to produce low density plasma (ICRH power 30-350 kW, averaged
line density 1-6 10!8m-3, electron temperature 1.5-10 eV, helium fill gas). The B
value is set at 3.8 T so that the fundamental cyclotron layer of hydrogen and the
second harmonic layer of deuterium lie inside the vacuum chamber. This
technique results in a hydrogen removal rate of about 50 Pa.m3h-! on average,
with a maximum value of 260 Pa.m3h-! at the start of conditioning. These rates are
one order of magnitude higher than those obtained in the usual helium glow
discharges, and would allow the recovery, within ten minutes of ICRH
conditioning, of the total quantity of gas injected during a discharge (typically 10
Pa.m3 in TS). This higher cleaning efficiency is attributed to the presence of
energetic particles created by ICRH (up to 50 keV observed on the neutral particle
analysers): these particles can penetrate deeper in the carbon layers of the wall.
Such a technique is very promising for conditioning of deep saturated layers and
for tritium removal by isotope substitution; these two subjects are of great interest
for ITER.

5.2 Plasma particle exhaust

Particle control is mandatory for long pulse operation, and an extensive
program of design and testing of particle exhaust structures is being pursued on
Tore Supra. Two methods exist to pump particles in a tokamak plasma (either
limited or diverted): throat structures which pump the parallel ion flux, and vented
structures which pump the neutral recycled flux.

In throat structures, high exhaust efficiency entails high ion flux in the
throat and, consequently, high thermal loads on the leading edge. In contrast, in
vented structures, the cascade of reactions experienced by the recycled particles
(dissociation, ionisation, charge exchange...) yields a nearly isotropic neutral
distribution, and half of the recycled flux returns to the wall. In a structure which is
semi-transparent to neutrals, a significant fraction of the back-flowing flux enters
the limiter plenum and can be pumped. The vented system thus pumps without
requiring high heat fluxes on the leading edge of the limiter itself. Vented
structures are also well adapted to either axisymmetric or ergodic divertor
configurations. Even for highly radiating, detached plasmas, vented structures
retain some exhaust capability because there is always a neutral flux flowing to the
wall [14].

Experiments on TS have compared the performance of a "classical” throat
pump limiter (TPL, Fig. 9.a) and a prototype vented pump limiter (VPL, Fig. 9b)
for deuterium and helium discharges. As expected, the surface temperature
distribution is nearly uniform in the case of the VPL, while the TPL exhibits the
usual overheating of the leading edge. This is illustrated in Fig. 10, which shows,
for both TPL and VPL, the ratio of the maximum temperature to the surface
averaged temperature during two similar shots. In both cases, the neutral pressure
in the limiter plenum increases as the square of the plasma density and
approximately as the cube root of the total power injected into the plasma (see Fig.
11). Nevertheless, this pressure is lower for the VPL, leading, for deuterium
plasmas, to a particle exhaust efficiency (ratio of the extracted flux to the net
outflux of the plasma) 3.5 time lower for the VPL (6-10% ) than for the TPL (20-
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FIG. 10. Ratio of maximum limiter tempera-
ture to surface-averaged temperature during
twvo similar shots. Solid and dashed lines
correspond to throat and vented pump limiter,
respectively.

FIG. 9. Schematics of throat {a) and vented
(b) pump limiters.
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FIG. 11. Pressure in the pump limiter plenumn versus total power injected to the plasma (a), and versus
volume averaged density (b) for throat (V) and vented (o) pump limiters. Solid and open symbols
correspond to deuterium and heliun plasmas, respectively.

35% ) [15]. Even so, the VPL exhaust efficiency is already high enough to allow
plasma density control, and it can be increased by a factor of 2 by optimising the
shape of the VPL slots.

6. Actively cooled plasma facing components
The most stringent limitation on the long-pulse performance of Tore Supra

remains the heat exhaust capacity of the plasma facing components. This is
illustrated in Fig. 2, which shows that the limit in injected energy decreases with
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increasing injected power, and hence with increasing heat flux. The development,
manufacture, and test of full-size, actively-cooled components, are thus major
physical and technological challenges for the TS program.

The actively cooled inner wall of TS, which was designed in 1985, is
composed of modular elements made of 10 mm thick polycrystalline graphite
tiles, brazed on stainless steel. It can withstand a peaked heat flux of 0.3-0.4
MWm~—2, for one minute. In these experiments, the active cooling keeps the
average temperature of the wall low (= 300 °C), thus avoiding deleterious
phenomena such as carbon blooms. However, localized overheating in regions of
braze flaws and tile cracks does occur. Infrared camera measurements show that
these defects can expand and degrade the heat exhaust capacity of the damaged
tiles; this can lead to detachment of tile fragments and plasma disruption. Such
phenomena are the most probable explanation for the observed power exhaust
limitations: higher injected power corresponds to higher thermal flux which
induces higher temperature gradients and stresses around defects in the tiles.

These observations suggest that, to improve heat exhaust capability, the
number of flaws must be reduced and their effects minimised. These goals have
guided the design of new inner wall elements. for Tore Supra. To reduce the
effects of the flaws, polycrystalline graphite has been replaced by CFC, which
exhibits better crack arrest properties and higher thermal conduction. Prior to the
brazing to the stainless steel tubes, the CFC tiles are laser treatedl, a process which
enhances the adherence of the braze joint. To minimise the number of flaws,
rigorous quality control of the components has been implemented, from the
beginning of their fabrication until their installation in TS [16]. Fracture shear
stress and destructive metallographic tests on reference pieces are systematically
done for each braze cycle. Each tile attachment is checked by X-ray radiography
and thermography. Before the 1995-96 experimental campaign, two modules of
this new inner wall (40° toroidal sector) were installed in TS. They have
successfully withstood the long-duration discharge experiments without displaying
any hot spots. However, they have been only tested up to the power handling limits
of the original inner wall modules, which are still in place. To test further these new
modules during the next experimental campaign, they will be advanced 2 mm in
front of the other modules in major radial position.

In addition to development of plasma-facing components designed to
withstand moderate heat fluxes (£ 1 MWm-2), a substantial effort is also devoted to
the realisation of higher performance components, with heat removal capability in
the multi-MWm-2 range. The first generation of high heat flux components was
composed of modular bottom pump limiters made of 3 mm thick polycrystalline
graphite tiles brazed on CuCrZr tubes. Powers up to 0.7 MW have been exhausted,
in thermal equilibrium situations a single limiter. This corresponds to an average
heat flux of 4 MWm-2, with the leading edge withstanding a peak flux of 8 MWm-2
Using three of these limiters together, it has been possible to obtain a 45-second
discharge sustained by 2.5 MW of injected power.

A new generation of high heat flux components is presently being de-
signed. They take full advantage of the considerable technological progress which
has been made. A full scale prototype "finger" element has been constructed. It is
trapezoidal in shape and 0.5 m long. It is based on CFC tiles bonded to CuCrZr
tube by active metal casting!. Tested in the electron befm facility, it has
successfully exhausted a uniform heat flux of 14.7 MWm~< for 1000 thermal
cycles without any damage. Such components could satisfy the thermal constraints
for the ITER divertor baffles. They will be used in the near future to build a
toroidal pump limiter for Tore Supra. This limiter will be composed of 576 fingers

! Process developed by Metallwerk-Plansee, Reutte, Austria.
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assembled on a rigid structure. It is designed to remove 15 MW of convective
power and will permit further extension of the performance of Tore Supra.

7. Conclusion

The Tore Supra discharges which maintain enhanced confinement for up
to two minutes demonstrate that these regimes can be extrapolated to continuous
tokamak operation. A clear correlation between improved confinement and
current profile shaping is seen. Further progress will require active tailoring of the
current profile and effective continuous exhaust of particles and heat. The first
steps have already been taken by developing new plasma control systems, effective
heating and current drive schemes (mode conversion, fast wave current drive, off-
axis LHCD, high bootstrap fraction), new particle pumping concepts (vented
structures) and second-generation, actively-cooled plasma facing components (new
inner wall elements, prototype finger element for the toroidal pump limiter).

In parallel, a vigorous effort is underway to explore alternative heat
removal concepts. In particular, an upgraded ergodic divertor and associated
diagnostic set are now being installed in Tore Supra. These will be used to test the
viability of the radiative layer concept for long pulse operation over the next two
years.

Because of its super-conducting toroidal field system, Tore Supra offers a
unique opportunity to integrate many of the constraints relevant to a steady-state
fusion device and to explore the associated physics. Its recent results provide a
firm basis for this extensive and challenging programme.
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DISCUSSION

Y. KAMADA: What is the By value in your 2 min discharge?

B. SAOUTIC: The By value for the 2 min discharge is 0.25. This low value is
due to the fact that the main limitation for long discharge operation is heat exhaust.
Consequently the LHCD power is at present limited to less than 3 MW for such dis-
charges. For short pulses, a By value of 1.7 has been attained. It is intended to over-
come this limitation by using a toroidal pump limiter, with the capacity to extract
15 MW of convected power.

Y. KAMADA: Have you observed a decrease in lifetime with increasing B?

B. SAOUTIC: No. In fact, the H factor increases linearly with .

K. IDA: The q profile in the discharge with LHCD shows negative magnetic
shear. Did you observe an improvement in energy confinement and E x B velocity
shear associated with negative magnetic shear in Tore Supra?

B. SAOUTIC: We do observe a transport barrier in the area where the magnetic
shear flattens or becomes negative. In such a regime we do not observe a change in
toroidal rotation, but we have not yet diagnosed the plasma to draw any conclusion on
E x B velocity shear.

B. COPPI: What is the range of density variation that you can obtain?

B. SAOUTIC: The range of density variation that we can obtain during long
pulse operation is 2 X 101 m=3 <n. <3 x 10 m=3,

B. COPPIL;: How does the nature of the plasma—wall interaction change with
density?

B. SAOUTIC: Producing a long pulse at a higher density would require injecting
LHCD at a power level in excess of the heat exhaust capability. Hence we have not
been able to study the change in plasma-wall interaction with density variation.



IAEA-CN-64/02-3

HIGH-FIELD COMPACT DIVERTOR TOKAMAK
RESEARCH ON ALCATOR C-MOD*

L.H. HUTCHINSON, R.L. BOIVIN, F. BOMBARDA!, PT. BONOLI,

C. CHRISTENSEN, C.L. FIORE, D.T. GARNIER, J.A. GOETZ,

S.N. GOLOVATO?, R.S. GRANETZ, M.J. GREENWALD, S.E. HORNE?,
A.E. HUBBARD, J. H. IRBY, D. JABLONSKI¢, B. LaBOMBARD,

B. LIPSCHULTZ, E.S. MARMAR, M. MAY?, A. MAZURENKO,

G.M. McCRACKENS, R. NACHTRIEB, A. NIEMCZEWSKI’, H. OHKAWA,
P.J. O’'SHEA, D. PAPPAS, M. PORKOLAB, J. REARDON, J.E. RICE,
J.C. ROST, J.M. SCHACHTER, J.A. SNIPES, P.C. STEK, Y. TAKASE,
JL. TERRY, Y. WANG, R.L. WATTERSONS®, B. WELCH?, S.M. WOLFE
Plasma Fusion Center,

Massachusetts Institute of Technology,

Cambridge, Massachusetts,

United States of America

Abstract

HIGH-FIELD COMPACT DIVERTOR TOKAMAK RESEARCH ON ALCATOR C-MOD.
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scalings by a factor of 1.5. A new type of ELM behavior has been observed that avoids high instantaneous
heat outflux. The compact, high-field plasmas obtained have enabled divertor studies to be performed at
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1. INTRODUCTION

The Alcator C-Mod tokamak (1] (R = 0.67 m, @ = 0.21 m, x S 1.85) pro-
duces high-field, compact, high performance plasmas. The research program
is focussed on using this capability to explore plasmas with unique dimensional
parameters but at dimensionless parameters comparable to those of much larger
fusion experiments. Through comparisons with these other experiments, Alcator
thereby provides critical scientific tests of physics scaling and theoretical under-
standing. In addition, the high power-densities achievable allow us to explore
questions of critical importance to ITER and future reactors. In particular,
C-Mod has a closed, shaped, vertical plate divertor, which experiences scrape-
off-layer (SOL) parallel heat fluxes close to those expected in ITER, and which,
despite the high heat flux, can be operated in a collisional conduction-limited,
or even detached, state because of the high particle densities in C-Mod. The
consequent reduction in power to the divertor plates is critical for future de-
signs. Understanding of the physics of the divertor, essential for extrapolation,
is rapidly growing.

Molybdenum is used throughout for the plasma facing components. We
have therefore been studying and demonstrating the use of high-Z metals for
such internal components. In many cases, the experience has been very satis-
factory, but in some plasma regimes, detailed below, the core confinement of
such impurities gives cause for concern about their use in future experiments.
Boronization reduces the molybdenum levels by up to a factor of ten.

Experiments over the last two years have seen operation predominantly in
the range 2.5 < B; <8 T, and 0.4 < I, < 1.2 MA. We have not operated above
a maximum current of 1.5 MA so far, because of concerns about the structural
consequences of non-axisymmetric halo currents and other disruption effects,
which will not be discussed further here [2]. Auxiliary heating is 4 MW (source)
of ICRF at 80 MHz, which is resonant with hydrogen minority at 5.3 T and He?
at 7.9T. (An additional 4 MW of tunable frequency power is in preparation). Up
to 3.5 MW has been launched into the plasma with excellent heating efficiencies.
Electron temperatures up to almost 6 keV (peak) and ion temperatures up to 4
keV (sawtooth averaged) have been obtained using these minority schemes [3].
In addition, mode-conversion direct electron heating has been demonstrated
both on- and off-axis. The mode-conversion scheme gives highly localized power
deposition and shows promise for current profile control with the asymmetric
spectrum that can be launched from a current drive antenna currently under
design. ‘

2. DIVERTOR RESEARCH

The C-Mod divertor configuration is designed to spread the heat outflux
over as much area as possible of the outer vertical plate, and maximize the
effects of recycling at the plates. It has been found also to give a divertor
chamber that is very well isolated from the main chamber in respect of neutral
gas pressure. Detailed analysis of the neutral dynamics indicated that in the
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configuration used till Nov 1995, a major influence on the divertor to main-
chamber neutral pressure “compression ratio” was leakage through small slots
in the outer divertor structure. This leakage was then substantially reduced by
blocking the slots. Compression ratios of typically 100-200, and up to 500 on
occasions, have since been obtained, with divertor pressures rising as high as 0.1
mbar and remaining high even when the divertor is detached. The persistence of
high divertor pressure even after the ion recycling flux to the divertor plate has
dropped by a large factor at detachment indicates that the plasma plugging of
the divertor throat is highly efficient, and it has been estimated that the albedo
of the plasma for reflection of neutrals is as high as 0.95 at highest densities [4].
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FIG. 1. Example of the local DR that often occurs near the detachment threshold. Coordinate p is the
flux surface distance from the separatrix at the outer mid-plane. Divertor plate measurements are
compared with reciprocating probe measurements made upstream.

Another indication of the importance and complexity of the neutral dy-
namics in the divertor is the observation of a very local “Densified Region”,
(also known as “Death Ray”, DR)[5]. This expression refers to the observa-
tion of a region on the divertor plate where the plasma pressure (product of
ne and Te) rises above the value on the same flux surface upstream. The DR
also has much larger pressure than on adjacent flux surfaces, that is, it is highly
localized in radius, as shown in Fig 1. This is a quite common phenomenon in
our experiments, and occurs just at the threshold of divertor detachment, when
neutral momentum is presumably becoming important. We attribute the pres-
sure rise to the cross-field transport of momentum from adjacent flux-surfaces
by charge-exchange neutrals which then deposit their momentum in this hotter
region by subsequent exchange or ionization. This interpretation appears to be
supported by observations in numerical simulations of C-Mod divertor cases of
similar phenomena. As full detachment proceeds, the DR disappears.
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Even before the reduction of divertor leakage, detachment of the plasma
pressure from the vertical divertor surfaces was achieved in L-mode, without
added impurities, at core electron density as low as 0.25 times the Greenwald
limit [6]. Closure of the divertor leakage did not greatly affect this detachment
density. The addition of neon, in concentrations that increased the Z.g by up
to 0.8, was found to lower the detachment threshold density by up to a factor
of 2.

For H-mode plasmas it is much more difficult to detach the divertor, pre-
sumably because of the substantially increased parallel heat flux-density (q1),
that results from a narrower SOL and higher heating power. The SOL e-folding
width for g)|, A4, decreases from 3-5 mm at the outer midplane in L-mode to 1-2
mm in H-mode, raising the value of g to typically 0.5 GW/m?. This reduction
in A, is indicative of a decrease of the thermal diffusivity in the first few mil-
limeters of the SOL by a factor of ~ 3 under H-mode conditions. Further out
in the SOL the diffusivity apparently remains at the L-mode level [7]. Detach-
ment of H-mode plasmas has been explored by addition of radiating impurities
[6]. As illustrated in Fig 2, starting at a main-chamber radiation fraction < 0.4
of the input power, prior to impurity puffing, and a confinement enhancement
factor relative to ITER89-P of about 1.8, the addition of impurities simulta-
neously increases the radiation, and decreases the H-factor. With argon and
neon, detachment of the divertor was not obtained in H-mode even with radia-
tion fractions up to 0.8, at which stage the H-factor had dropped to about 1.2.
Nitrogen puffing, unlike argon and neon, is observed to increase the radiation
in the divertor. It produces divertor detachment with H-factor above 1.6.
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FIG. 2. H-factor relative 1o ITER89-P obtained in divertor detachment with impurity puffing. The
nitrogen-puffed cases have progressively deeper detachment and greater impurity content. The argon and
neon cases never delached.
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These differences with different gases indicate that it is important to put
significant radiation outside the separatrix, by appropriate choice of radiating
species, in order to obtain divertor detachment and good H-mode confinement
at the same time.

Tomographic reconstructions of the power-loss profiles in the divertor re-
gion from bolometers [8], illustrated in Fig 3, show that in the case of L-mode
divertor detachment, the radiative region rises to the x-point and there is sig-
nificant localized radiation inside the separatrix. In contrast, for H-modes, the
radiation does not appear to occur significantly above the x-point. We attribute
this difference to the observed higher separatrix (and x-point) temperature as-
sociated with H-mode. In either case, extremely high volumetric power loss
densities are obtained: up to 60 MW /m3.
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FIG.3. Tomographic reconstructions of radiative power loss in the divertor for L- and H-mode divertor
detachment, from 20 divertor bolometer chords.

Studies of the asymmetries between the inboard and outboard legs of the
single-null divertor [9] have shown marked dependence on the direction of the
magnetic field, and hence particle drifts. We find that the ratio (outboard
to inboard) of the electron temperature reaches a factor of ten at the lowest
densities studied, for the normal field direction (negative By). This asymmetry
reverses almost completely when the field direction is reversed, and the inboard
is then hotter than the outboard. The SOL appears to be in a state where there
is always one cold (~ 5 eV) end, normally at the inboard. Divertor detachment
occurs when the temperature at the hotter end is also reduced to this value by
radiative losses. These observations reemphasize the importance of particle drift
effects in the physics of the SOL and divertor.

The performance of the divertor in screening the core plasma from incoming
impurities has been studied using impurity puffing[10]. For a recycling impurity,
such as argon, the penetration factor is expressed simply as the ratio of the total
number of impurity ions observed spectroscopically in the core plasma to the
number of atoms puffed. Fig 4 summarizes the results from various L-mode
plasmas for I, = 0.8 MA, B, =5.3 T.
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FIG. 4. Fraction of injected argon particles that enters the main plasma under L-mode conditions.
Circles are from a density scan at constant shape. Triangles are from a divertor/limiter comparison.
Squares have the divertor leakage blocked.

For a systematic density scan at constant configuration, penetration de-
creases with increasing density, but variations in the plasma configuration (and
possibly wall conditioning) also cause large variations. Penetration factors down
to below 1% have been observed. In other C-Mod experiments [11], penetration
factors up to 30% for limiter plasmas have been observed and up to 60% if the
impurity is puffed at the contact-point of the plasma with the wall.

Experiments with nitrogen puffing, which acts as a non-recycling impu-
rity, show similar trends. For puffs away from the inboard, penetration is 5-20
times greater for limiter plasmas than for attached divertor plasmas. Detached
divertor plasmas, however, have penetration only 1-3 times less than limiter
plasmas.

3. CORE PLASMA TRANSPORT

Alcator C-Mod plasmas enter the H-mode regime of confinement relatively
easily, under ohmic as well as ICRF-heated conditions [12,13]. In terms of
the widely observed scaling of the power threshold for the L-H transition,
P = (C#ieB;:S, where S is the plasma surface area, the C-Mod threshold can
be reasonably described by a constant of proportionality, C = 0.02 —0.04 x 10%°
MW m T. This is as much as a factor of 2 lower than the coefficient derived by
ASDEX-U [14], which itself is one of the lowest coefficients observed on toka-
maks world-wide. This observation raises questions about the scaling’s accuracy
for extrapolations to ITER. The discrepancy cannot be accounted for purely in
terms of the size scaling, since there are other tokamaks such as Compass [15]
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that are compact, like C-Mod, yet see a higher coefficient, C. Moreover, in
comparison with larger machines, our observations would require a faster than
linear scaling with S, in contradiction to the JET/DIIID comparison [16] which
indicated weaker (approximately S%%) size dependence. C-Mod’s uniqueness lies
in high values of A, and B;. Therefore, a weaker dependence on these param-
eters is indicated by our experiments. Evidence from elsewhere (e.g. [17]) has
suggested a weaker density dependence. The observed scatter in the threshold,
due presumably to other variables such as wall conditions, neutral pressure, or
other unknown factors, prevents a clear distinction between density and field
dependencies from our data at this time. Boronization on Alcator C-Mod has
not substantially decreased the lowest power thresholds.

Beyond the studies of global threshold scalings, Alcator C-Mod has demon-
strated striking evidence for the dependence of the H-mode transition on local
edge parameters, especially T.. We find that the electron temperature measured
at the 95% poloidal flux surface (as a convenient edge reference) at the L-H tran-
sition is substantially independent of density over the range 0.9 S % < 2.5% 1020
m~3, having a value 0.12 keV £15%, regardless of heating power, in a controlled
scan at fixed current (0.8 MA) and toroidal field (5.3T) [18]. The temperature
at the L-H transition remains relatively close to this value up to currents of 1.2
MA as shown in Fig 5.

Moreover, as Fig 5 shows, the H-L back-transition occurs also at nearly the
same edge temperature. Thus, there is no hysteresis in the dependence of the
transition on edge temperature. These observations suggest that the driving
mechanism of the H-mode bifurcation is the heating that results from reduced
fluctuation transport, with temperature the controlling parameter. (Reflectome-
ter measurements on C-Mod show the striking drop in density fluctuation level
at the L-H transition that has been observed elsewhere [19]. We cannot at this
stage distinguish between T, and T; which are well coupled.)
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Experiments on C-Mod with reversed toroidal field, so that the cross-field
drifts are in the unfavorable direction for obtaining H-mode, find that H-mode is
not attained until the edge temperature is a factor of 2 or more higher than with
the normal field direction. Also, clear dependence of the threshold temperature
on B; is observed, slightly stronger than linear. These facts support the idea
that cross-field drift effects, determined by the gyroradius, are critical to the
H-mode threshold. We observe both § and collisionality to have wide variation
at threshold.

In experiments since boronization, sustained high-performance H-modes
have been obtained with ICRF heating up to 3.5 MW. Confinement times
up to 2.5 times the ITER89-P L-mode scaling, 7p = 0.048I)%5B7 2 R'*n0!
€23x0-5m05 P=05 have been observed in ELM-free cases. These plasmas do not
show the characteristics of VH-modes [20], in particular, they have sawteeth,
and the transport barrier appears to remain predominantly at the edge.

The duration of ELM-free H-modes is ultimately limited by impurity accu-
mulation. This problem has been investigated by injection of trace amounts of
scandium by laser ablation to measure impurity confinement. Figure 6 shows
an example. During the ELM-free phase, from 0.6 to 0.86 s, no measurable de-
cay of the total scandium content is observed (profile peaking accounts for the
slightly rising emission intensity), indicating impurity confinement times at least
ten times the energy confinement time, which itself is roughly 70 ms. During
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FIG. 6. Traces illustrating the near perfect confinement of injected impurities during ELM-free
H-mode, but much reduced impurity confinement during “Enhanced D, H-modes. ICRF heating power
of 2.5 MW was applied during the time 0.6 to 1.05 s. (I, = I MA; i, reaches 3.3 x 10 m=3 a1 0.85 s.)
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this period, the total radiation power loss, which is dominated by molybdenum,
rises with almost constant slope, consistent with a constant influx and no loss.
Simulations show this behavior to imply a very strong inward pinch velocity and
low diffusivity at the plasma edge, as was also indicated by JET experiments
[21]. Our edge values are approximately consistent with neoclassical theory.

At 0.86 s the ELM-free behavior ends, as evidenced by the Dy, rise, although
the plasma is still definitely in H-mode, based on enhanced thermal and bulk
particle confinement. The scandium immediately starts to pump out, and so
does the molybdenum, with characteristic time approximately 90 ms. Following
a lower D, phase, brought about by switching off the ICRF at 1.05 s, the H-
mode terminates at 1.13 s, and the scandium pumps out even faster, with a
characteristic time of about 20 ms.

The period of enhanced D, emission, 0.86 to 1.05 s, which we loosely refer
to as “ELMy”, illustrates a new and promising behavior which often occurs on
C-Mod [13]. Unlike the type 1 ELMs observed at high power in other machines,
there are few clearly distinct peaks in the edge power flow. Instead, there is a
much more benign continuous degradation of the edge transport barrier, which
gives much lower instantaneous heat flux than ELMs. This phenomenon does
not appear to be related to type 3 ELMs because the enhanced D, behavior
increases with increasing heating power.

The occurrence and relative peak performance of the enhanced D, modes
are illustrated by the scans downward (at 0.8 MA) and upward (at 1 MA) of
plasma target density, plotted in Fig 7. There is only weak dependence on
previous wall history. The highest confinement occurs for ELM-free cases, close
to the low-density limit of H-mode accessibility. At higher divertor pressures,
corresponding to higher pre-RF target density, the enhanced D, modes have
confinement that is degraded by perhaps 20 to 30% from the ELM-free.
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FIG.7. Energy confinement time versus divertor neutral pressure for controlled scans during a single
day. Each point is shaded according to the relative intensity of main-chamber D,
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Comparison with H-mode scalings is particularly significant [22] because
versions developed prior to the availability of C-Mod results tend to have a
stronger size dependence than L-mode and consequently to predict H-mode
performance for C-Mod parameters that is little better than L-mode.

Fig 8 shows C-Mod experimental results plotted versus the ITER93 ELM-
free scaling, TITER9S = 004812873945 R1.84 n2.03€—0.02 50'53m°'43P“°'55. Even
our “ELMy” (mostly enhanced D,) plasmas lie above this line and the ELM-
free cases well above. Qur L-mode data spans the range between 0.57TERg3 and
0.8571TER03, the latter being often taken as an approximation of ELMy condi-
tions. Clearly, therefore, these scalings must be reconsidered. An optimistic
interpretation is that we have demonstrated better confinement than the scal-
ing. However, more likely, one should conclude that the scaling is inaccurate
and that the actual variation with size is not as strong as the scaling suggests.
This interpretation is less favorable for projections to ITER.
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DISCUSSION

R.J. TAYLOR: What is your expected (projected) Q for the Alcator programme
based on the best scaling obtained so far?

I.LH. HUTCHINSON: If a confinement enhancement factor of 2 relative to the
ITER89P scaling can be maintained up to a plasma current of 2.5 MA, which is within
the original design capability of the tokamak, then DT equivalent Q exceeding 0.3 is
projected.

H.L. BERK: The SOL properties and H mode transitions you describe are quite
dramatic. Is there any indication that the magnitude of B could be a scaling parameter
that needs to be looked at? Your machine has much higher B than other tokamaks.

I.H. HUTCHINSON: Clearly, how the SOL transport scales is a very important
question, and I refer you to the paper by LaBombard et al. (IAEA-CN-64/AP2-5) for
the Alcator results. 1 think international fusion research is in the early days of
developing an understanding of how those transport scalings work. The magnetic field
is an important parameter. Perhaps the more predominant one is actually electron
temperature.
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Abstract

DIVERTOR BIASING EFFECTS TO REDUCE THE L-H POWER THRESHOLD IN THE JFT-2M
TOKAMAK.

Divertor biasing effects to reduce the L-H power threshold are discussed. The L-H power
threshold is reduced by the biasing only when a negative radial electric field is formed in the scrape-off
layer (SOL) and the compression of neutrals in the divertor region is observed, If the ion ¥B drift direc-
tion is reversed to be away from the X point, which means a change of the E X B flow direction in
the SOL, the reduction of the power threshold is not observed. In this case, the compression of neutrals
in the divertor region is not observed either. The effects of the compressed neutrals are investigated in
an intense gas puffing experiment. After short, intense gas puffing, there is some delay before the local
gas puffing effects disappear and the neutrals are compressed in the divertor region. At that time, the
L-H transition occurs at lower heating power than in the case without the gas puffing. The compression
of neutrals in the divertor region is favourable for reducing the L-H power threshold. These observa-
tions may be explained by an H mode theory based on ion loss. Since the ion poloidal gyroradius is
enlarged near the X point where the neutral density is high, banana ions may be taken away by the
charge exchange reaction without having unfavourable effects on the plasma inside the separatrix.

! University of Tokyo, Tokyo, Japan.
% National nstitute for Fusion Science, Nagoya, Japan.
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1. INTRODUCTION

It is well known that divertor biasing reduces the L-H transition power [1-3].
However, the mechanism is not clearly understood yet. Since H mode is required to
demonstrate ignition in a next generation tokamak, such as , it is one of the most
important physics issues to understand the mechanism of the L-H power threshold
and to find a tool to reduce the threshold. The scaling study [4] shows that the transi-
tion power increases with increasing main plasma density. On the other hand, the
condition of a low heat load to the divertor target is realized only at high density at
present. Thus it is very important to find a low L-H power threshold at high density
for compatibility between high confinement and reduced heat load to the divertor
target. In this paper, the effects of biasing for reducing the L~H power threshold are
discussed from the viewpoint of the neutrals. It is found that the compression of the
neutrals in the divertor region is produced by biasing and has a good correlation with
the reduction of the L-H power threshold. This effect of the neutral compression is
reconfirmed by an intense gas puffing experiment [S]. It is concluded that the neutral
compression in the X point region is favourable for reducing the L-H power
threshold. Control of the neutrals also has the potential to reduce the power threshold
at high density.

ch7 ch16 ch21

FIG. 1. Upper single null divertor plasma configuration and typical sight-lines of a fan array for\Ha
measurement (through the gap of the discrete divertor plates). Only the outside baffle plate is biased
with respect to the vacuum vessel.
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2. EXPERIMENTAL SET-UP

The JFT-2M is a medium size tokamak (major radius R = 1.31 m, minor radius
a = 0.35 m, elongation x =< 1.7, toroidal magnetic field B, = 2.2 T). The follow-
ing experimental study of the biasing and the intense gas puffing experiments were
performed with a deuterium plasma heated by a hydrogen neutral beam (NB). The
primary energy of the hydrogen NB is 32 keV. The injection angle is about 38° to
the magnetic axis and the injection is parallel to the plasma current (co-injection).
Figure 1 shows the plasma configuration of upper single null divertor (R = 1.30 m,
a = 0.25 m, « = 1.33) with plasma current I, of 195 kA, toroidal field B, of 1.27 T
and g of about 3. The direction of the plasma current and of the toroidal field
viewed from the top of the torus is clockwise (CW) and counter-clockwise (CCW),
respectively. The ion VB drift direction is towards the X point in this case. Only the
outside baffle plate (for a closed lower single null configuration) is biased, as
shown in Fig. 1.

3. BIASING EXPERIMENT

The time evolution of a typical H mode with biasing is shown in Fig. 2. Positive
biasing of about 200 V is applied from 650 ms. The H,, intensities of channels 7 and
16, whose sight-lines include the outside divertor region (see Fig. 1), are increased
by the biasing. However, the H, intensity around the main plasma (channel numbers
greater than 21) is reduced. The L-H transition triggered by a sawtooth crash occurs
at 780 ms. The threshold power is reduced by about 30% compared with the case
without biasing. Figure 3 shows the changes of H, profile resulting from the
biasing. The ratio of the increased H, intensity to the intensity before the bias is
applied is shown. In the case of the positive biasing (negative radial electric field
induced in the SOL by the biasing) with B, of CCW direction, the H, intensities
whose sight-lines include the outside divertor region are increased by the biasing, and
the H, intensity around the main plasma is reduced. This means that a compression
of neutrals in the divertor region occurs, However, in the cases of the negative
biasing or the positive biasing with B, of CW direction, the compression of the
neutrals is not seen and the reduction of the power threshold is not observed. The
compression of neutrals has a good correlation with the reduction of the power
threshold. Since the plasma potential connected to the positive electrode follows the
positive potential, the SOL plasma connected to the positive plate through the flux
tube has more positive potential. Figure 4 shows the floating potential [6] measured
by the movable probe with and without biasing. The position zero on the horizontal
axis corresponds to the position where the flux tube touches the biasing electrode;
it is shown by the thick flux tube in Fig. 1. Therefore, a negative radial electric field
is formed just outside the separatrix. The negative electric field does not change for
ohmic, L and H mode. The compression of the neutrals is only observed in the case
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of the favourable ion ¥ B drift direction together with the negative radial electric field
in the SOL. This compression of neutrals may be coming from the decrease of the
perpendicular diffusion in the SOL by the E X B flow and the SOL current [7-10].

4. INTENSE GAS PUFFING EXPERIMENT

We performed an intense gas puffing experiment to study the effects of the
neutrals on the L-H transition power. Since a divertor configuration is favourable for
obtaining H mode and the scaling study shows a higher power threshold at high
density, it is believed that neutrals are unfavourable to the L-H transition. We found,
however, that the H mode is caused by the intense gas puffing. The time history of
the L-H transition produced by the intense gas puffing is shown in Fig. 5. Deuterium
gas puffing of about 3.5 Pa-m3.s™! is applied from the bottom of the torus during
the NB heated L mode phase. The density increases from ~3 X 10Y m3to ~4
X 10® m? and a clear L-H transition occurs 60 ms after switching off the gas
puffing. The ELM free H mode continues even after switching off the NB heating.
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FIG. 5. Time evolution of the line averaged density, electron temperature at the edge (rfa = 0.87),
H, intensities, NB injection power and gas puffing rate from the bottom of the torus.
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FIG. 6. Change in the H, profile resulting from the intense gas puffing. The H, intensity around the
X point region is increased compared with that around the main plasma.

The H, intensities of channels 7, 16 and 21 show an increase from the gas puffing.
The L-H transition occurs during the very slow decay phase of the H, intensity.
The small dip in the H,, signal after the gas puffing is switched off ( ~ 845 ms) indi-
cates a short H phase triggered by a sawtooth crash. The H phase becomes longer
after the gas puffing is switched off and finally the plasma goes into an ELM free
H mode. A drop of the time averaged electron temperature caused by the gas puffing
is not clearly observed, but the peak electron temperature in the case of a sawtooth
crash decreases. Even with a low peak electron temperature, we can see the short
L~H transition (see the sawteeth at 775 ms and 845 ms). This suggests that the elec-
tron temperature may not be playing a major role for the L-H transition. The power
threshold for the H mode is reduced by about 200 kW (~30%) compared with a
plasma without gas puffing.

Figure 6 shows the change of H, profile caused by the gas puffing. The ratio
of the increased H, intensity to the intensity before the gas puffing is shown. Since
the toroidal location of the H, measurement is far away from both the top and the
bottom gas puffing positions (112.5% and 157.5° away, respectively), a difference
in the H, profile caused by the top or the bottom gas puffing is not clearly observed.
The neutrals from the gas puffing are toroidally localized. The localization of neutrals
by the gas puffing is confirmed by the large difference in the neutral out-flux
measured by the time-of-flight (TOF) diagnostic system [11, 12]. The toroidal loca-
tion of the top gas puffing and the TOF diagnostic is the same, and the poloidal dis-
tance between them is only about 14 cm. The top gas puffing of 2.3 Pa-m?.s!
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FIG. 7. Difference in the time evolution of H, intensities, neutral out-flux measured by the TOF diag-
nostic and gas puffing rate with (a) top or (b) bottom gas puffing. The TOF neutral out-flux is affected
dramatically by the top gas puffing, which is at the same toroidal position as the TOF diagnostic.

increases the TOF neutral out-flux by more than an order of magnitude, as shown
in Fig. 7(a). However, the bottom gas puffing of 3.5 Pa-m3-s-!, which is located
45° away toroidally from the TOF diagnostic, does not change the out-flux (see
Fig. 7(b)). In Fig. 7(a), the large difference in the decay time of the H, intensity
and the TOF neutral out-flux can be seen. The time of 1/e in the H, intensity
(channel 7) is about 250 ms and that in the TOF neutral out-flux is about 10 ms. It
is understood that the puffed neutrals are pumped out rapidly by the ionization, but
the recycled neutrals around the divertor region decay slowly with a time constant
of the effective particle confinement. The short H mode phase triggered by a saw-
tooth can be seen at the time when the local effect of the gas puffing disappears in
Fig. 7(a), and a clear ELM free H mode is observed 60 ms after switching off the
gas puffing in Fig. 7(b). In both cases shown in Figs 7(a) and (b), there is a local
effect of the gas puffing that is not favourable for obtaining H mode. Therefore, the
H mode is observed several tens of milliseconds after the gas puffing is switched off.
At that time the compression of the neutrals in the divertor region is maintained and
the local effect of the gas puffing disappears. These are good conditions for the L-H
transition.

5. DISCUSSION

The increased charge exchange reaction by the compressed neutrals around the
X point might have a favourable effect for obtaining H mode [13] without having
unfavourable effects on the main plasma. This does not contradict some theories
[14, 15] of the L-H transition that predict an important role for ions in the formation
of a radial electric field inside the separatrix. The poloidal field is very weak around
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FIG. 8. Calculated 500 eV D* ion orbit at the edge. The process of formation of the radial electric
field (E,) is schematically shown (see text). The increase of collisionless ion flux and negative E, is
observed by TOF (12] and CXRS [I6] measurement. LCFS: last closed flux surface.

the X point, so the banana width is enlarged in that region, as shown in Fig. 8.
Therefore, if a charge exchange reaction occurs between the compressed neutrals
around the X point and a banana ion, whose orbit is from inside to outside the
separatrix, then the banana ion counts as an ion loss for the plasma inside the
separatrix. The electricity is conserved by the charge exchange reaction, but the
energy of the ion is lost. This means that the collisionality changes from less than
one to larger than one as a result of the charge exchange reaction and the ion is lost
to the divertor. Therefore, the neutrals help to form the negative electric field.
However, the neutrals inside the separatrix (around the main plasma) dump the
torque of the electric field by momentum loss (through the charge exchange reaction),
which is unfavourable for obtaining H mode. This effect might correspond to the
local effect of the gas puffing.

6. SUMMARY

We have observed the reduction of the L-H transition power by biasing or by
intense gas puffing. In both cases, the compression of neutrals in the divertor region
is observed from the H, measurement. The compression of neutrals in the divertor
region is favourable for obtaining H mode. These phenomena may be explained by
an ion loss theory for obtaining H mode.
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DISCUSSION

M. KAUFMANN: Are you sure that the neutral gas flux is the primary reason
for the change in the L—H threshold, because you modify the plasma edge parameters
by gas puffing?

Y. MIURA: Yes, I think that the gas puffing changes the L-H transition. A mod-
ification of the edge plasma parameters is observed. The drop in the peak electron
temperature caused by a sawtooth heat pulse is clearly observed. However, the ion
temperature is not reduced much. I think (n;T;) at the edge may play an important role
at the L-H transition.
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Abstract

QUASI-STATIONARY ELM FREE HIGH CONFINEMENT WITH EDGE RADIATIVE COOLING
IN TEXTOR-%4.

On TEXTOR-94 a new regime of high confinement at high density has been established with vir-

tually ELM free H-mode confinement. It is obtained in quasi-stationary discharges with strong addi-
tional heating in the presence of neutral beam co-injection and edge radiation cooling using feedback
control of the energy content and of neon edge impurity seeding. This new regime combines high
confinement, low g-edge values and high density close to the Greenwald limit with dominant radiative
heat exhaust (edge radiation cooling); it is called Radiative I-mode (RI-mode). It is obtained in a pump
limiter configuration, and if these results can be extrapolated the RI-mode may become an attractive
operational scenario for a future fusion power reactor.

* Researcher at NFSR, Belgium.
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1. INTRODUCTION

Previous work on TEXTOR - a pump limiter tokamak with circular plasma
cross section - has shown that on the one hand non-detached plasmas with
significant edge radiation cooling are possible [1-3] and on the other hand a
regime of improved confinement with respect to the L-mode - called the I-mode -
can be found in which, however, the enhancement factor fy decreases with density
[4). More recently, work on improved confinement has been extended in the
presence of edge radiation cooling [2,3] and a new regime with further improved
confinement and a much more favourable density scaling has been identified [5];
it is called "Radiative I-mode" or RI-mode. Enhancement factors for the energy
confinement of up to (and even above) 1 with respect to the ITERHS3-P ELM-
free scaling law have been obtained. The energy confinement scales linearly with
density but shows only a weak current dependence [6], in contrast to the usual L-
and H-mode scaling and also to the previously observed I-mode without radiation
cooling [4]. No additional operational difficulties have been encountered when
going to rather low cylindrical q, (i.e. g, < 3); this results in a natural way in high
values for the figure of merit for ignition margin [7] under high density
conditions. The neon seeding required for and characteristic of the RI-mode does
not affect the total neutron fusion yield indicating a low non-accumulating
central impurity concentration, even at the high radiation fractions needed to
solve the heat exhaust problem. There is no power threshold to obtain this regime
and no ELMs have been observed. Although the underlying mechanism that
leads to the transition into the favourable conditions of the RI-mode is not yet
understood, it appears that it is accompanied by an increase of the central current
density and a reduction of the edge electron temperature.

2. EXPERIMENTAL SET-UP

TEXTOR-94 is a long-pulse medium size circular limiter tokamak (major
radius R=1.75m, minor radius a=0.46m, pulse lengths of about 10 s) equipped
with the pumped toroidal belt limiter ALT-II [8]. The experiments described
below are conducted at plasma currents I, between 280 and 480 kA and at a
toroidal magnetic field By=2.25 T. Additional heating consists of co-injection
(D* — DO injection at about 50 keV) combined with ICRF heating (at @ = 2m¢p -
i.e. at a frequency of 32 MHz - with =-phasing of the two antenna pairs, one with
and one without Faraday screen). A necessary ingredient to obtain the transition
to the RI-mode regime is the presence of a minimum level of about 20% of NBI-
co in the total applied power Pyt The energy content of the plasma during the
stationary phase has been feedback controlled by acting on the level of ICRH
heating. In this way, the transition to improved confinement and its changes on f
are compensated in real time by changing the amount of the ICRH power. The
feedback control of the edge radiation, which keeps a prescribed emission level of
Ne VIII, acts on the Ne inlet valve [1] while the action of the pump limiter is
required as a sink for Ne in the feedback loop. In this way, quasi-stationary
plasmas can be routinely obtained with a radiated power fraction ¥ = P;ag/Piot
(where Py,q is the total radiated power) of up to 0.9.
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FIG. 1. Comparison of different plasma parameters for two discharges obtained on TEXTOR-94 with
(#67130, plain curves) and without (#67133, dashed curves) edge neon seeding. Shown are, as a
function of time, the signal of the diamagnetic energy, Ey,,; the central line averaged density, ny; the
applied additional heating powers, Py;and Picpy; the intensity of the NE VIII line; the enhancement
facior fugs with respect to ITERH93-P; the central ion temperature Ty from CXES of a C VI line; the
electron temperature at r = a/3 (from ECE diagnostics); the edge electron temperature (from the He
beam diagnostic); the radiated power fraction, ¥y = P4/P,,; and the value of the safety factor at the
magnetic axis (with an error of about 30%) from polarimetry.
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3. DISCHARGE CHARACTERISTICS

Fig. 1 compares the temporal evolution of the main plasma parameters of
two discharges at Ip = 400 kA (i.e. qz=3.4) heated by the combination of ICRH
and NBI-co, one with (#67130) and one without (#67133) neon seeding. During
the interval between 1.5 to 3.7s, the NeVIII radiation, (which is nearly
proportional to the radiated power) is feedback controlled [1] resulting in quasi-
stationary plasma conditions with a radiated power fraction y= 90%. From t=3.7s
on, the neon inlet valve is closed and the neon radiation decreases due to the
pumping action of ALT-II.

Remarkable in this figure is the evolution of : (i) the diamagnetic plasma
energy Egia, (ii) the enhancement factor for the energy confinement time versus
the ELM-free H-mode scaling ITERH93-P, fiyg3, and (iii) the feedback controlled
ICRH power, Picry. A distinct transition of the energy confinement is triggered
by the seeding of Ne (starting at t = 1.5s) as soon as y = 50%. There these signals
show a sharp change and the energy feedback system starts to reduce Picry in
order to maintain the preset value (Egja = 120 kJ) for the plasma energy. If Egi,
does not reach the preset value, Picry is limited to 1.35 MW in the present case.
Note the long duration of the high confinement phase which is about 50
confinement times (1g = 60ms). Maximum stationary phases obtained up to now
are limited by technical constraints of the machine and last over Ss corresponding
to about 100 confinement times.

Together with the increase in energy confinement, the plasma density is
rising, reaching values close to the Greenwald density limit (defined as
(Neo,Greenwald = Ip/(®a2) with as units 102°m-3, MA, m [9] and equal to
6.0 101%m-3 for this discharge). TRANSP code analysesshow that at these high
densities the improved confinement is not caused by a dominating fast particle
contribution. The rise in the plasma energy content occurring in the Ne cooled
discharge, notwithstanding the lower level of additional heating, is reflected by the
increase of both the line averaged central density Ngo and the central ion
temperature Tig.

The further slight improvement of fgg9s occurring near the end of the
heating pulse is linked to the slight density rise there (as will be discussed below)
and is reflected in the signal for the applied ICRH power, which is decreasing as a
consequence of the feedback system. The relative decrease of Picry there is
larger than the increase of fygs according to the relation Py,(fye3)> = constant
(where Pyt = PicrH + PnB1 + Pon is the sum of the ICRH, NBI and OH power
applied) as can be seen from the ITERH93-P scaling.

Also shown in the figure is the large difference in the radiation fraction v.
The necessity of a certain threshold level of edge radiation to initiate the
transition to improved confinement and in addition to maintain it, is illustrated by
the switch off of the neon puffing in the later phase of the discharge, i.e. at
t=3.7s. It causes a gradual decay of the radiation fraction, initially with still high
confinement, until a minimum critical level for ¥ is reached, leading to a
confinement degradation at t = 4.7s, as can be clearly seen in the traces of Prcry,
frg3 and Egja. .

After the end of the stationary part of the RI-mode phase (1.8s < t < 4.0s),
a remarkable change in the inner MHD activity has been found. With the increase
in density there, the sawteeth oscillations are first reduced in amplitude (with a
collapse time increasing to 2-4 ms), then become irregular and finally cease
completely. This can be seen on the trace of the ECE temperature outside the g=1
surface, Te(r=a/3), where until t=4.0s regular heat pulses are clearly seen
corresponding to the sawteeth crashes. When the sawtooth activity ceases, irregular
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MHD oscillations in the centre remain, as also observed in the Z-mode of ISX-B
[10]. At the edge, also under these conditions, no signs of ELMs are observed.

Fig.1 shows also that qp, the safety factor at the magnetic axis, drops
during the stationary RI-mode phase to a value as low as 0.65 compared to 0.8
for the discharge without neon seeding. This feature has been seen for several
pairs of discharges at different plasma currents. This corresponds to a peaking of
the current profile with an increase of 15-20% of the current density on axis.
After the switch-off of the Ne seeding, an increase of qg above 1 is correlated with
the disappearance of the sawtooth activity, but note that still high confinement is
observed.

Remarkable in this figure is also the decrease of the edge electron
temperature T.(r=a), due to the neon seeding as measured by the He-beam
diagnostic [11] and a scanning probe array [12]). This last diagnostic shows in
addition that the edge electron temperature profile (r=45.5-50cm) generally
changes from a profile with a decay length of about 1.2t01.5 cm to a nearly flat
profile in the presence of Ne seeding.

4. CONFINEMENT AND PERFORMANCES

On Fig. 2 the enhancement factor fyy93 of RI-mode discharges is plotted as
a function of neo for different values of I and for a large range of v, Pyt and
PruBY/Piot (1.5 < Piot < 4.5 MW, 0.45 <7< 0.95, 0.25 < PNR1/Piot < 0.9). Several
important features are visible in this figure : (i) the enhancement factor fiygs
increases rapidly with density which is reminiscent of the Z-mode of ISX-B [10];
(i) fyg9s = 1 (i.e. equivalent to ELM-free H-mode confinement) is obtained for
each current but at densities which increase with the plasma current; (iii) the
Greenwald upper density limit is reached for each current without losing the
characteristics of the RI-mode. No attempt has yet been made to investigate the
density limit of the RI-mode.

In Fig. 3 the figure of merit for ignition margin fyge/q, (with fyygo the
enhancement factor with respect to ITERL89-P and q, the safety factor at the
edge) is plotted versus density for the same set of data as in Fig. 2. The triple
fusion product is proportional to the square of this parameter. It is clear that the
data corresponding to the different currents overlap, signifying that the RI-mode
has a confinement independent of the plasma current, but depends strongly on
the density in contrast to the L- and H-mode scaling laws

(trTERL89-P > Neo® 10P o 030,085 and TrTERH03.p o Moo 17Pior 0-671,1-06). A
careful analysis shows that the RI-mode scaling equals roughly the Neo-Alcator
scaling, degraded by (Pop/Por)0-50 [6]. Fig. 3 shows also that the value required
for ITER, i.e. fggg/qa = 0.60, is found for the highest densities and currents.
Finally, in Fig. 4 we plot for the same set of data as Fig.2, the normalised beta (3,

= BraBy/Ip) versus the ratio NeoMeo,Gr. This shows clearly that not only the B, limit
of the previous experimental campaigns (B, = 2) [4] is obtained in the RI-mode
but also that this could be obtained at densities around the Greenwald limit with a
confinement as good as ELM-free H-mode.

During the RI-mode, together with the energy confinement time Tg, Tp p,
the particle confinement time of deuterium also rises as a consequence of the
decrease of the edge electron temperature. This in turn leads to an increase of the
penetration depth of the neutrals and a decrease of particle diffusion coefficient
of the edge which is assumed to be Bohm-like [13]. Furthermore, we observe a
steepening of the density profile. All together these effects lead to an increase of
Tp,D by a factor 2to3 for the discharges shown in Fig.1.
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The measured effective particle confinement time for He tp yg* rises for
similar RI-mode discharges by a factor of about 2 (2.3 as measured by CXES and
1.8 as found from direct pressure measurements in the ALT pumping duct). At
the same time the energy confinement Tg increases by a factor 1.6, such that the
ratio Tp ye*/Tg shows only a moderate increment. Note also that this implies that
the ratio Tp ye*/Tp p remains the same with or without neon seeding, which can be
understood as if Tp yge o Tp p With the same removal efficiency independent of the
neon seeding.

S. POWER EXHAUST AND FUSION REACTIVITY

An approximately poloidally uniform power exhaust, needed to decrease .
the heat load on critical wall elements in a future reactor, is obtained at
sufficiently high radiation levels due to the dominance as a radiator of the seeded
impurity neon over the intrinsic impurities C and O, which radiate more in the
vicinity of the toroidal belt limiter ALT-II. The Li- and Be-like states of Ne,
having a larger ionisation time than the intrinsic impurities and thus being more
uniformly distributed, account for most of the radiation. There is only a small
contribution to the total radiated power from the central plasma, where the
hydrogen like, helium like and fully ionised neon ions are located.

For the whole duration of the feedback controlled Ne seeding, there is no
central impurity accumulation as can be verified from the constant ratio of the
brilliance of various charge states of different impurities (C,0 and Ne), from the
neutron reactivity and also from the unchanged current profile peaking.



184 WOLF et al,

The neutron reactivity does not show any deleterious effect of the seeded
impurity as follows from a detailed analysis of the neutron yield at different levels
of meon seeding [5,14]. This can be partially understood by a replacement of the
intrinsic impurities C and O by Ne, such that the dilution remains unchanged.
This results from a reduced sputtering of wall material due to a lower edge
temperature in the presence of neon seeding as shown in Fig.1, Indeed, the
carbon concentration decreases by a factor of 1.8 in the discharge with radiation
cooling of Fig.1, as evaluated from the CV brilliance, taking into account electron
temperature and density changes. Note that although the dilution is the same, Zqgr
will increase when the atomic number of the seeded impurity is larger than that of
the intrinsic impurities

As discussed in [5], an estimate of the average neon concentration in the
plasma volume can be found from a detailed particle balance for the seeded neon
and the Zesr measurement. This leads to an estimated upper limit for the average
concentration of about 1.5% Ne.

6. CONCLUSIONS

Recently, a new and favourable confinement regime, the so-called
Radiative I-mode, has been discovered on TEXTOR. It can be maintained under
quasi-stationary conditions for intervals of up to 100 X g, comparable to the skin
resistive time using as indispensable tools the feedback control of the impurity
seeding and the plasma energy content.

The most striking features of the RI-mode can be summarized as follows :
(i) it permits high densities close to or above the Greenwald limit, (ii) it exhibits
high confinement, scaling linearly with the plasma density, and at the highest
densities reached, as good as ELM-free H-mode confinement is obtained together
with sufficiently large normalised beta values, (iii) going to low edge q values
poses no operational difficulties, (iv) it leads in a natural way to high values for
the figure of merit for ignition margin fige/qa, (v) it can be obtained with high
edge radiation fractions, offering a possible solution for the heat exhaust of a
fus1on reactor, (vi) it does not show a power threshold nor ELMs and (vii) no
detrimental effects of the seeded impurity on the fusion reactivity are observed,

In order to extrapolate to reactor ignition, scaling with plasma size and shape

and with By has to be assessed.
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DISCUSSION

F.X. SOLDNER: You mentioned a peaking of the density profile in radiative
discharges. Could this provide an explanation for the high line average densities
exceeding the Greenwald limit, with the edge density being kept low? This would be
consistent with previous results in regimes of peaked density profiles, e.g. with pellet
injection, where the edge density was identified as the ruling parameter for the density
limit.

G.H. WOLF: In a global sense this may be so. Unlike the case with pellet
fuelling, however, particle transport through the radiative boundary layer is also the
only channel for the inward flux. Therefore this may not explain the underlying
driving mechanism.

R.J. TAYLOR: In your experiment, the neon puffing changes the edge sym-
metry. How important can this be for reaching the improved performance?

G.H. WOLF: Intuitively, I share the assumption that the improved poloidal
symmetry of edge radiation is an important ingredient. However, without the other
tools for obtaining the RI mode (such as NBI co-injection), this symmetry is not
sufficient. For details on the radiating layer I refer to the TEXTOR article,
G. TELESCA et al., Nucl. Fusion 36 (1996) 347.
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Abstract

OPTIMISATION OF JET STEADY-STATE ELMy DISCHARGES WITH ITER-RELEVANT
DIVERTOR CONDITIONS.

Experiments with the JET Mark IIA divertor involving optimisation of performance with gas
fuelling are discussed. The development of plasmas in the Mark IIA configuration at high current
(=4.5 MA) and low q (ggs < 2.6) is presented. The results of a preliminary experiment to study the
dimensionless (p* and »¥) scaling of energy confinement in impurity-seeded plasmas with high radiated
power are discussed. It is found that the energy confinement is not consistent with gyro-Bohm scaling
and does not follow the ITERH93-P scaling law for ELM-free plasmas,

1. INTRODUCTION

JET is now in the middle of a programme designed to investigate the effect
of divertor geometry on plasma performance. The configurations studied so far
are the Mark I (Fig.1(a)) and the Mark ITIA (Fig.1(b)). This series will conclude
with an ITER-specific "Gas Box" (Mark IIGB) in 1997/98. The programme
follows a progressively more closed series of configurations. Each of the divertors
uses a cryopump with a nominal pumping speed (deuterium) of 240m3-s°1.

Optimisation’ of plasma performance in steady-state ELMy H-mode
discharges in the Mark ITA divertor has concentrated on the effect of changes in
plasma configuration and fuelling. Changes in bulk plasma parameters (such as
plasma triangularity) and in divertor closure-related parameters (such as magnetic
flux expansion at the target) are covered in a related paper [1] which also
addresses the behaviour of type I ELMs in the Mark IIA. The changes in plasma
performance due to main species (D3) fuelling are discussed in Section 2 below.

The steady-state ELMy H-mode is a candidate for production of high
performance (in terms of stored energy and fusion yield) plasmas in the
forthcoming deuterium-tritium experiments in JET (DTE1) scheduled for early
1997. The optimisation of this regime at high current (= 4.5MA) and full field
(3.4 = Bt 2 3.1T) in JET involves plasma operation at low values of q (q95 < 2.6)
where experimental input would provide useful information for ITER operation.
The status of this work is described in Section 3.

! See Appendix to paper IAEA-CN-64/01-4, this volume.
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The highly-radiating impurity-seeded divertor plasmas which were first
studied in JET in the Mark I campaign [2] have been the subject of further study
in Mark IIA [1]. An important issue is whether the confinement quality of these
discharges, which is barely acceptable for ITER [1,2], is maintained as the
dimensionless variables (p* and v*) are increased towards the ITER range.
Investigations into this topic in Mark IIA are described in Section 4.
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Fig.1 JET divertor geometries: (a) Mark I divertor (1994/95) (b) Mark HA divertor(1996).

2. DIVERTOR PLASMA BEHAVIOUR WITH FUELLING
VARIATIONS

2.1 Discharges with fuelling only from neutral beams

As with the Mark I divertor [3], steady-state discharges with Type I ELMs
are routinely achieved in the Mark IIA divertor. The "natural" behaviour of
discharges which are not fuelled by added gas, but only sustained by neutral
beams and the input from edge recycling, has been extensively studied [1]. This
natural behaviour can be summarised as follows:

. the type I ELMy H-modes have a similar confinement to Mark I plasmas
with confinement enhancement (Hg3) relative to the ITERH93-P ELM-free
H-mode scaling of 0.9 < Hgs < 1.1 at plasma currents from 2.5-3.5MA;

. the discharges reach a steady-state density which for a fixed plasma
configuration scales as
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similar to the behaviour in Mark I but with a 15% lower density for similar
configurations [4];

. the discharges have similar low fraction of radiated power (around 20% of
input power) and moderate Zegr (1.5-2.5). Zegr is highest in discharges with
higher triangularity, principally because of the reduced ELM frequency in
such discharges [1]. Carbon is the predominant impurity.

2.2 Discharges with external deuterium gas fuelling

Heavy D, gas puffing (up to ~ 5 1022 atoms s-!) has been applied to all the
Mark IIA plasma configurations. The fuelling efficiency is lower than in Mark I.
This is partly due to the fact that the rate of pumping in Mark IIA is higher than
in Mark I [1], the Mark IIA geometry behaving as a moderate slot divertor by
trapping the returning neutrals near the pumping ports.

The fuelling efficiency is found to be independent of the location of the
gas feed. Fuelling in the upper vessel; in the private region; in the outboard
midplane and at the inner and outer strike zones, all achieve the same asymptotic
density for a given fuelling rate, plasma current and configuration.

lp = 2.5MA /By = 2.5T /Pyg = 12MW
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Fig.2 (a) Plasma density achieved (as a fraction of the Greenwald limit) against deuterium
gas fuelling in the various Mark IIA configurations. (b) Confinement enhancement relative
to the ITERH93-P scaling law (Hg3) as a function of deuterium gas fuelling for the
discharges in (a).
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As the fuelling is increased, the ELM frequency rises and the confinement
begins to degrade [1]. The confinement degradation is correlated with an increase
in the outer midplane pressure or outer midplane recycling, which rise due to the
imperfect closure of the Mark IIA configuration. The same global behaviour was
observed in Mark I [3,5]. The plasma density increases at first as fuelling is
increased (Fig.2(a)) but eventually a maximum density is reached beyond which
a further density rise is impeded because the ELMing rate continues to increase
with increased fuelling and density is expelled. The maximum density is not
accompanied by any dramatic fall in confinement (Fig.2(b)) which continues to
decline slowly. The density limit appears to be related to poor fuelling efficiency
as ionised neutrals are unable to convect into the plasma against the increasing
ELM frequency. The limit is not associated with a disruptive or radiative collapse.

For all configurations, the plasmas with Vertical Target (VT) strike zone
positions are most tolerant to high fuelling rates. They are able to maintain their
confinement at higher values of fuelling, and reach their maximum density at
higher fuelling rates (Fig.2). Thus they sustain a higher radiated power fraction
with a less strongly deteriorated confinement. The radiated power fractions in a
fuelling scan on VT plasmas at 2.5MA/2.5T with fixed beam power are shown in
Fig.3(a). The radiated power reaches ~ 45% of the input power and the increase
in radiation with fuelling comes entirely from the divertor region. In a reactor
plasma this would be beneficial for target loading and erosion. The plasma purity
also increases steadily in this scan (Fig.3(b)) partly offsetting the decline in Hgs.

(a)

Radiated power (%)

2.0:- ) 3

Zg>
@
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—»—

1 ! 1 l 11
11022 21022 3102 4102 51022
Deuterium fuelling (atoms. sec™1)

1.4

Fig.3 (a) Radiated power as a function of deuterium gas fuelling for the Vertical Target,
higher triangularity discharges from the dataset in Fig.2. (Ip=2.5MA; Br=2.5T;
Pppi=12MW). (b) Z.gr as a function of deuterium fuelling for the dataset of Fig.3(a).

The density limit in the Mark IIA configuration lies close to the Greenwald
limit (Fig.4(a)). In contrast, with Mark I it was possible to exceed the Greenwald
limit at low current (Fig.4(b)). There appears to be a trend towards a lower
density limit as the divertor geometry becomes more closed. In the pre-1992 JET
configuration with its open divertor, the Greenwald limit could be exceeded over
a much larger range of I,.
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3. CONFINEMENT IN STEADY-STATE ELMY H-MODES AT HIGH
CURRENT AND LOW g

ELMy H-modes lasting up to 10 energy confinement times have been
obtained in diverted plasmas at plasma currents 2 4.5MA. An example of such a
discharge is shown in Fig.5. Operation above 4.5MA in JET requires low
q95 (£ 2.5) as the toroidal field is presently limited to 3.4T. Thus optimisation of
these plasmas is addressing a regime of particular interest to ITER.

It is found that energy confinement enhancement (Hg3) does not degrade
at low q in JET relative to the ITERH93-P law, but Hgz in discharges with
combined high current and low q (qg9s ~ 2.4-2.5) is about 10% down on the
mean values achieved at lower Ip. The energy confinement of ELMy H-modes
with steady ELMy conditions lasting > 3-Tg is shown in Fig.6 where Hg3 is plotted
against qg5. The dlscharges above 4.5MA have a restricted triangularity range
(0.2 < 8 < 0.23).

Although good confinement can be achieved at low g, a significant number
(~ 50%) of the ELMy H-modes produced at low q show a deterioration in
confinement from one of two mechanisms:

i) Discharges with qos ~ 2.4 are prone to the appearance of large n=2 MHD
activity which, whilst the ELMy H-mode steady-state is maintained, leads to

a loss of confinement by 10-15%. Examples of the steady-state

confinement deterioration obtained are marked in Fig.6. It can be seen that

this is a low q rather than a high current phenomenon. These modes were
present only rarely in Mark I. The nature of their appearance in Mark IIA
is not yet understood, but the causal link with lack of confinement is clear.

1.4
(no n=2) (with n=2)
r I,(MA) 2.0 A35 ¢ 20
11 025 1140 X 40
’ V3.0 47 + 47
1.0
&
T -
0.8~
0.6~

Qg5
Fig.6 Hg; as a function of qgs for steady-state (Tyg>3-Tg) ELMy H-modes. The solid symbols
indicate discharges accompanied by strong n=2 MHD activity.

ii)  Many discharges at qg5 < 2.6 and I, > 4.0MA suffer H-L transitions which
occur randomly, frequently after many energy confinement times. A few of
these discharges have input powers which are close to the L-H power
threshold when bulk radiated power is subtracted. For the rest, the reverse
transition occurs spontaneously and is accompanied by impurity influx and
often by a slowly rotating or locked n=1 mode. These are generally
thought to be effects of the loss of confinement rather than the causes. It is
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Fig.7 Comparative time evolution of stored energy; input power, thermal B; Z,4; Hoz and
radiated power fraction for three discharges in the (p*,v*) scan of radiative divertor

plasmas.
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Fig.8 Hog;z as a function of toroidal field for the JET radiative divertor plasmas at similar
(B, 4. 6, K, a, Z,g frap). Also plotted are the type | ELMy H-modes from the p* scan in JET
(see [6]).
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possible, at this early stage in the high current development, that the vessel

has not been conditioned sufficiently for reproducible behaviour at high

current and power. ‘

Up to 25MW of combined heating power (17MW NBI and 8MW ICRF) has
been coupled into JET plasmas at 4.7MA and 3.4T. The fusion triple product
np(0)-7g-Ti(0) has reached ~ 4 -1020m=3-skeV for three energy confinement
times. Such plasmas would give a fusion amplification factor in D-T plasmas
(Qp.1) of around 0.25.

4. CONFINEMENT SCALING WITH DIMENSIONLESS PARAMETERS
IN RADIATIVE DIVERTOR DISCHARGES

The scaling of energy confinement in discharges with a high fraction
(> 50%) of radiated power, seeded by N, gas, has been studied in a series of
plasmas which are dimensionally similar, except for the variation in normalised
ion Larmor radius (p*) and collisionality (v*). The aim of these experiments was
to ascertain whether these ITER-relevant discharges are consistent with a gyro-
Bohm scaling [6] such as ITERH93-P.

The time development of these H-mode discharges at IMA/IT, 1.8MA/1.8T
and 2.6MA/2.6T is shown in Fig.7. The discharges had the same qg¢5 (=3.1),
triangularity (8 ~ 0.3), minor radius, elongation and were all seeded by a mixture
of Ny and D; gas such that they reached a radiated power fraction ~ 60%. It can
also be seen that they attained the same Zeff of about 3.5. The input powers were
adjusted such that the same thermal Pr was obtained (~ 1.3%). This involved
scaling the input powers approximately as BZ. Due to the difficulty in adjusting
the plasma density, v* was not kept constant from shot to shot, but varied by a
factor ~ 1.7. Since the collisionality scaling of ITERH93-P (gyro-Bohm like) and
Bohm like scalings such as ITER89P are similar (~ v#*-0.3) the dataset should be
capable of distinguishing the p* scaling. The variation in p* across the dataset is
close to a factor 2.

It can be seen from the plot of Hgs as a function of toroidal field in Fig.8
that confinement progressively decays relative to ITERH93-P as B increases. This
is in contrast to the type I ELMy H-mode discharges in JET, which satisfy gyro-
Bohm p* scaling [6].

This data suggests that the radiative discharges are not consistent with a
gyro-Bohm scaling law. Note also the tendency (Fig.8) for the confinement to
approach the type I ELMy discharges at low toroidal field (higher p*).

5. CONCLUSIONS

The scaling of density with power and current in ELMy H-modes in the
Mark IIA divertor without added gas fuelling is similar to that seen in Mark I.

With gas fuelling, confinement progressively degrades from equality with
the ITERH93-P scaling law. This degradation may be due to interaction caused
by increased midplane pressure and recycling which occurs at high gas fuelling
due to bypass leaks from the divertor region.

The vertical target plasmas are most tolerant of gas fuelling, maintaining
their confinement to higher fuelling rates and producing radiative power fractions
of 40-50% with good plasma purity.

There is a maximum density for gas fuelling in any particular plasma
configuration. As fuelling rates are increased further the plasma density declines.
It has not yet been possible to exceed the Greenwald limit in Mark IIA although
operation close to this limit has been possible. The density limit appears to be an
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inability to maintain fuelling efficiency because of increased ELM activity. JET
data supports the conclusion that the density limit becomes lower as divertor
closure improves.

Confinement does not degrade relative to the ITERH93-P scaling law at low
q in steady-state ELMy discharges. There is a slight degradation at high current
but this may be due to insufficient conditioning at high current and power. Low q
discharges are more susceptible to n=2 MHD activity in Mark IIA than in Mark I.
There is also a significant increase in the number of low q, high current
discharges with unexplained reverse H—L transitions.

The confinement scaling in JET radiative divertor ELMy H-modes at
constant shape, q and B is not consistent with a gyro-Bohm scaling such as
ITERH93-P. Further work is needed on truly dimensionless discharges in this
regime to determine the precise dependence on p*.
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DISCUSSION

R.J. HAWRYLUK: You presented very encouraging data about maintaining
high values of H at qy < 3. Has this enabled you to optimize the fusion power at
Qg < 3 as well?

D. STORK: In the case of JET, the optimization of fusion power (as represented
by the Qpr figure of merit) is performed in ELM free dischargés, such as the hot ion
H mode, rather than the ELMy H modes which were the subject of my talk. For these
ELM free H modes, as is shown in the talk presented by my colleague P.J. Lomas
(IAEA-CN-64/A1-5), the optimum value of q remains above 3. In the case of the JET
hot ion H mode, the optimum is in the region of 3.1 < q < 3.8.

S. ISHIDA: You showed a high performance ELMy H mode discharge at low q.
What is the value of normalized beta for this discharge?

D. STORK: The high current ELMy H modes have relatively low normalized
beta values. The 4.7 MA discharges have typical normalized beta values of around
1.1-1.2. So far, this value is limited by the power which we have been able to couple
into the discharges.
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Abstract

STABILITY IN HIGH GAIN PLASMAS IN DIII-D.

Fusion power gain has been increased by a factor of 3 in DIII-D through the use of strong dis-
charge shaping and tailoring of the pressure and current density profiles. H-mode plasmas with weak
or negative central magnetic shear are found to have neoclassical ion confinement throughout most of
the plasma volume. Improved MHD stability is achieved by controlling the plasma pressure profile
width. The highest fusion power gain Q (ratio of fusion power to input power) in deuterium plasmas
was 0.0015, which cxtrapolates to an equivalent Q of 0.32 in a deuterium-tritium plasma and is similar
to values achicved in tokamaks of larger size and magnetic ficlds.
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1. INTRODUCTION

A compact, economical tokamak fusion power plant requires both good energy
confinement and magnetohydrodynamic {MHD) stability at high beta. Recent experi-
ments [1-3] have demonstrated greatly improved core confinement in tokamak plasmas
with negative central magnetic shear (NCS), while ideal MHD calculations [4-6] pre-
dict that a central region with negatlve shear in the safety factor will enhance plasma
stability. (Here B = 2ug<p>/B2 is the ratio of plasma pressure to magnetlc field pres-
sure, while the magnetic shear is defined as (2V/q)dg/dV where g is the tokamak
safety factor and V is the volume enclosed by a flux surface.) Earlier studies [7] have
also shown the importance of strong discharge shaping in improving plasma stability.

High performance plasmas with negative central shear are an important part of the
DIII-D research program toward tokamak concept improvement [8]. Control of the
initial current density profile leads to reduction of the ion thermal conduction to neo-
classical transport levels, [9,10] correlated with suppression of microturbulence by
ExB flow shear [11]. Strong discharge shaping and tailoring of the pressure profile
improve the MHD stability of NCS plasmas at high beta, [12] leading to record values
of fusion reactivity in DIII-D [13]. These results offer the prospect of reduction in the
size and field required for achieving higher gain approaching fusion ignition conditions
in a plasma and support the viability of the concept [14] of a smaller, economically
attractive tokamak power plant [15] through tailoring of the equilibrium profiles.

2. STABILITY OF NCS PLASMAS

Modification of the current density profile in DIII-D leads to plasmas with
enhanced core confinement and strongly peaked pressure profiles. Low power neutral
beam injection (NBI) during the initial plasma current ramp produces a target plasma
with negative central magnetic shear, [16] which develops a core transport barrier as
the heating power is increased. H-mode plasmas have an additional transport barrier
near the edge, leading to a broader pressure profile. However, NCS plasmas with an
L-mode edge exhibit strongly peaked pressure profiles but invariably disrupt at values
of normalized beta BN = faB/I ~ 2, about a factor of two less than the values achieved
in H-mode [17,18].

This lower L-mode beta limit is consistent with ideal and resistive MHD stability
limits. [12] Ideal n=1 kink mode calculations for strongly shaped plasma cross sections
predict significant increases in the stability limits for both B and B* as the pressure
profile becomes broader, accompanied by a large i mcrease in plasma reactivity, as
shown in Fig. 1. (The rms-average beta, B* = 2 pg (p2)1/2/B2, is more representative of
fusion reactivity.) In contrast, the B limit has little 1mprovement with the width of the
pressure profile in circular cross-section discharges. The disruption itself is consistent
with a related resistive instability lying just below the ideal stability limit. [17,19]

Modification of the pressure profile improves the stability, avoiding disruptions
and allowing the discharge to reach significantly higher beta and higher fusion per-
formance. The experimental tool used is the timing of the L-H transition, with the
transition to H-mode serving to broaden the pressure profile. The evolution of an
L-mode and an H-mode plasma are compared in Fig. 2. Small, controlled changes in
plasma shape induce an H-mode transition in one case at 2.1 s, indicated by the edge
pressure rise [Fig. 2(c)]. The L-mode case disrupts at about 2.25 s [Fig. 2(a)]. The
H-mode plasma continues to increase its stored energy [Fig. 2(d)] and fusion reaction
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triangularity 0.7.

rate [Fig. 2(e)] until a stability limit is reached at By = 3.7. The broadening of the
pressure profile after the L-H transition is shown in Fig. 3, where profiles are shown
just prior to the disruption of the L-mode plasma and 0.125 s after the L-H transition
for the H-mode case.

The improved stability with a controlled L-H transition has led to record reactivity
for DIII-D plasmas, as shown in Fig. 4 where the D-D fusion neutron rate Sy, in dis-
charges with an NCS target phase is plotted against heating power. The L-mode
plasmas (solid squares), which typically have pressure peaking ratios po/<p> in the
range 4-5, consistently produce a lower S; and terminate in a disruption, while
H-mode plasmas with pg/<p> ~ 2-3 reach much higher Sy. A large shaded circle
indicates the discharge with the highest fusion power gain Q (ratio of fusion power to
input power), to be discussed below.

The discharges with a broad pressure profile do not typically disrupt, and reach
values of P significantly higher than discharges with strong pressure peaking.
Eventually they reach stability limits which depend, at least in part, on the form of the
qg-profile. Figure 5 compares the evolution of the neutron emission, a sensitive indicator
of the quality of core confinement, in three discharges with different initial q-profiles.
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FIG. 5. Comparison of (a) ‘“‘target’’ g-profiles before high-power heating and (D) time evolution of the
newtron rate, in discharges 87977 (solid lines), 87937 (dashed lines), and 87953 (dotted lines).

The initial rate of rise of neutron emission in Cases A and B is comparable, indicating
similar behavior in the core, while reduced heating power leads to a somewhat slower
initial rise in Case C.

Case A (discharge 87953, with strongly negative central shear) suffers a collapse of
the central pressure at t = 2.32 s. Earlier, at about t = 2.28 s, this discharge develops a
non-rotating n=1 mode near the edge, in the positive shear region. We speculate that
this is a consequence of the large current density gradient near the edge, combined with
insufficient rotation to maintain wall stabilization. Resistive stability analysis is in
progress. The non-rotating mode initially has very little effect on the core plasma and
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neutron rate. However, the large stationary island reduces the pressure in the outer part
of the plasma leading to a steep pressure gradient in the region of the internal transport
barrier. The central collapse is caused by a rapidly growing internal mode, presumably
a global resistive mode lying near the ideal stability boundary. The observed internal
instability is located in the high pressure gradient region and has a large n=2
component. This is consistent with ideal stability calculations showing that the
discharge is stable to n=1, but is marginally unstable to an n=2 kink mode, within the
uncertainty of the experimentally measured pressure gradient.

Case B (discharge 87937, also shown as the H-mode case in Fig. 3) has weaker,
but still negative, central shear. In this discharge there is no locked mode, but the onset
of ELMs at t = 2.32 s leads to mild saturation of the neutron rate and reduction of the
edge pressure. The central collapse occurs about 100 ms later than in Case A, after the
discharge has reached a higher beta and neutron emission. The collapse is caused by
combined internal n=3 and n=2 modes, similar to that of Case A and again near the
calculated n=2 ideal stability limit.

Case C (discharge 87977, with highest fusion power gain as discussed below) also
has weakly negative central shear with slightly higher central q. It does not have a
central collapse but shows a gentle saturation and decline in neutron emission after the
onset of ELMs at t = 2.62 s. The ELMs are correlated with MHD instabilities having
toroidal mode number n~4, located near the plasma edge. This is in qualitative agree-
ment with ideal high-n ballooning stability calculations which show that the discharge
has a broad central region of access to the second stable regime extending over at least
half the minor radius, but has reached the first regime stability limit near the edge in the
region of the H-mode transport barrier.

The density rise which occurs during H-mode is probably also an important factor
in the evolution of these discharges, broadening the neutral beam deposition profile and
reducing the central source of energy and momentum needed to sustain the internal
transport barrier. Although there is initially no direct effect on discharge performance,
this may be the reason that Cases A and B cannot recover from their relatively mild
central instabilities. Broadening of the beam deposition may also be the reason for the
slow decline of performance in Case C even in the absence of a central instability. The
high-triangularity pumped divertor now being installed in DIII-D should make it pos-
sible to control the density and maintain central beam deposition in high-performance
NCS discharges.

3. TRANSPORT IN NCS PLASMAS

In the discharge with maximum fusion power gain, transport is reduced to neoclas-
sical levels nearly everywhere in the plasma. [9,10] Analysis of discharge 87977 with
the TRANSP [20] code shows that the dominant power flow is from the neutral beams
to the ions, with the dominant loss terms being convection and collisional transfer to
the electron channel. Here we use an effective ion thermal diffusivity %} = Q[°!/(njV
Tj), avoiding the dlfflcu]ty of separating the ion heat loss into convective and
conductive parts, and in Fig. 6 we compare the experimental xi° to the Chang-Hinton
formula [21] for neoclassical diffusivity. This formula is denved in the limit of circular
flux surfaces at finite aspect ratio with a correction accounting for an impurity concen-
tration. At a representative time durmg the L-mode high-power phase (Fig. 6(a)) xm‘
approaches the neoclassical value in the center of the plasma. A dramatic reduction in
ion transport occurs during the H-mode phase [Fig. 6(b)]. At a time near the peak
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FIG. 6. Ion thenmal diffusivity versus p, square root of the normalized ioroidal flux. The solid lines
are the experiment and the dashed lines are the calculated neoclassical values. Representative time
during (a) the high power L-mode phase and (b) the H-mode phase in discharge 87977.

neutron rate and with P in excess of 6%, x}‘" over the entire plasma is comparable to
the neoclassical level. In a more complete treatment using the formulation of Hirshman
and Sigmar [22] with the actual equilibrium geometry, the experimentally measured
ion heat flux again is consistent with neoclassical predictions [9].

Density fluctuations, measured with far-infrared scattering and beam emission
spectroscopy diagnostics, show reductions which correlate well with the observed
reduction of the ion transport, suggesting micro turbulence as responsible for the trans-
port. [11] The measured ExB flow shear is sufficient to stabilize ion temperature gra-
dient modes [17], and the large extent of the region of neoclassical level ion transport is
consistent with theoretical modeling of suppression of turbulence at high power which
can allow a transport bifurcation to develop.[23] In these experiments in
DIII-D the ExB flow shear is predominantly driven by toroidal rotation and not the ion
pressure gradient.

4. HIGH FUSION GAIN PLASMAS

As shown in Fig. 4, several discharges in these experiments have reached fusion
power gains Qg4 of about 0.0015. A fusion gain of Qg¢ = 0.32 is projected for a deu-
terium-tritium plasma under the same conditions as discharge 87977. This estimate of
Qg is obtained from the ratio Qg4i/Qdd = 222 predicted by simulations using the
TRANSP analysis code. No isotopic transport improvements were assumed in the
simulations. The measured profiles of §7977 (temperatures, densities, toroidal rotation)
were maintained in the simulation and the deuterium was replaced with a nominal
50:50 mixture of deuterium and tritium. The Qg; value is found to be insensitive to
uncertainties in the plasma equilibrium, and the dominant uncertainty in Qg4 is the
15% statistical uncertainty in the measurement of the neutron emission rate Sp. The
peak value Sp = 2.2 x 1016 s—1 was measured with a calibrated scintillation counter.
Values of Sy = 2.3 x 1016 s-1 measured with a fission product counter and Sp = 2.5 x
1016 5-1 from a TRANSP calculation using the measured temperature, density and
rotation profiles provide confidence in these results.
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For purposes of comparison between tokamaks and extrapolation to future devices,
we wish to express Qg in a way that clearly separates the effects of machine size and
field strength from the intrinsic plasma properties of confinement and stability. The
fusion gain, Q, is given by

Lmovedv _ove, (') (2nR)ze’x(p)’
sl > >
2 Pinput 2 T (p) mpul (1 +Te /Tl )
For ion temperatures Tj in the ran, of interest, the fusion reaction rate scales
approximately as T2, so C; -o‘v?,’ 2T is approximately constant and the fusion
power scales as the square of the plasma pressure. Here the volume is approximated as
that of an ellipsoid of revolution. Equation (1) is correct but contains no insight on the
relation of Q to tokamak physics. We now describe the plasma geometry by defining an
effective inverse aspect ratio E [7,24] in analogy to the usual inverse aspect ratio €. For
diverted plasmas g5 is substituted for ¢ in the expression for E.

Kolp Kolp
£ =a/R = = E= qy —& 2
2/ qcyl(z BJ q"’(znaB @

The energy confinement time is expressed as

Qdd = (D

e = w _3 (2nR)ma%x pB?
B Pyput —aW/dt 2 Py —dW/dt 241

3

A simple scaling for global confinement time in ELM-free H-mode plasmas [25],
DIII-D/IET scaling can be approximated as

3/2
w I,R
Tp=——— =11 x 10 Hjp ——2—— @
(in SI units) where Hyp is an enhancement factor over the original scaling. Combining
the above relations we find

8C i i E P
-8 f 252 2
Qu=12x 10 7| B°R [ ] [ = ] Hip. (5)
9;18 (1 + Te/T{) A xq

The quantity B2R2, proportional to the square of the center post current, represents the
stress limit in tokamak construction. The shaping factor E is related to n=0 stability,
[24] while g and the pressure profile peaking factor, (3*/B), are related to n=1 stability.
In DIII-D, the quantity (B*/B) - (E/q Vx) appears to reach values quite close to the
ideal MHD stability limitation. The confinement scaling and the enhancement factor,
Hip, are strictly empirical.

To demonstrate more clearly how these results extrapolate to requirements for
achieving higher gain approaching fusion ignition conditions in a plasma, we separate
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TABLE I. COMPARISON OF D-D FUSION REACTIVITY FOR SEVERAL

TOKAMAKS

( do?lgf:-]n)ull) (sirll)gIlIeI-r?ull) TFTR [28] JT-60U [27] JET [26]
Discharge 87977 88964 68522 17110 26087
B (T 2.15 2.15 5.00 4.40 2.80
R (m) 1.67 1.69 2.50 3.05 2.95
B/« 0.98 0.76 0.35 0.39 0.60
Hip 2.4 2.6 12 1.8 2.3
q 42 37 3.8 4.0 3.8
7 (8) 0.40 0.43 0.19 0.54 1.30
8 (%) 6.7 5.8 1.0 1.5 2.2
PpHNHp)Ee 1.6 1.3 3.0 2.0 1.8
Qi 0.0020 0.0016 0.0021 0.0037 0.0051

Estimated from the ratio of peak to average pressure. A radial profile of the form p(p) o

(1 — p»)* is assumed, yielding & = po/<p) — 1 and f, = (P/(P)? = (@ + DYQa + 1).
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the parametric dependence of Q44 on primarily economic and technological
factors,B2R2, from the dependence on dimensionless plasma parameters,
[(B*/B) - (E/q vYx)Hjp)2. Calculations similar to those in Ref. [15], with the reactor
design systems code (SuperCode) show that the capital cost of the tokamak reactor core
increases approximately linearly with B2R2. As shown in Fig. 7, the simple expression
for Qgq/(BR)? given by Eq. (5) is adequate to describe the highest performance
plasmas in several other tokamaks. [26,27,28)] For purposes of comparison with other
published values we have plotted Q(’j" = Pt / ( PNB -W)+( Pbt + Pbb )/PNB , where Py,
Py, and Ppyp are the fusion powers from thermaﬁ-thermal, beam-thermal, and beam-
beam reactions respectively. Here both the thermonuclear fusion reaction rate and the
energy confinement time are referenced to the input power which would be required to
sustain the plasma's thermal energy in steady state. Details such as impurity
concentration, individual form factors for temperature and density profiles, T;/Te, the
thermal fraction of fusion power, and neutral beam deposition profile are sufficiently
similar to be ignored. Additionally, all are free of sawteeth because of the current
profile. The confinement factor, Hyp, is determined from the experimentat data and no
predictive capability is implied. The relative importance of the individual terms in the
abscissa is shown in Table I.

Normalized to B2R2 the fusion gain results reported here are between 2 and 9
times larger than those achieved in other tokamaks, primarily as a consequence of
strong shaping and enhanced confinement. As shown in Table I, DIII-D has smaller B
and R than the other tokamaks listed, but this is counterbalanced by the strong shaping
and associated enhanced confinement which allow it to operate at higher beta with
modest input power.

Low-triangularity single-null DIII-D discharges with negative central shear [29]
are also consistent with the scaling for Q4q. The discharge shape and profiles are
shown in Fig. 8. These discharges extend the regime of neoclassical core confinement
associated with negative or weak central magnetic shear to plasmas with the low safety
factor (qg5 ~ 3.3) and triangularity (3 ~ 0.3) anticipated in future tokamaks such as
ITER. Energy confinement times exceed the ITER-89P L-mode scaling law by up to a
factor of 4, and are almost twice as large as in previous single-null cases with 3 < gg5 <
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FIG. 8. High performance single-null plasma with negative central shear (88964), showing (a) the
plasma shape with () T; and (c) q profiles at times with an L-mode edge (broken lines, t = 2.1 s) and
an H-mode edge (solid lines, t = 2.4 s).
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4. The normalized beta [B (aB/1)] reaches values as high as 4, comparable to the best
previous single-null discharges, with no confinement deterioration. The peak fusion
power gains of Qdd = 1.0 X 10-3 and D-D neutron rates of 1.4 x 1016 s=1 are more than
double the previous maximum values for single-null discharges. Although high
triangularity allows a larger plasma current and theoretically a higher B-limit, the
fusion gain in these low triangularity plasmas is similar to that of high triangularity
double-null plasmas at the same plasma current. These results are favorable for
advanced performance operation in ITER, JT-60U and for D-T experiments in JET;
high performance experiments in deuterium NCS plasmas have recently begun in JET
with encouraging results [30].

5. CONCLUSIONS

In conclusion, control of the pressure profile has been accomplished by selective
timing of the L-H transition. The resulting increase in B* is consistent with
expectations based on ideal MHD stability calculations. The plasmas exhibit a
neoclassical level of ion transport in the core during the L~mode phase and this level
extends over the entire plasma cross-section after the L-H transition. Negative
magnetic shear early in the discharge appears to be a necessary condition in achieving
good core confinement. However, later in the discharge other mechanisms are
responsible for transport reduction, and the details of the shear profile become less
important to the ion transport. The highest-performance plasmas evolve to a weakly
negative or weakly positive shear in the central region. Plasmas with increased shear
reversal show similar ion transport but reduced stability in that they collapse at lower
B*. The improved stability and confinement has allowed DIII-D to achieve a fusion
gain in deuterium plasmas of Q44 = 0.0015, which extrapolates to nguxv =0.32ina
deuterium-tritium mixture. The Qgqg is comparable to that achieved in fa:ger tokamaks
with higher magnetic fields.
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DISCUSSION

K. LACKNER: As Qsf increases there should be a shift of the major contribu-
tion from beam-—target to thermal reactions. How can you obtain a uniform scaling
across a large range of Qpy?

G.A. NAVRATIL: The relation presented is for Qpp and includes only the
contributions from themmal fusion reactions. Since for three of the comparison
experiments the thermal contribution to Qpp is between 50% and 60% and only the
result from TFTR is somewhat lower than 50%, the linear relationship we obtain is
expected.

Y.-K.M. PENG: Are there MHD {3 limit calculations for the cases with By = 4?
If so, is a nearby conducting shell needed to provide stability for such plasmas?

G.A. NAVRATIL: Yes, the low n stability of these high gain plasmas was
modelled including the effects of a nearby conducting wall, and they were found to
be stable. However, a systematic study of the effect of varying the wall position to
assess quantitatively the contribution of the wall to increasing the B limit has not yet
been completed.

FE.X. SOLDNER: The peaked pressure profiles suggest that the bootstrap current
profile is not aligned with the total current profile but is also peaked. Does this mean
that additional non-inductive off-axis current drive is still required?

G.A. NAVRATIL: In these plasmas the bootstrap current contributes only
30-40% of the total toroidal plasma current. To prevent the g profile from continuing
to evolve will require additional non-inductive current drive.

M.G. BELL: I was interested that you chose to identify the regime of higher
Qpp With negative central shear, since you indicated that q was actually monotonic
during the highest performance phase. Would you comment on whether NCS is
responsible for the improvement or merely the fact that o > 1 (and sawteeth are
thereby suppressed).
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G.A. NAVRATIL:; The use of NCS plasma targets prior to the application of the
high power beam heating phase does appear to be necessary for establishing a high
performance core plasma with improved confinement. However, once the high pres-
sure plasma core with T, > 2T, is established, the relaxation of the g profile to neutral
or even weakly positive shear does not lead to loss of the confinement improvement.
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Abstract

TRANSPORT PHYSICS IN REVERSED SHEAR PLASMAS.

Reversed magnetic shear is considered a good candidate for improving the tokamak concept
because it has the potential to stabilize MHD instabilities and reduce particle and energy transport. With
reduced transport, the high pressure gradient would generate a strong off-axis bootstrap current and
could sustain a hollow current density profile. Such a combination of favorable conditions could lead
to an attractive steady-state tokamak configuration. Indced, a new tokamak confinement regime with
reversed magnetic shear has been observed on the Tokamak Fusion Test Reactor (TFTR) where the
particle, momentum, and ion thermal diffusivitics drop precipitously, by over an order of magnitude.
The particle diffusivity drops to the neoclassical level and the ion thermal diffusivity drops to much less
than the neoclassical value in the region with reversed shear. This enhanced reversed shear (ERS) con-
fincment mode is characterized by an abrupt transition with a large rate of rise of the density in the
reversed shear region during necutral beam injection, resulting in nearly a factor of three increase in the
central density to ~1.2 X 10% m=. At the same time the density fluctuation level in the reversed
shear region dramatically decreases. The ion and elcctron temperatures, which are about 20 keV and
7 keV respectively, change little during the ERS mode. The transport and transition into and out of the
ERS mode have been studied on TFTR with plasma currents in the range 0.9-2.2 MA, with a toroidal
magnetic field of 2.7-4.6 T, and the radius of the g(r) minimum, ¢, has been varied from r/a =
0.35 t0 0.55. Toroidal field and co/counter neutral beam injection toroidal rotation variations have been
used to clucidate the underlying physics of the transition mechanism and power threshold of the
ERS mode.

211
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1. Introduction

The economic attractiveness of the tokamak as a candidate for a fusion
reactor depends on development of a magnetic configuration that has good con-
finement, stability, and low recirculating power for steady state current drive.
This requires a high fraction of self-sustaining bootstrap current that is well
aligned with an optimized current density profile for confinement and stabil-
ity. Recent studies[1] of the optimization of the current density profile suggest
that reversed magnetic shear (i.e., a hollow current density profile), is desir-
able for confinement, stability, and bootstrap alignment. Shear is defined as
s = (2V/q)(dg/dp)(d/dV) =~ (r/q)(dg/dr), where ¥ is the enclosed poloidal
flux, V is the enclosed volume, ¢ is the safety factor and r is the minor radius.
Reversed shear, s < 0, is thought to be important because it can stabilize some
classes of microinstabilities such as trapped electron modes(2,3], a candidate
which may explain the observed anomalous electron transport in tokamaks. Re-
versed magnetic shear can also stabilize some magnetohydrodynamic (MHD)
instabilities such as ballooning modes[4] and resistive tearing modes. If im-
proved core confinement can be attained, the high pressure gradient would gen-
erate a strong off-axis bootstrap current which may sustain the hollow current
density profile. This scenario may lead to an attractive concept for a steady
state tokamak reactor[5]. Most tokamaks operate with inductive current drive
which normally produces a peaked current density profile at the magnetic axis
due to the strong dependence of the plasma conductivity on the electron tem-
perature. Only by non-inductive current drive or transient techniques can a
hollow current density profile be generated. This has been done in several ex-
periments reporting improved confinement[6-8] and stability[9]. In addition,
several other experiments have reported the stabilization of MHD modes in the
high 8, regime[10-12].

Recent experiments on the Tokamak Fusion Test Reactor (TFTR)[13] have
demonstrated a reversed shear configuration with greatly improved particle and
ion thermal transport[5,14] in the reversed shear region that is more than an
order of magnitude lower than reported in previous experiments, including re-
versed shear experiments. The ¢(R,t) profile is obtained from the motional
Stark effect (MSE) polarimeter[15,16] measurement of the local magnetic field
pitch, in contrast to the indirect methods used in many previous experiments.
The diagnostic provides good temporal and spatial resolution and shows the
correlation of the magnetic shear with changes in transport. This regime of op-
eration holds promise for significantly improving the tokamak reactor concept
and can lead to a dramatic increase in the performance of present tokamaks.

2. Reversed Shear Formation

With the use of early neutral beam injection (NBI) to heat the plasma and
drive current a reversed shear g—profile can be obtained. The early NBI heat-
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FIG. 1. Plasma current and neutral beam power for a 1.6 MA reversed shear discharge.
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FIG. 2. g-profiles at the beginning of the current flatiop at t = 2 s fora 1.6 MA siartup (dashed-dotied
line), a fast ramp 2.2 MA startup {solid line) with MSE data and a case with no early NBI heating phase

(dotted line).

ing during the plasma current ramp phase increases the electron temperature to
several kilo-electronvolts and the current penetration time increases to ~ 10 sec-
onds, resulting in a hollow current density profile and a reversed shear ¢—profile
that can be maintained for several seconds. The plasma current is initially in-
creased at a ramp rate of 1.8 MA/s to about 1.0 MA and then at a reduced rate
until the final plasma current is reached, as shown in Fig. 1. With variations of
the rate of rise of the plasma current and timing of the neutral beam injection
a wide range of g—profile minima, ¢min, and gmin radiiy rpyin, can be generated
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for transport and stability studies. In the plasmas discussed here the major
radius is 2.60 m, the minor radius is 0.94 m, and the toroidal field is 4.6 T with
an edge safety factor of ~ 6.2 — 4.3 corresponding to plasma, currents of 1.6-2.2
MA. Plasmas at lower toroidal field with g(a} ~ 6.2 have also been investigated.
Typical g-profiles resulting from different current ramp rates and NBI timing
are shown in Fig. 2. The profiles have been reconstructed with the VMEC free-
boundary equilibrium code[17] from MSE data, kinetic pressure data, calculated
fast ion pressure from the TRANSP code[18], and external magnetic data. The
uncertainties in ¢(R) are 10% or less across the profile[19]. The MSE analysis
for these g(R) profiles includes corrections due to the plasma radial electric field
E, [20]. The quantities ¢(0), ¢min, and rmin slowly decrease on a time scale of
several seconds and reach ¢(0) ~ 3 — 4, gmin ~ 2, and rmin/a ~ 0.3 — 0.5 after
three seconds of beam heating, consistent with the neoclassical current diffusion
rate and the calculated driven currents.
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FIG. 3. (a) Evolution of the central densiiy for a discharge that mukes a transition into ihe ERS-mode
at 2.715 s (solid line) and a similar reversed shear discharge at lower NBI power which does not
(dashed-doued line). (b) Density and (c) temperature profiles before a transition into the ERS-mode
(dashed line) and at the time of peak density (solid fine).
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3. ERS-Mode Characterization

Below NBI powers of 18 MW, the plasmas formed in the reversed shear con-
figuration appear to be similar to supershots[21], with a central ion temperature
of ~ 24 keV, electron temperature of ~ 6 —8 keV and a central electron density
of ~ 4x10' m—2. However, above an empirical threshold in neutral beam power,
in the range of ~ 18-30 MW, the particle and thermal transport dramatically
improve in the plasma core where the shear is reversed. The transition to the
highly peaked, enhanced reversed shear (ERS) mode occurs abruptly during the
discharge, within 0.1-0.9 seconds after the start of the high power heating phase.
Shown in Fig. 3(a) is the evolution of the central density, with a transition into
the ERS-mode at t = 2.715 s. Also shown in Fig. 3(a) is a discharge without an
ERS-mode transition, which has slightly lower NBI power and similar reversed
shear g-profile. The electron density profile is shown in Fig. 3(b) at two times,
just before the transition into the ERS-mode and near the time of peak density.
The corresponding electron and ion temperature profiles are shown in Fig. 3(c).

When the radius of gmin is increased, the density and temperature profiles
are broadened. In Fig. 4(a) is the g—profile for a typical ERS discharge at the
time of peak beta compared to an ERS discharge formed with a faster plasma
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FIG. 4. (a) g-profiles with 1, at r/la = 0.35 (solid line} and r/a = 0.5 (dashed line) along with the
corresponding (b) density profiles.
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current ramp-up which results in a larger rpm;,. The corresponding electron
density profiles are shown in Fig. 4(b). Similarly the temperature profiles are
broader and the particle and ion thermal diffusivity profiles have a wider region
of reduced transport, demonstrating the correlation of reversed shear with the
reduction of particle and thermal transport.

4. Particle Transport

The effects on local transport by the ERS-mode are assessed with the 1%—
D time-dependent code, TRANSP, using experimentally measured tempera-
ture, density, and g—profiles. The T.(R,t) profile is measured by electron cy-
clotron emission (ECE), T;(R, t) and toroidal rotation by charge-exchange emis-
sion spectroscopy, n.(R,t) by a ten-channel far-infrared interferometer array,
q(R,t) is measured by MSE, and Z.s;s is calculated using a tangential visible
bremsstrahlung array. After the transition into the ERS-mode, the inferred
particle and ion thermal diffusivity drop precipitously throughout the region of
reversed shear, which extends out to r/a ~ 0.35. The improved confinement
extends beyond the reversed shear radius, into the region of reduced shear as
well. The inferred particle diffusivity, D, assuming no pinch terms, drops by
a factor of ~ 40 in the reversed shear region to roughly the neoclassical level
or perhaps lower, as shown in Fig. 5. The low value of the electron particle
diffusivity has been found to persist for several hundred milliseconds after the
neutral beam power is reduced substantially to 5 MW in a low power “postlude”
phase. This reduces the uncertainty of the inferred particle diffusivity, since the
the terms that determine the flux in the particle balance equation, the neutral
beam source of particles and density rate of rise, are much smaller, and hence
the uncertainty arising from their difference is much lower.
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FIG. 5. Electron particle diffusivity profile before a transition (dotted line) at 2.6 s and after a transi-
tion (solid line) ar 3.0 s with the estimated neoclassical pariicle diffusivity (dashed line). The reversed
shear region extends to rla ~ 0.35.
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Along with the reduction of particle transport, a reduced level of density
fluctuations is measured by a microwave reflectometer. Both the temporal evo-
lution and spatial location of the reduced fluctuation level coincide with the
reduction in particle transport[22].

TFTR is uniquely equipped to study hydrogenic ion transport using non-
perturbing tritium puffs at the plasma edge, and observing the D-T neutrons
with a 12 channel neutron collimator. The tritium density is inferred from the
neutrons. A perturbation analysis is used to determine the diffusivity and con-
vective velocity profiles. Due to the much larger cross section for D-T compared
to D-D fusion and higher detector sensitivity to D-T neutrons, the tritium puff
can be quite small and perturbs the density by about 1%. This technique had
previously been developed on TFTR, for studying hydrogenic transport in su-
pershots[23]. A similar analysis in the ERS-mode finds the tritium diffusivity in
the reversed shear region to be much lower than outside 7, and is comparable
to that predicted by neoclassical theory. The helium profile evolution, measured
with charge exchange recombination spectroscopy, from a small gas puff is sim-
ilar to the tritium puff results and also indicates that the diffusive transport is
markedly reduced inside ry,;, as compared to outside.

5. Thermal Transport

In ERS plasmas the ion power balance has little convective loss since the par-
ticle diffusivity is so small. This is in contrast to typical supershot discharges on
TFTR which are dominated by convective loss in the plasma core[24]. However,
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FIG. 6. Ion thermal diffusivity profile before a transition (dotted line) at 2.6 s and afier a transition
(solid line) at 3.0 s, and the neoclassical ion thermal diffusivity (dashed line) including orbit corrections
(dashed-dotted line). The reversed shear region extends to rla ~ 0.35.
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in ERS plasmas the ion power balance does have a large loss from electron-
ion energy exchange, gie = 3n,-ue%‘j(T,- — T.), where n; is the ion density, ve
is the electron collision frequency, m.(;y is the electron (ion) mass and T,; is
the electron (ion) temperature. This is due to the large difference between the
ion and electron temperatures and the large central density. Assuming classical
electron-ion energy exchange and no pinch term it is found that the ion thermal
diffusivity, x;, drops substantially to a level that is much less than the estimated
neoclassical[25] value, x}'¢, which is widely believed to be the irreducible mini-
mum transport possible. Profiles of the inferred ion thermal diffusivity, before
and after a transition into the ERS-mode compared to estimated neoclassical
ion thermal diffusivity, are shown in Fig. 6. It is quite remarkable that the ion
thermal diffusivity is less than predicted by conventional neoclassical theory.
One possible explanation for the observed sub-neoclassical ion thermal diffu-
sivity is that the measured ion pressure gradient scale length is comparable to
or less than the ion poloidal gyroradius, violating the assumptions of standard
neoclassical theory. The strong pressure gradient is predicted to produce a large
radial electric field gradient which squeezes the ion banana orbit, reducing neo-
classical transport[26]. Other potential explanations include the existence of a
thermal pinch or an anomalous ion-electron thermal equilibration. Recent anal-
ysis of neoclassical theory[27] with the poloidal ion gyroradius comparable to
the pressure gradient scale length has found the trapped particle fraction and
banana width are modified. The resulting effect is to reduce significantly the
neoclassical ion thermal diffusivity, by as much as two orders of magnitude in
the plasma core, which is also shown in Fig. 6.

The systematic and statistical uncertainties of the transport coefficients have
been estimated. Their statistical variation over a period of 200 ms is used to
determine the statistical standard deviation of the transport coefficients, which
are computed every 10 ms. The systematic uncertainty is determined from the
propagation of the systematic uncertainties of the input data in the transport
equations. The uncertainties shown in Figs. 5 and 6 reflect the combined
statistical and systematic uncertainties.

Neoclassical momentum diffusivity is predicted[28] to be much lower than
neoclassical ion thermal diffusivity. However measurements from TFTR{29,30]
supershot and L-mode plasmas find the momentum diffusivity profile is approx-
imately equal to the ion thermal diffusivity and hence much larger than the
predicted neoclassical momentum diffusivity. Theories based on electrostatic
turbulence[31] or non-Maxwellian ion distribution[32] have been proposed to
explain the observations of enhanced momentum diffusivity. Measurement of
the momentum diffusivity in an ERS plasma, provides independent confirmation
of the reduced ion thermal diffusivity in ERS plasmas, which does not depend
on thermal pinches or ion-electron energy exchange, as well as provide insight
into the mechanism driving the enhanced ion and momentum diffusivity. Ex-
periments have been done on TFTR with beam co-injection and counter to the
plasma, current in the low power (5-15 MW) postlude phase. With unbalanced
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beam injection the toroidal velocity of the plasma increases rapidly during the
ERS-mode, resulting in a calculated x4 that is reduced, consistent with the re-
duction in ;. After the transitions out of the ERS-mode, x4 increases to a much
larger level. The x4 profiles during the ERS mode and after a transition out of
the ERS mode are shown in Fig. 7. The time of the back transition of x4 and x;,
out of the ERS-mode is also in good agreement. However, the particle diffusivity
makes a transition out of the ERS-mode 50-200 ms before x4 and x;. The time
evolution of the electron density and rotation velocity at r/a = 0.2 is shown
in Fig. 8(a). The density has a clear back transition at 3.08 seconds when it
begins to decrease. The corresponding electron particle diffusivity also shows a
sharp increase at that time (Fig. 8(b)). The toroidal rotation velocity continues
to accelerate during this time until 3.26 seconds when it abruptly stops acceler-
ating and begins to slow down. The corresponding momentum diffusivity rises
indicating the momentum diffusivity back transition is almost 0.2 seconds after
the particle diffusivity back transition. The ion thermal diffusivity rises at the
same time the momentum diffusivity increases, shown in Fig. 8(b). The start of
reduced y; into the ERS-mode appears to occur at about the same time as the
reduction of the particle diffusivity. However, the particle diffusivity appears
to decrease more rapidly. This suggests the physical mechanism responsible for
driving the particle transport is not the same as that causing the ion thermal
and momentum transport.

The electron temperature increases and the profile is broader in ERS plas-
mas. This can be accounted for by the increased electron heating from ion-
electron energy exchange due to the higher density. This results in little if any
change in the inferred electron thermal diffusivity, xe.

6. Transition Physics

The underlying physics of the ERS transition has been a subject of study on
TFTR. Analysis with a comprehensive gyrofluid simulation[33] has found that
the dominant instability is the trapped electron mode (TEM). Stabilization can
occur due to the reversed magnetic shear and Shafranov shift effects, which re-
verse the direction of the toroidal drift precession of barely trapped electrons
so that the resonances that drive the TEM are eliminated. Another possible
mechanism that can lead to reduced turbulence is flow shear[34], driven by gra-
dients in the radial electric field that are generated by pressure and velocity
gradients. A positive feedback mechanism involving pressure gradient driven
flow shear stabilization has also recently been proposed[35]. Comparison of the
Yexp flow shear stabilization and the maximum linear growth rate indicates
qualitative agreement when vygxp > y™**[36,37]. The flow shear is defined as

YExB = R—g”-%%[%], where E, is evaluated by solving the radial component

of the force balance equation for carbon ions, E, = %ZVp,- + V,Bg — Vo By,
where p; is the carbon pressure and Vj the toroidal velocity measured with
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charge exchange spectroscopy, By is the toroidal fleld, and By is the poloidal
field measured with MSE. The poloidal velocity, Vj, is evaluated using a com-
prehensive numerical calculation(39].

The flow shear model has been tested on TFTR using co/counter-injected
neutral beams to control the toroidal velocity profile and hence the radial elec-
tric field profile. This will affect the velocity driven contribution to the radial
electric field but not the pressure driven part. By varying the amount and direc-
tion of rotation, the velocity contribution to the radial electric field can either
increase the total electric field (counter-injection) or decrease the electric field
(co-injection). Shown in Fig. 9(a) is the time evolution of the central density for
three discharges that have different fractions of co-injected power at constant to-
tal power, 15 MW. The time of the transition out of the ERS mode occurs later
as the counter-injected fraction is increased. This is consistent with E, x B flow
shear which, as shown in Fig. 9(b), decreases earlier with co-injection fraction
as a result of the reduced electric field shear. Direct comparison of the shearing
rates to the maximum linear growth rate indicates that the back transitions
occur when g, xp ~ (0.5 — 1)y™**, consistent with the shear suppression crite-
rion of Ref.[ 36). However, the start of the ERS-mode is not consistent with this
model. The transition threshold favors near balanced injection. In conditions
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FIG. 9. (a) Time evolution of the central density with co-injected fractions of 1.0 (dashed-dotted line),
0.8 (dashed line) and 0.5 (solid line). (b) Corresponding evolution of flow shear and growth rate for
co-infected fractions of 1.0 (circles), 0.8 (triangles) and 0.5 (squares).
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FIG. 10. Linear growth rates (circles) and flow shear rates (squares) for various toroidal magnetic
fields at the time of the ERS-mode transition.

where the flow shear exceeds the growth rate, transitions do not occur if the
beams are strongly co- or counter dominated. Conversely, in a toroidal magnetic
field scan, which shows that the threshold is a strong function of By, the power
threshold is found to be lower than predicted by the flow shear model at mag-
netic fields lower than 4.6 T. Shown in Fig. 10 are the shearing and growth rates
just before an ERS transition as the toroidal magnetic field is varied. At high
toroidal magnetic field the two terms are about equal just before the transition
occurs, but at lower toroidal magnetic field the shearing rate is much less than
the growth rate.

7. Conclusion

In conclusion, highly peaked density and pressure profiles in a new reversed
shear operating regime have been observed on TFTR. The particle transport
is reduced to roughly the neoclassical level, and the ion thermal diffusivity is
well below predictions from conventional neoclassical theory. As in supershots,
the momentum diffusivity is observed to remain approximately equal to the ion
thermal diffusivity. Little or no change is seen in the electron thermal diffusivity.
A possible explanation for the inferred sub-neoclassical ion thermal diffusivity
is the violation of the assumptions of standard neoclassical theory. A modified
neoclassical analysis reduces the standard neoclassical ion thermal diffusivity
significantly. The improved transport is observed throughout the region of re-
versed shear and is found to broaden as 7y, is increased. The mechanism of
transport suppression is a question of fundamental importance in understand-
ing tokamak transport and developing the tokamak, or some other magnetic
confinement concept, into an attractive reactor. Experimental and theoreti-
cal studies to date point to stabilization of the trapped electron mode by a
combination of reversed shear, Shafranov shift, and radial electric field shear.
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The model agrees well with the back transition data, but the simple shear flow
model is not consistent with the power threshold results dependence on toroidal
magnetic field. Further improvements of the models including nonlinear simula-
tions incorporating E, x B are needed, but comparison of data to models would
greatly benefit with a direct measurement of the E, profile. Neoclassical trans-
port is usually thought to be the minimum transport possible, and these results
represent a dramatic improvement in confinement and performance. With the
low transport coefficients found in the ERS-mode, dramatic improvements in
the performance of present and future tokamak reactors may be possible if the
improved confinement can be achieved in an MHD stable regime with a large
bootstrap current consistent with the desired current profile.

We would like to thank the TFTR staff for their support and operation of
TFTR and W. Houlberg for the use of his code for calculating the neoclassical
transport. This work was supported by United States Department of Energy
Contract No. DE-AC02-76-CHO-3073.
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DISCUSSION

K. LACKNER: Do any of the theoretical ideas you mentioned offer an explana-
tion for the observation of distinct back-transitions for particle and energy/momentum
diffusivities?

FM. LEVINTON: No, but we have recently begun looking into possible
explanations.

V. PARAIL: The fact that you see different transitions for density and ion
momentum flow probably indicates that particle transport is controlled by the elec-
trons. In this case you should see a sudden change in the radial electric field. Did you
find this kind of electric field modification?

F.M. LEVINTON: We have not yet looked into this possibility.

K. IDA: If the E x B velocity shear driven by the pressure gradient plays an
important role in an ERS discharge, the improvement of transport (reduction of y;)
should be slow. Do you see a gradual change of y; after the transition from L mode to
ERS mode? The back-transition from ERS to L. mode depends on beam configuration
(co- or balanced injection). The transition from L mode to ERS should be affected by
the beam configuration, and a faster increase in yg,g should be predicted for balanced
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injection than for co-injection. Are there differences in delay time for the transition
from L mode to ERS after the high power NBI is tumed on, between co- and balanced
injection?

FM. LEVINTON: Yes, we see a gradual decrease in the ion thermal transport.
We find the transition occurs with balanced beams at lower power. However, the time
of the transitions is about the same for both cases.
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Abstract

ENHANCED CORE CONFINEMENT IN JT-60U REVERSED SHEAR DISCHARGES.

Enhanced core confinement with an internal transport barrier (ITB) has been obtained in JT-60U
reversed shear discharges. Clear internal pedestals for n,, T, and T; profiles were observed in the nega-
tive magnetic shear region. The highest energy confinement time (7 = 1.08 s) and the highest stored
energy (W, = 9.56 MJ) in JT-60U were obtained. The record of DT equivalent energy gain, Qpr, in
JT-60U has also been broken and a new value of Qpr = 0.83 (fusion triple product np(0)T;(0)tg
= 6.8 x 1020 keV-s-m~3) was achieved. In these high performance plasmas, over 80% of DD neutrons were
produced by thermal—-thermal reactions; T;(0)/T.(0) was about two. The position of the outer edge of the
ITB corresponds to the position of minimum q and extends beyond 70% of the plasma minor radius. The
H factor increased with the minor radius of ITB and reached 3.4 with an L. mode edge condition. A high
confinement time was obtained with high densities, and the central electron density reached 1 x 1020 m™3,
with an H factor of 3.35. The values of Z g , however, were relatively high (3.5-4), and the maximum
deuterium density was 4.5 x 10!% m™, At present, high performance discharges always terminate in a
disruption due to a beta collapse with By < 2.

1. INTRODUCTION

A reversed shear configuration with negative magnetic shear in the inner and
positive one in the outer region has been proposed for advanced tokamak operation
[1-3]. The reversed shear configuration is a candidate for operation in an economical
steady state tokamak reactor with high B, good confinement and a large bootstrap
current fraction. Here, B is the ratio of plasma to magnetic field pressure. Recent
progress in q profile measurements by motional Stark effect (MSE) diagnostics [4—7]
motivates experimental studies on reversed shear discharges. In TFTR and DIII-D,
enhanced core confinement or formation of an internal transport barrier was observed
in a reversed shear configuration which was created during the initial current ramp
with neutral beam (NB) heating. High electron temperature (T,) with NB retards
current penetration and helps to form a hollow current profile as is necessary for the
reversed shear configuration. In TFTR, peaked profiles of ion temperature (T;) and
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electron density (n.) were observed; the particle diffusivity and the ion thermal diffu-
sivity were remarkably reduced {8]. In DIII-D, peaked T; profiles and high values of
normalized beta, By of up to 4% mT/MA and an H factor of up to 3 were obtained [9].
Here, By is defined as By = faB/I,, where a is the (horizontal) plasma minor radius,
B the toroidal field at the plasma centre and Ip the plasma current; the H factor is
defined as confinement enhancement over the ITER89 power law scaling [10].
Furthermore, internal transport barriers were observed for the ion temperature in
JT-60U high B, plasmas [11] (B, is the ratio of plasma to poloidal magnetic field pres-
sure). This paper describes the observation of a new type of internal transport barrier
in the negative magnetic shear region with clear internal T;, T, and n, pedestals and
the results of high performance reversed shear experiments.

2. OBSERVATION OF INTERNAL TRANSPORT BARRIER

Reversed shear experiments in JT-60U were started in the low current (1.2 MA),
high q (qg5 = 5.4) regime. A plasma configuration with large R, (R, = 3.4 m) was used
for the MSE [12] as well as Thomson measurements, in spite of the large ripple loss.
The injection of NB and the ramp of the plasma current were started at the same time
after the divertor configuration had been established at low plasma current (0.3 MA).
Clear internal pedestals for n, and T, were observed after high power (>20 MW) heat-
ing at the current flat-top. The outer edge of the internal transport barrier (ITB) was at
0.63 a, which corresponded to the position of qp;p.

The electron and ion thermal diffusivities, x5 and £, were obtained by trans-
port analysis [13]. Here, the convective loss is included in % and %£f. The value of
xS drops sharply by a factor of 20 at the outer edge of the ITB. The value of £ was
lower than the prediction of conventional neoclassical theory [14] inside the ITB.

The internal T, pedestal and the clear reduction of %S are distinctive features
that were not observed in TFTR or DIII-D reversed shear discharges [8, 9] or in the
JT-60U high Bp mode [11]. Relatively low T;(0)/T,(0) (less than 1.5) was realized
because of this electron transport reduction, in spite of dominant ion heating by NB.
In TFTR and DII-D reversed shear discharges and in the JT-60U high Bp mode,
mainly the ion transport was reduced, and a hot ion regime (T;(0)/T.(0) > 3) was
obtained. Reduction of ¥ in the central region was observed in the JET pellet
enhanced performance mode [15] and in Tore Supra lower hybrid wave current drive
experiments [16]. In both cases, however, no sharp change was observed in the radial
profile of the thermal diffusivity. Thus, this is the first observation of a sharp T,
pedestal and a sharp spatial change in %, induced in the reversed shear configuration.

3. DISCHARGE CHARACTERISTICS OF HIGH PERFORMANCE SHOTS

High performance reversed shear experiments were carried out in the high
current regime with Bt = 4.3 T. An inner shifted plasma configuration with
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FIG. 1. Waveforms for typiéal high performance discharge: (a) plasma current I, and NBI power Pygy;
(b) diamagnetic stored energy W, and neutron production rate S,; (c) line averaged densities along
tangential chord and vertical chords (r/a = 0.48 and 0.71);, (d) ion temperature at r = 0.18a, T;(0.18a),
and electron temperature at the centre, T,(0); (e) H factor and energy confinement time, Tg.

R, =3.1-3.15 m in the high elongation connection was adopted to reduce the ripple
loss and to increase the central NB heating power. With this configuration, the ripple
induced fast ion loss is estimated to be 10-15% by the OFMC (orbit following Monte
Carlo) code. In this paper, the ripple loss power is not subtracted from the absorption
power for calculating Tg, H factor or equivalent Qpy.

The evolution of one of the best reversed shear discharges is shown in Fig. 1. The
ng, Tj, T, and q profiles at t = 6.6 s are shown in Fig. 2. Steep gradients are seen in the

n,,T; and T, profiles. The outer edge of the ITB extended to 70% of the plasma minor
radius.
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FIG. 3. (a) T; profiles at the beginning of NB heating; (b) power deposition profile at t = 5 s, calculated
by an OFMC.

The initial plasma current was 0.6 MA, and the plasma current was ramped up
with 0.5 MA/s in the limiter configuration until 0.9 MA. A hollow current profile was
formed even without NB heating during this phase. At t = 3.8 s, when the plasma
current reached 0.9 MA, the divertor configuration was formed, and NB injection was
started. Some amount of gas puffing was applied at the start of NB to raise the density
to about 0.7 x 10'° m=>. The period of NB injection can be divided into three phases
(I, IT and III) as is shown in the figure.

In phase I, the ion and electron temperatures near the axis and the central
(tangential) line averaged electron density increased while the edge (vertical) line
averaged electron density was kept almost constant. This indicates peaking of the pres-
sure profile or formation of an internal transport barrier. The formation of the internal
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transport barrier at the initial stage of NB injection was effective in suppressing MHD
instabilities during the I, ramp. When the ITB was not formed because of lower NB
power or unsuitable (too low or too high) target density, the discharge suffered from
MHD instabilities, which resulted in a narrower ITB region and in poorer perfor-
mance. In Fig. 3, T; profiles during the formation of ITB were shown. The medium
NB heating (12 MW) was started at 4.0 s. At t = 4.6 s, spatial change of the T; slope
appeared at p = 0.5 and the central T; profile became flat. After that, the position of
the steep gradient moved outwards and the extent of the central flat position became
large. The flat density and temperature profiles near the axis are among the distinctive
features of JT-60U reversed shear discharges. Figure 3 shows that this flat profile is
formed at the early stage of ITB formation. The beam power deposition profile is
shown in Fig. 3(b) at t = 5.0 s. Since the electron density inside the ITB was not so
high (3.6 x 1012 m3) at this time, the attenuation of the neutral beam was small, and
centrally peaked power deposition was realized. Hence, the flatness of the profiles
near the axis is not due to the hollow power deposition but to the degradation of trans-
port near the axis.

In phase II (t = 5.35-5.85 s), the H factor saturates. This phase is usually observed
in this series of discharges. In Fig. 4, the time evolutions of T; and q at several points
are shown. The saturation phase corresponds to the period when q,;, passes across 3.
During this period, MHD fluctuations with low toroidal mode numbers were observed,
and the ion temperature in the ITB (T; at 0.64a in the figure) decreased. This indicates
inward movement or shrinkage of the ITB as is shown in Fig. 4(c).
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FIG. 4. Evolution of (a) T; and (b) q in the discharge of Fig. 1; (c) T; profiles at t = 5.35 s and 5.6 s.
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In phase III (after t = 5.85 s), the position of ITB moved outward again, and the
H factor started to increase again. A wide ITB as shown in Fig. 2 was formed. The
major difference of the profiles from those in the low current regime is the density
inside the ITB. It was about 4 x 10!° m~3 in the low current cases, but high densities
of about 8 x 10'9 m™3 were obtained in high current plasmas. The ion and electron
temperatures were the same as those in the low current discharges. The edge density
did not increase with the plasma current. This is partly because no H mode transition
occurred in high field (4.3 T) reversed shear discharges with low edge density
(<1 x 10! m3) and with medium heating power (<15 MW). The stored energy, the
neutron production rate and the central electron density continued to increase, and the
discharge terminated into a P collapse at t = 6.9 s. Just before the collapse, W;, was
9.4 MJ, 1g was 1.01 s and the H factor was 3.35. The q,;, shown in Fig. 4 was about
2.0 at the collapse. Up to now, we have had no discharges with q;, < 2.

4. CONFINEMENT AND STABILITY

In Fig. 5, 1g and Wy;, are shown as functions of the plasma current. Both
increased with the plasma current and, in particular, the improvement in Tg was large.
At 2.4 MA, the highest values of g (1.08 s) and W g, (9.56 MJ) were obtained in sep-
arate shots. Both of these are record values of JT-60U. Figure 6 shows the relation of
T and the line averaged density. High confinement was obtained with high density.
We find from this figure that discharges with different current and the same density
have nearly equal 1g. This means that the confinement is mainly determined by the
density and that the dependence of I, on Tg is small for fixed density.
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Though the values of Wg;, in high B, H mode plasmas are close to this record
[19], the injected beam power was quite different. The H factors are plotted against
the absorption power for reversed shear and high B, H mode plasmas in Fig. 7(a). In
high B, H mode, the best confinement was obtained around P, =25 MW. In reversed
shear plasmas, the H factor increases quickly at low power and becomes larger than
3 at 12 MW. The fact that the same H factor was obtained at different absorption
power means that the fraction of dW/dt in the absorption power was different. In
reversed shear discharges, it was typically less than 30%, while it was about 40-60%
in high Bp H mode plasmas. Another difference between reversed shear discharges and
high Bp (H mode) discharges is the value of T;(0)/T.(0) as mentioned before. Figure 7(b)
shows T;(0)/T.(0) as a function of the line averaged density. In reversed shear
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FIG. 9. (a) H factor versus By for 4.3 T high I, discharges; (b) By versus qgs.

discharges, T;(0)/T,(0) goes up to three after NB injection, but starts to decrease when
the density becomes higher than 1.5 x 101 m=3. On the other hand, in the high
Bp mode, T;(0)/T(0) goes up to four to five and maintains this value during heating.

In Fig. 8(a), the H factor is plotted against the normalized volume inside the ITB.
Here, the radial position of the ITB, pyrg, is defined as the position (normalized with
the plasma minor radius) where Ty(pyrp) = 0.5*(T/™™ + TS€%). The H factor increas-
es with prrg, which indicates that the improvement of confinement is mainly due to
the energy stored inside the ITB. The highest prrg was 0.68, where an H factor of 3.4
was obtained. The H factor is plotted against the edge ion temperature in Fig. 8(b). No
clear dependence is seen. Thus, in these reversed shear discharges, the confinement
improvement due to the effect of the edge is small whereas core improvement is
dominant.
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In Fig. 9(a), the relation between H factor and By is shown. The H factor increases
with By. This means that it is important to maintain stability at high beta in order to
obtain high confinement. The stability limit is shown in Fig. 9(b). The maximum
normalized beta, By, was 2.4 at qg5 = 5, which was similar to that of the high 3, mode.
In the lower qgs regime below 4, By is restricted to values below 2.2. By decreased
with decreasing ggs below qgs = 4. This regime corresponds to the high current region,
where excellent performance is obtained. Thus, the performance of reversed shear
discharges is determined by the stability limit for the collapse.

In the high Bp mode, the H mode transition (high B, H mode) served to avoid
collapses, and a quasi-steady state was realized with the ELMy H mode edge. In
contrast, in high performance reversed shear discharges we have few shots with clear
H mode transitions, which makes it difficult to avoid collapses.

5.  FUSION PERFORMANCE

Very high fusion performance has been achieved by reversed shear discharges.
In Fig. 10, Qpr was plotted against the plasma current. Here, the fusion performance
was analysed by the 1.5 D tokamak transport code system TOPICS, on the assump-
tion that a deuterium beam is injected into a 50:50 deuterium—tritium target plasma.
For comparison, the hlghest Qpr in the high B, H mode [17] is also plotted. Here, Qpr
is defined as Qpy = Pix™/(P,. — dW/dt — Py) + PSP 118], where PEE™ is the
calculated value of the DT fusion power from thermal—thermal reactions, P is the
calculated value of the al;nha heating power from thermal-thermal reactions
Py, = 0. 2*P(m'lh)) and P](Db ™) is the calculated value of the DT fusion power from
beam—thermal reactions. As is shown in the figure, we could succeed in renewing the

1 N lllll LI | I LI TI LI ] A
C . B QpTin R/SB
- . E 0 Qprtinhigh
0.8 = high B, H mode - - A Qprib-thyin Ris
- .l ] A Qpr{b-th) in highBp
" 0.6 —:— Om —E
C o4l [ ] 3
X ] a ]
02 | A peam-thermal
B Y Y~ . .
0'1141]1111 Ll e gt
1 1.5 2 25 3
I, [MA]

FIG. 10. Equivalent Qpr values of reversed shear discharges (solid squares) and high B, H mode
discharge with highest Qpr (open square). Qpy values due to beam—thermal reactions are shown by
triangles.
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TABLE 1. SIMULTANEOUSLY ACHIEVED PARAMETERS AND ANALYSED
RESULTS FOR THE BEST REVERSED SHEAR DISCHARGE E 27 302

I, 247 MA S, 2.97 x 1016 /s

Bp 428T Wi 9.42 MJ

Qo5 3.46 g 1.01s

Pbny 122 MW gt 335

1¢(0) 1.01 x 1020 m-3 B 1.84

Zegi 3.77 np(0)teT;(0) 6.8 x 1020 m3-s-keV
np(0) 4.5 % 10" m™ Qoo 3.73 x 1073

Ti(0) 15 keV Qpr (without Py corr.) 0.73

TL(0) 8.1 keV Qpr (with Py, corr) 0.82

Qpr values substantially. The plasma parameters for one of the best shots are summa-
rized in Table I. The value of Qpr was 0.82. In the table, the value of Qpp without
subtraction of Py, is also shown. For the highest tg shot (tg = 1.08 s), Qpt was 0.83.
The thermal-thermal reactions account for 82% of the total neutron emission
of 3.0 x 10% n/fs. The high fraction of the thermal fusion reaction is a feature of
JT-60U reversed shear plasmas. In Fig. 10, the beam-thermal component of Qpr,
Q(b o (b'th)/Pabs, is also shown. This component did not increase with I, but stayed
almost constant (0.1). This reflects the fact that the electron temperatures do not
increase with I,. As I, increases, the thermal component of Qpr, QDT ™ increases and
accounts for 90% of the total Qpr at 2.5 MA. Since the fraction of dW/dt in Py, is
small (26% for the case of Table I), the value of Qpyy defined as Qpr = P(mt)/Pabs is
also high (Qpr = 0.56).

We noted that the value of Z. is high and the ratio of deuterium to electron
density is small in Table I. One reason for the high Zg value in reversed shear plasmas
is the low beam power which results in a low beam fuelling rate. With higher beam
power around 22 MW, however, Z. g was still about 3.5. The impurity behaviour in
reversed shear plasmas has to be investigated.

6. CONCLUSIONS

A new type of ITB was observed in the negative magnetic shear region in
JT-60U. It accompanies the reduction of electron and ion energy transport; %< drops
sharply by a factor of 20 within 5 cm, while %£f is lower than the neoclassical value.
Excellent confinement and performance of reversed shear plasmas have been demon-
strated in JT-60U experiments. JT-60U record values of energy confinement time,
stored energy and equivalent DT fusion power gain were obtained under the condition
that the thermal-thermal fusion reactions were dominant. These results prove that the
reversed shear configuration is a very promising candidate for operation in a tokamak
with improved performance.
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DISCUSSION

R.R. WEYNANTS: In this mode you have high density and high Z.4 How
much is the radiated power compared with the input power?

T. FUJITA: Typically, the radiated power is about 30% of the input power.

G. BATEMAN: In the JT-60U discharge with Z.¢ = 3.8, what is the impurity
(carbon or high Z) and what is the time history of Z.g?

T. FUJITA: The dominant impurity is carbon. The value of Z. is almost
constant during beam injection.

J. JACQUINOT: Could you comment on the power threshold for the formation
of the internal confinement barrier and its scaling with machine parameters.

T. FUIITA: There seems to be a density window where the threshold power
becomes low, but a systematic study on threshold power has not been completed.
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Abstract

HIGH FUSION PERFORMANCE ELM FREE H-MODES AND THE APPROACH TO STEADY
OPERATION.

The highest fusion yield in JET has been obtained in the hot ion H-mode regime. The paper
reports progress in fusion performance in this regime. Since the last IAEA Conference in Seville (1994)
the fusion performance on the MKI pumped divertor has been doubled, with D~D neutron rates up to
4.65 x 10 n/s demonstrated, equivalent to Qpr ~ 1, similar to the PTE-1 series. More recently, a
more closed divertor MKII has been installed, and the new results are described.

1. BASIC FEATURES OF THE REGIME

Figure 1 shows a typical hot ion H-mode plasma obtained with the new
MKII divertor. After formation of the X-point the density is allowed to pump out
to ~1x1019m-3 before the application of high power neutral beam (NB) heating.
After a period of threshold ELMs the plasma becomes ELM free, during which
time both stored energy and D-D neutron rate increase steadily. The ion
temperature, on the other hand, reaches a maximum and then declines somewhat
as the density continues to increase. The loss power, Pyg-dW/dt-Psy (where Psy
corresponds to the calculated shine through power), increases with time as does
the stored energy, indicating approximately constant confinement time. The high
performance phase is limited in this case by beam switch off followed 50ms later
by a giant ELM and sawtooth (coincident to within 100us). These and other
limitations to performance are discussed in [1].

The duration of the ELM free phase is similar on both MKI and MKII for
similar core plasma shapes, edge shear, Sgs Z 3.5, triangularity, & 2 0.3. Higher
triangularity configurations have been tested up to & ~ 0.6, Sp5 ~ 4.0 at 2.5MA
but have not demonstrated any significant improvement in confinement quality.
Configurations with low edge shear Sgs5 <3 and low triangularity 6 £0.2 show
repetitive giant ELM’s with frequencies 2 SHz.

Given the similarities in plasma behaviour in MKI and MKII it is not
surprising that the fusion performance of the NB only data is also similar at the
same beam power and shows the same strong scaling with NB power as illustrated
in Fig.2. Thus far, for technical reasons, the NB power on MKII has been limited
to <17MW, but this deficiency is being corrected, and this is expected to restore
the MKI performance later this year. Note also that steady neutron yields can be
maintained for about 1s by step-down of the beam power to the level of the loss
power in the preceding transient phase.

! See Appendix to paper IAEA-CN-64/01-4, this volume.

239



240 JET TEAM

Pulse No: 38093 3.5MA/3.4T

; 201 PNB / -20 =
= Ploss .~ =
o 10- P e q10 2
~ 0 0
'L, 3[- Neutron rate
e 2+
= 1_Dm(a.u.)
X
0
S 200
()]
< 101
0
& 4
£
e 2r
(=)
0 t I 1 | 1 | L
11 12 13 14 15
Time (s)

Fig.1 Typical time traces for an hot ion plasma showing neutral beam power Pyp, loss power
Pposs (see text), diamagnetic stored energy Wpja, D-D neutron rate, Dy, ion and electron
temperatures T; and T, and volume averaged density <n,>.

5 Mark 1 Mark I

25MA O m

30MA © e o
A 35MA A& 4

40MA = %

Neutron rate (1016 s-1)

25

Pg (MW)
Fig.2 Neutron rate plotted against total neutral beam power. Open symbols refer to MKI and

closed symbols refer to MKII. The shape of the symbols shows plasma current: squares
2.5MA, circles 3MA, triangles 3.5MA and stars 4MA.
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2. THE TRANSPORT BARRIER

A model has been developed [2] which accounts for many of the features
observed in JET ELM free H-modes. The model assumes: (1) transport inside
the barrier region is given by ion neo-classical together with anomalous terms

including both Bohm (global) and gyro-Bohm terms, (2) transport coefficients

within the transport barrier D~ y; ~ x, ~ 1% are given by the ion neo-

classical diffusivity and (3) the width of the transport barrier is given by the ion
poloidal banana width A~ «,/Epgi. Note that the Bohm terms dominate the
transport in the outer regions of the plasma up to the transport barrier and the
gyro-Bohm terms dominate the central confinement.

With these assumptions it is possible to construct a complete set of transport
equations for n,, Te, T; and J which can be solved self consistently. A single free
parameter remains which can be the edge density (or alternatively the net
recycling coefficient) which is adjusted to match the observed density evolution.
When applied to hot ion plasmas the time evolution of plasma parameters and
profiles is well reproduced. In particular, the initial linear rise in stored energy is
well described, and is followed by a progressive saturation which the model
suggests is due to the density rise. The model describes accurately the evolution
of power step-down pulses and the effect of strong gas puffing, and can account
qualitatively for the temporary degradation of confinement following a sawtooth
crash. The code predicts the time when ballooning modes become unstable which
is consistent with the experimentally observed appearance of giant ELM’s as
shown in Fig.3. Indeed, this confirms, in a very satisfying manner, that the
transport is close to ion neo-classical in the barrier region because an increase in
transport would lead to ballooning modes always being stable.
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Fig.3 Trajectory of the model simulation of pulse 32919 in the S-o (shear versus normalised
pressure gradient) diagram. The ballooning unstable region is shown shaded. Ballooning
instability is predicted at 13.1 s which should be c