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FOREWORD

Development of nuclear fusion as a practical energy source could provide
great benefits. This fact has been widely recognized and fusion research has
enjoyed a level of international co-operation unusual in other scientific areas.
From its inception, the International Atomic Energy Agency has actively
promoted the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls for expansion of
international co-operation in fusion energy development expressed at summit
meetings of governmental leaders. At the invitation of the Director General
there was a series of meetings in Vienna during 1987, at which representatives
of the world's four major fusion programmes developed a detailed proposal for
a joint venture called International Thermonuclear Experimental Reactor
(ITER) Conceptual Design Activities (CDA). The Director General then
invited each interested party to co-operate in the CDA in accordance with the
Terms of Reference that had been worked out. All four Parties accepted this
invitation.

The ITER CDA, under the auspices of the IAEA, began in April 1988 and
were successfully completed in December 1990. This work included two
phases, the definition phase and the design phase. In 1988 the first phase
produced a concept with a consistent set of technical characteristics and
preliminary plans for co-ordinated R&D in support of ITER. The design
phase produced a conceptual design, a description of site requirements, and
preliminary construction schedule and cost estimate, as well as an ITER R&D
plan.

The information produced within the CDA has been made available for the
ITER Parties to use either in their own programme or as part of an
international collaboration.

As part of its support of ITER, the IAEA is pleased to publish the
documents that summarize the results of the Conceptual Design Activities.
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PREFACE

This report describes the results of Internationa! Thermonuclear
Experimental Reactor (ITER) Conceptual Design Activities (CDA) involving the
participation of the European Communities, Japan, the Union of Soviet Socialist
Republics and the United States of America.

The concept definition of ITER resulted from the Definition Phase of
the CDA.conducted from May through September 1988. The results of that
effort are described in two-volume report. The subsequent "Design Phase" of
the CD A was carried out between October 1988 and December, 1990. This
report summarizes all the work carried out during the CDA.

INTERNATIONAL ATOMIC ENERGY AGENCY, ITER Concept
Definition, Vols 1 and 2, ITER Documentation Series, No.3, IAEA, Vienna
(1989).
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I. INTRODUCTION

The history of the ITER Activities began in 1987 when, in response to
the summit initiatives, the Director General of the International Atomic Energy
Agency (IAEA) invited representaives from the European Community, Japan,
the Soviet Union and United States to Vienna to discuss enhanced international
collaboration in fusion research. A guiding document developed by the four
Parties, called the "Terms of Reference" [1], was issued and constituted the basis
for the ITER activities. Work began after the four Parties accepted the invitation
of the Director General to participate under the auspices of the IAEA in
accordance with the Terms of Reference.

The Terms of Reference call for an integrated international design
activity which shall:

(1) define a set of technical characteristics of an
International Thermonuclear Experimental Reactor
(ITER) and subsequently to carry out the design work
necessary to establish its conceptual design;
(2) define future research and development needs and draw up cost,
manpower and schedule estimates for the realization of such a device;
(3) define the site requirements for ITER and perform a safety and
environmental analysis;
(4) carry out in a coordinated manner specific
validating research and development work supportive of the design
activities.

The Conceptual Design Activities (CDA) were composed of two phases;
a definition phase performed from May to October 1988, and the design phase,
completed in December 1990. During the definition phase, a set of ITER
technical characteristics was developed and reported in the document "ITER
Concept Definition". The report also contained a plan, in support of ITER, for
R&D activities, which were subsequently carried out [2].

The conceptual design activities were directed and managed by (1) the
ITER Council (IC), which directed the activities and supervised their execution,
and (2) the ITER Management Conunittee (IMC), which managed the activities.
An ITER Scientific and Technical Advisory Committee (ISTAC) advised the IC
on scientific and technical matters.

The ITEE activities, in accordance vuth the overall design schedule,
resulted in the joint work of about 40 to 60 professionals at a technical site at the
Max Planck Institute for Plasma Physics in Garching, Germany, for a period of
several months each year. In order to assess the state-of-the-art in specific areas
of physics and technology relevant to ITER, specialists' meetings were held
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during the period of the joint work sessions in Garching. Also, short-term visits
by experts contributed to these ITER activities. Finally, considerable design and
analysis support was provided by staff at the participants' home sites. Overall,
these efforts involved over 100 man-years from each Party during the nominal
three years of the ITER Conceptual Design Activities. Communication with
home support teams was performed by electronic mail and other computer links.

The Design Team was organized in a matrix form made up of Project
Units, which coordinated the design activities, and Design Units, which
conducted detailed design. This organization reported to the IMC, which had
overall executive responsibility.

This "ITER Conceptual Design Report" summarizes the conceptual
design activities. The report is divided into eight sections. Those wishing to read
a brief summary of ITER history, program objectives, technical approach, and
potential plans for continuation of ITER into Engineering Design Activities are
referred to Chapter II, "Executive Summary". An overall description of ITER is
given in Chapter III, "TLe ITER Device and Facility"; this contains an overview
and descriptions of machine layout and maintenance, components design,
auxiliary systems, balance of plant, safety and environmental analysis and site,
requirements. Chapter IV summarizes the "Operation and Research
Programme", which includes planned physics and engineering tests and possible
modes of operation and levels of machine performance. The scientific and
engineering basis for ITER is discussed in Chapter V, "ITER Physics and
Engineering Basis"; requirements for further validating R & D are also given
here. Estimates of "Schedules and Costs" ar" gWen in Section VI; this includes
estimates for the engineering design and R&D required to prepare for the
construction of ITER, preliminary estimates of capital and other costs during a
construction phase, and preliminary predictions of ITER operating costs. Key
parameters are presented in Section VII. In Chapter VIII, "ITER Reactor
Relevance", preliminary results are presented indicating the potential of the
ITER concept as the basis for a fusion power reactor.

I.I REFERENCES

[1] Establishment of ITER Relevant Documents, IAEA, 1988, Vienna.
[2] Physics and Technology R&D for ITER Conceptual Design,

IAEA/ITER/DS/No.19 (1991).
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II. EXECUTIVE SUMMARY

II.l. INTRODUCTION

The central purpose of the International Thermonuclear Experimental
Reactor (ITER) is to develop an experimental fusion reactor through the united
efforts of many technologically advanced countries. With its origins in summit
level discussions, the ITER conceptual design activities were carried out under
the auspices of the International Atomic Energy Agency according to the terms
of a quadripartite agreement reached between the European Community, Japan,
the Soviet Union and the United States. The European Community provided the
site for joint technical work sessions at the Max Planck Institute of Plasma
Physics in Garching, Germany.

The "Terms of Reference" for the ITER agreement call for the
programme to demonstrate the scientific and technological feasibility of fusion
power. This means that ITER will demonstrate plasma ignition and extended
burn, with steady-state operation as an ultimate goal. In so doing, it will provide
the physics data base needed for a demonstration tokamak power reactor,
demonstrate many of the reactor technologies needed for fusion power, and act
as a test bed for high heat flux and nuclear components.

ITER "Conceptual Design Activities" (CDA) began in the spring of 1988
and ended in December 1990. The objectives of this phase were to develop the
design of ITER, to perform a safety and environmental analysis, to develop site
requirements, to define the future research and development needs, and to
estimate cost, manpower, and schedule for detailed engineering design,
construction and operation. Global expenditures on ITER were the equivalent of
about 200 million dollars for design and FTER-related R&D. Because of the
success of the Conceptual Design Activities, the Parties are now considering
continuation of ITER into the next phase, called the Engineering Design
Activities (EDA); this work would include the expanded engineering and R&D
efforts needed to prepare for initiation of the construction of ITER by the mid-
nineties.

As delineated below, a conceptual design was developed which,
supported by the appropriate R&D, can meet the technical objectives of the
ITER programme.

H.2. CONCEPT DESCRIPTION

ITER is based upon the tokamak concept, first developed in the Soviet
Union and since brought to a high level of development in all the major fusion
programmes of the world. The design rests upon a large body of studies
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conducted over the past three years by the ITER physics, engineering, and
systems analysis groups. The design is "robust" in the sense that it is based upon
a reasonably conservative assessment of our present knowledge of plasma physics
and because it allows for appreciable operational and experimental flexibility. In
this regard, the topologjcal layout of the basic machine was significantly
influenced by the objective to achieve a flexible design capable of accommodating
changes in the data base or, to the extent forseeable, advanced new features.

Although the final design is the result of many complex technical
compromises and adjustments, many of the main machine characteristics and
parameters are rather easily traced to the technical objectives of the programme.
The goal of achieving extended burn (ultimately steady-state) dictates the use of
superconducting coil systems. The requirement for ignition sets the plasma
current. The design targets for the first wall fluxes and fluence both dictate
approximately the same minimum shield thickness in the device. When these are
combined with considerations of plasma stability, impurity control, and current
drive, the general features and approximate size of the reactor are determined.
Nevertheless, within the freedom allowed by the objectives, the design philosophy
has been to control size and minimize cost.

The overall layout of ITER and its parameters are given in Figure II-1.
and Table II-l. The nominal fusion power generated in the reactor is
approximately one gjgawatt. The exact amount of fusion power produced will
depend on the particular mode of operation, as described later in this summary.
A non-circular cross-section plasma with an elongation of approximately two is
employed. Helium ash exhaust and impurity control are accomplished through
the use of a "double-null" divertor. The required super-conducting poloidal field
coil system is located outside of the toroidal coils in order to facilitate assembly
and maintenance.

Breeding blankets, located just inside the vacuum vessel, are expected to
supply most of the required tritium fuel. In addition, access is provided to insert
and remove large modules intended to test advanced schemes for tritium
breeding and power conversion. The arrangement and ordering of components
and maintenance access ports have been chosen to allow the replacement or
repair of plasma-facing components and of the tritium breeding and shielding
system without the need to disassemble the tokamak.

The nominal plasma current of ITER is 22 megamperes. The machine
is capable of achieving this current for at least 200 seconds utilizing inductive
drive alone. The toroidal field on axis is 4.85 T. The major radius of the plasma is
6.0 meters and the minor radius is 2.15 meters. During the course of the CDA,
several slight size and shape changes were made to accommodate more volt-
seconds, provide more room for a divertor, and provide thicker shielding, while
the outer dimensions of the reactor did not change.

Heating of the plasma and non-inductive current drive of the plasma
currer* are achieved with a multi-function heating and current drive system. The
first option for this system is based on 1.3 MeV negative-ion neutral beams
working in conjunction with lower hybrid and electron cyclotron wave sources.
This system will be used to study very long pulses and steady-state discharges.
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Fig. II-l. The JTER device
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TABLE II-1. ITER PARAMETERS AND PERFORMANCE

Nominal fusion power (GW) 1

Operating characteristics:

Pulse length (s) >200 to continuous

Plasma major radius (m) 6.0

Plasma half-width, mid-plane (m) 2.15

Nominal maximum plasma current (MA) 22

Toroidal field, on-axis (T) 4.85

Toroidal coil, outer radius (m) 11.5

Another candidate system, based on the use of fast ion cyclotron waves, was also
studied and is considered an alternative option.

The overall layout of the machine and of its auxiliaries is shown in
Figure II-2. Three neutral beam injectors, the maintenance access modules and
the test stations axe indicated. Primary access to the reactor internals is through
large vertical and horizontal ports.

As a fusion reactor, ITER will have many safety advantages. Safety
considerations have been an integral part of the design activities and safety will
be assured by the use of natural processes and passive components wherever
possible.

Safety analyses conducted in the conceptual design phase showed that
the evolving design is consistent with anticipated regulatory dose limits for
routine exposure (100 |iSv/yr) and accidental exposure (100 mSv) of the public.
To approach the ambitious goal of satisfying accident dose limits without relying
on any active safety system or confinement of radioactive elements by the reactor
building, reduction of inventories of tritium and mobilizable activation products
is required. Further effort to approach this ambitious goal will lead to full
utilization of potential safety advantages of the fusion reactor.

Site requirements for ITER have been under study and are generally
known. Minimum electric grid capability, potential for on-site cooling, site size
and geological characteristics, and transport access are examples of the
considerations involved. It appears that all of the Parties have sites which meet
ITER requirements.

A more complete description of design logic, component function, safety
and site requirements is given in Chapter in .
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113. OPERATION AND RESEARCH PROGRAMME

The ITER programme has three major research objectives. The first
objective is to demonstrate controlled ignition and extended burn in a deuterium-
tritium plasma with steady-state operation as the ultimate goal. The second
objective is to demonstrate technologies essential for a reactor in an integrated
system. Success in ITER operation in itself marks a major milestone in the
development of fusion energy because all of the major components of a reactor
will have been successfully operated as an integrated reactor system. The third
goal of ITER is to perform integrated testing of the high heat flux and nuclear
components required in the practical utilization of fusion power.

ITER operation will be conducted in two phases: a Physics Phase and a
Technology Phase. The first phase will emphasize physics experiments and the
second will focus primarily on technology testing. However, there will be
considerable overlap between the two phases and common use of the same basic
ITER hardware.

The Physics Phase will take about six years to complete. The first two
years will concentrate on commissioning of the tokamak device and auxiliary
systems, and will involve studies first with H (hydrogen) plasmas, and then
experiments using D (deuterium) and D- He (deuterium-helium-3) plasmas.
Following this zero/low-activation phase, experiments with D-T (deuterium-
tritium) plasmas will begin, first with inductive current drive, and later with non-
inductive current drive. The total number of pulses during the Physics Phase will
be approximately 15,000. The total first-wall fluence will be ~ 0.05 MWa/m .

The initial focus of the D-T experiments will be to achieve ignition.
Subsequent goals will be to obtain first prolonged burn and then steady-state
operation with full non-inductive current drive. The ITER device and auxiliary
systems are designed to provide flexibility to deal with physics uncertainties and
to optimize ignition performance in both the inductive and non-inductive
regimes.

The ITER device accommodates several experimental configurations
and modes of operation during the Physics Phase. Experimental flexibility
includes the possibility of optimizing the energy confinement via adjustment of
the divertor configuration and first-wall conditions, adjusting the plasma density
and temperature profiles via fuelling and heating/current drive systems, and
using controlled injection of impurities to optimize the plasma radiation balance
and divertor power handling. The plasma current and fusion power can also be
varied, and the basic device has the potential to operate at higher current (= 28
MA) and power ( » 2 GW).

The Physics Phase program includes achieving ignition, control of the
burn evolution and helium build-up, and optimizing the performance of the
plasma-facing components (divertor and first-wall). Extending the burn
duration with non-inductive current drive and minimizing the frequency of
disruptions are also crucial preparations for the Technology Phase operations.

The Physics Phase will complete the two objectives of
ignition/prolonged burn and demonstration of integrated fusion technology. The
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third objective, integrated testing of high-heat-flux and nuclear components at
appreciable fluence, will be completed in the Technology Phase. This phase will
emphasize using ITER for many years as a test facility for blanket modules,
tritium production, neutronics, and advanced high-heat-flux plasma components.
The extraction of high-grade heat from reactor-relevant test modules and testing
of materials in a fusion nuclear environment will also be done.

ITER operations in the Technology Phase will feature prolonged pulse
durations aimed at providing the appropriate neutron fluxes and fluences for
nuclear testing. A minimum pulse duration of about 2000 seconds is predicted.
Much longer pulses, limited only by maintenance requirements, should be
possible should full steady-state operation prove feasible. Fluxes and fluences of
about 1 MW/m2 and 1 MWa/m , respectively, should be achievable. The ITER
device is designed to tolerate fluences up to 3 MWa/m .

II.4. DESIGN BASIS AND READINESS TO PROCEED

The ITER design is based upon the scientific knowledge derived from
the operation of dozens of tokamaks over the past decade and upon the technical
know-how flowing from the extensive technology research and development
(R & D) programmes of the four parties. In fact, plasma conditions have been
achieved which are close to those needed in ITER. The fusion performance in
terms of nTT has increased by two orders of magnitude in the last five years. The
fusion performance required of ITER is less than an order of magnitude from
the performance already demonstrated.

The large body of knowledge available to ITER has made it possible to
specify a concept which meets the technical objectives in the reference agreement
and provides a starting point for the engineering design of the device. It is
natural that some uncertainties remain, and complete resolution awaits the
operation of ITER itself, as befits its purpose. Nonetheless, an aggressive and
multi-faceted approach to risk reduction has been taken by ITER. Design policy
has been to (1) proceed upon the basis of prudent extrapolations of the actual
performance reached in the present generation of tokamaks; (2) provide the
maximum machine performance and physics margin consistent with prudent
engineering practices and reasonable costs; (3) build in as much experimental
and operational flexibility as practical in a machine the size of ITER; and (4)
implement physics and technology R & D plans, mostly using existing facilities, to
validate the ITER design concept.

An attempt has been made to mitigate uncertainties by choosing, where
possible, conservative specifications which give considerable technical
maneuvering room. It would appear that the essential objectives are achievable
by operating within the known limits on plasma stability. The energy
confinement required to sustain an ignited burn in ITER falls within
extrapolations of the commonly achieved tokamak operating mode, called the
"H-mode". This analysis takes into account the dilution of the fuel by the ash
(alpha particles) during sustained burn. At low concentration of ash, i.e. at that
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early stage of discharge, the energy confinement required for high-Q operation is
considerably less demanding than the extrapolated H-mode performance.

The ITER physics R & D plan puts particular emphasis on reducing
uncertainties in the divertor performance, energy confinement, and avoiding
disruptions. Details are given in Chapter V. It is considered very unlikely that
the results of such continued research would substantially change the concept.
Continued focused physics R & D, using existing facilities, will minimi-/*
uncertainties and increase confidence in the ITER design assumptions so as to
provide a sound basis in 1996 for proceeding with construction.

ITER requirements for technology development are already being
addressed in the technology programme described in detail in Chapter V. The
main categories technology R&D are magnets, containment structures, assembly
and maintenance, current drive and heating, plasma facing components, blanket,
fuel cycle, structural materials, and diagnostics. Safety related R&D is included
in each system. With modest additions to the existing technology development
efforts by the Parties, sufficient prototype and proof-of-principle demonstrations
can be carried out by the end of 1995. A prerequisite is that the central design
work and the technology development be a single integrated activity.

II.5. PRELIMINARY COST AND SCHEDULE

At the time of the writing of this report, the Parties are engaged in
discussions of continuing ITER into a next phase of "Engineering Design
Activities (EDA)"; these activities would be aimed at providing enough design,
R&D and project information to support a decision whether to enter a
subsequent construction phase. Under the assumption of a prompt start, the
EDA can be completed in 5 years. The estimated resources required for the
EDA are $250M for design work, $385M for verification of the engineering data
base, and $397M for scalable models and related test faculties. Costs of the
physics R&D are not included in ITER costs since they are integral to the world
fusion programme and cannot be separately estimated.

A preliminary estimate of the cost of ITER has been performed, yielding
capital costs for construction of $4.9B. This cost includes the direct capital costs
for construction of S3.9B, a cost contingency of about 20% (about $0.7B) and a
reactor assembly cost of approximately $0.3B. A preliminary analysis indicates
that the construction of ITER would require approximately seven years. During
this construcion period there are additional costs for design, R&D, testing and
project coordination approximating $140M per year. Preliminary estimates of the
cost of operating ITER amount to about S270M per year. In addition, total costs
for experimental testing on ITER (both physics and technology) have been
estimated at approximately $120M per year when averaged over the life of the
program.
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II.6. ITER REACTOR RELEVANCE

The ITER concept has very high potential. In the present ITER design
and in the nominal operating scenarios, the fusion power is intentionally held
down in order to minimize balance of plant costs and to alleviate the burdens of
power exhaust from the tokamak. However, the intrinsic power generating
capability of an ITER-sized machine is well in excess of that needed for ignition.
It would appear that in such a machine ITER physics design guidelines could
allow some form of operation with fusion powers approaching two gigawatts.
Implications of this capability, up to and including some form of net electric
power demonstration in an ITER-sized machine, should be continuously
assessed; the latter should involve replacing blanket components and improving
the divertor in accordance with the exact nature of the demonstration.

It is thus interesting to note that ITER traverses most of the distance
between present experiments (JET, JT-60, TFTR, T-15) and a full power reactor.
Several countries have recently conducted reactor designs based on the ITER
concept. These studies have shown that a fusion pilot plant with approximately
one gigawatt net electric output would be about the same size as ITER. The
main differences between this plant and ITER would reside in its emphasis on
tritium breeding and electricity production, not in its overall scale. ITER,
therefore, represents a step which will demonstrate the plasma physics and much
of the technology of an electricity producing fusion power plant. In so doing, it
will bring the world to the threshhold of practical fusion energy.
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III. THE ITER DEVICE AND FACILITY

III.1. INTRODUCTION

The ITER device, auxiliary systems, and facility and the associated ITER
operation and research programme will make it possible to demonstrate the
physics performance and technologies essential to fusion reactors. This chapter
summarizes the considerations that lead to the ITER design and presents details
of the tokamak reactor, supporting systems and facility. Safety and
environmental considerations and site requirements are also briefly discussed.
The plan of how ITER and the ITER facility will be used to accomplish the
ITER programme objectives is described in Chapter IV.

III.2. ITER DESIGN BASIS [1,2]

The design parameters of ITER reflect both a distillation of the world's
tokamak database and a comprehensive set of technical analyses that have been
conducted by the ITER team over the past three years. The key features and
parameters of the design (already presented in Figs. II-1, -2 and Table II-l) are
easily traceable to the technical objectives of the ITER programme.

The confinement requirement for plasma ignition at a density
> 10 m , at an effective impurity level, Z c g * 1.7, and at a helium
concentration up to 10%, sets the needed plasma current, 22 MA, and mandates
a divertor plasma configuration. Considerations of confinement optimization and
plasma stability at high beta and control of axisymmetric instabilities respectively,
establish design requirements for an edge safety factor, qm 5 3, and plasma
elongation, K (95) S 2.0.

The requirement for an extended fusion burn with the ixissibilify of
steady-state operation mandates the use of superconducting magnet technology.
The plasma current, safety factor, and elongation requirements, when combined
with the need for a 200 second inductively-driven burn, foreseeable performance
of superconducting magnet materials, and the thickness of nuclear shielding
needed to protect the magnets, establish the overall device size of 6.00 meter
major radius and 2.15 meter minor radius.

The requirement for heating and long burn operation mandates a
current drive scheme, which for ITER is provided by a combination of tangential
neutral beam injection (NBI), with « 13 MeV negative-ion beams, and lower
hybrid (LH) current drive. Electron cyclotron (EC) heating is also provided for
plasma start-up, current profile control and disruption avoidance/control. An ion
cyclotron wave system is considered an alternate to the neutral beam system.

The need for ITER to reach a fluence of 1 MWa/m2 establishes the
need for a modular in-vessel breeding blanket (breeding ratio > 0.8).
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Maintenance requirements for the blanket modules, plus access requirements for
the heating and current drive systems, for insertion of nuclear testing modules
aid for exhaust of D-T and helium from the divertor, combine to establish the
device layout, major access port locations and PF coil configuration.

Requirements for alpha-particle confinement establish the allowable
toroidal TF field ripple and, when combined with requirements on the location of
the outboard PF coils imposed by the need to accommodate a range of
operational conditions (plasma pressure and current profile), set the number of
toroidal field (TF) coils and the location of the outboard leg of the TF coil.

III.3. THE ITER TOKAMAK DEVICE, AUXILIARY SYSTEM AND
FACILITY: AN OVERVIEW.

The equipment necessary to conduct the ITER operation and research
programme is divided into three categories: 1) the Tokamak Reactor Device,
where the D-T plasma fuel is confined and where the fusion reaction takes place;
2) the Auxiliary Systems, which support operation of the tokamak device and
initiate and control the fusion reaction, and 3) the Facility, in which the tokamak
and auxiliary systems are assembled, operated and, as required, maintained and
repaired.

The demarcations among these three categories are somewhat arbitrary,
but, for purposes of understanding the ITER concept, are best defined by two
key physical boundaries, the tokamak device cryostat and the nuclear-shielded
reactor and auxiliary systems cells. The major ITER systems located within the
three regions so defined are shown schematically in Table ITI-l.

A brief and somewhat non-technical description of these systems and
how they contribute to ITER operation is given below. More detailed technical

TABLE III-l. MAJOR ITER SYSTEMS

Tokamak Device

Cryostat
TF Magnets
PF Magnets
Magnet Struct.
Torus Vessel
First Wall
Divertor
Trit. Breeding
In-vess. Shield

Auxiliary Systems

NB Injection
Lower Hybrid rf
Elect. Cyclotron rf
Plasma Fueling
Vacuum Pumping
Tritium
Primary Cooling
Plasma Diagnostics
In-vess. Maint. Eq.

Fac i1i ty/Ma i ntenance

Reactor Cell
Aux. Sys. Sub-cells
Ex-vess. Maint. Eq.
Transport Equip.
Cryo. Refrigeration
Magnet Power
NBI. LH. EC Power
Plant Hater
AC Power Dist.
Control/Data Acquis.
Oecon./Repa i r/D i sp.

26



information about eight of the major ITER systems and the ITER facility and
site and safety issues are given in the following three sections of this chapter.

III.3.1. Tokamak device. [3]

The ITER tokamak device is the fusion reactor core within which the
high temperature plasma used to produce thermonuclear power is confined. The
key components of this reactor core are a primary, or torus vacuum vessel, and
superconducting toroidal field (TF) and poloidal field (PF) magnet systems.
These systems are in turn located within an evacuated cryostat, or secondary
vacuum vessel, that allows the TF and PF magnet systems and their supporting
mechanical structure to be cooled to liquid-helium temperatures, 4.5 K. At these
temperatures, the magnet windings are capable of producing the intense
magnetic fields, up to 4.85 Tesla, on the plasma axis needed for stable
confinement of the plasma.

Four major in-vessel systems needed for plasma operation (in-vessel
nuclear shielding, tritium breeding modules, the plasma-facing first wall, and the
plasma divertor plates) are all enclosed within the torus vacuum vessel. The
torus vessel establishes the high-vacuum conditions needed by the plasma and is
also the primary containment for the gaseous D-T fuel from which the plasma is
formed.

In the plasma confinement region defined by the in-vessel systems, the
low-density (= 10 atmosphere) D-T fuel, initially injected in gaseous form, is
first ionized, and then heated to temperatures of up to 10 keV (= 10 K). Under
these conditions, a self-sustaining fusion reaction begins, in which the fusion
energy produced is sufficient to maintain the plasma temperature.

The plasma pressure and energy are confined by a magnetic field
produced the combination of the magnetic fields from the TF and PF magnets
and from a current flowing in the plasma. This latter current, initially induced in
the plasma by the PF magnet system, is subsequently sustained and controlled
with the assistance of the plasma heating and current drive systems described
below.

Under typical operating conditions, the plasma produces approximately
1000 MW of fusion power, 800 MW in high-energy neutrons, and 200 MW in
alpha (a) particles (high-energy helium ions). The a-particle heat is absorbed
by the plasma, sustaining its temperature, and ultimately flows to the plasma
boundary. Here it flows, in part, to the divertor plates, located at the top and
bottom of the torus vessel, and, in part, radiates to the first-wall, which is formed
by special tiles located on the plasma-facing surfaces of the blanket/shield
modules.

The neutron power produced by the plasma is absorbed by the in-vessel
nuclear shield and tritium-breeding blanket modules. The breeding modules
contain lithium, and the neutrons absorbed in the lithium breed tritium that is
ultimately recovered and used to fuel the plasma. Under optimum conditions,
ITER can breed more than 80% of the tritium fuel it requires to operate.
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The in-vessel shield and breeding modules attenuate the neutron and
gamma radiation flux reaching the TF and PF coils and ensure that these critical
components remain at the low temperatures required for their operation.

III.3.2. Auxiliary systems.

The tokamak device requires nine auxiliary systems to support its
operation. Seven of these systems provide direct support needed to initiate and
sustain the fusion reaction in the plasma. The two remaining systems (plasma
diagnostics and the in-vessel remote maintenance system) respectively provide
diagnostic data for control and study of the reacting plasma, and a means for
servicing components within the torus between plasma operation periods. The
use of the in-vessel maintenance system is described in the Facilities and
Maintenance section (DJ.3.3.) that follows.

Three of the auxiliary systems contribute to heating the plasma to
thermonuclear temperatures and sustaining or controlling the toroidal plasma
current that is essential for tokamak operation. The nine Neutral Beam Injection
(NBI) modules provide the majority of the plasma heating and current drive
power. Based on negative-ion sources, each negative-ion beamline module
produces up to 10 MW of energetic neutral deuterium and/or hydrogen atoms
with energies of up to 1.3 MeV. These energetic atoms, injected through
tangential access ports into the torus, heat the plasma to fusion temperatures,
control the burn, and in addition drive part of the plasma current.

The heating and current drive power provided by the NBI modules is
supplemented by two radio-frequency (rf) systems: a SO MW, 5 GHz lower
hybrid (LH) system, and a 20 MW, 120 GHz electron cyclotron (EC) system.
These systems, which occupy radial ports at the torus midplane, use specialized
antenna structures or wave guides to launch rf waves into the plasma. The LH
waves are directed to drive current in the plasma edge, and also contribute to the
overall plasma heating. The EC waves are directed to penetrate to the surface
q = 2, and are used for plasma initiation, fine control of the plasma current profile
to minimize the occurance of magnetic instabilities (disruptions) that would
otherwise abruptly terminate the plasma current and the fusion reaction. An ion
cyclotron wave system is considered as an alternative to NBI and would provide
130 MW of RF power for plasma heating, central current drive and burn control
by using 42 antennas located in blanket modules and corresponding horizontal
ports above the equatorial plane.

Three other auxiliary systems provide support for plasma fueling and
fuel processing. These systems inject, exhaust and recover the D-T plasma fuel
and maintain the high vacuum environment needed to sustain the reacting
plasma. The D-T fuel is injected in gaseous and solid (D-T ice) form by gas and
ice pellet injectors. Unburned D-T fuel and the helium ash from the fusion
reaction are exhausted from the plasma by the vacuum pumping system, which is
connected to the pumping ducts located just outboard of the divertor plates. The
vacuum pumpir-g system also establishes the ultra-high vacuum and low-impurity
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(water and oxygen) conditions needed to prevent impurities from quenching the
fusion reaction.

A tritium-recovery system removes and recovers the tritium bred by
absorption of fusion neutrons in the blanket modules located within the torus,
and also recovers unburned tritium from the vacuum exhaust stream and
blanket/shicld/divertor primary cooling circuits.

The final auxiliary system needed for plasma operation support is the
blanket / shield / divertor primary cooling system, which provides and circulates
cooling water for heat removal from the in-vessel blanket, shield and divertor.

The plasma and engineering diagnostics provide specialized
measurements of the plasma and torus operating conditions. Key measurements
include plasma current, plasma size and magnetic configuration, plasma
temperature, density and composition, thermal and neutron radiation levels, and
monitoring of the operational parameters of the in-vessel systems.

III.3.3. Facility and maintenance.

The balance of the equipment needed for ITER operation and the
specialized equipment and work areas needed to enclose, maintain and repair the
tokamak device and auxiliary system components are contained within the ITER
Facility.

The cryostat, tokamak device, and the reactor-support auxiliary systems
are located within thick-walled, hermetically-sealed portions (cells) of the facility
building. The walls of these reactor and auxiliary-system cells serve as primary
biological, or personnel protection shields to attenuate neutron and gamma
radiation not absorbed by the tokamak device. They also serve as back-up '
containment barriers for any tritium or fusion activation products accidentally
released from the reactor or auxiliary systems.

The sub-divided arrangement of the reactor and auxiliary system cells
minimizes migration of contamination, and also facilitates simultaneous servicing
of the respective components between ITER operation periods.

A number of more conventional plant systems also support ITER
reactor operations. These non-nuclear systems include:

(1) a 100 kW cryogenic refrigeration plant to provide liquid helium for cooling
the tokamak magnet systems,

(2) direct-current power supplies for the TF, and PF magnets and an active
plasma positioning system,

(3) specialized direct-current and rf power supplies for the NBI, LH and EC
plasma current-drive/heating systems, *

(4) a primary AC electrical power distribution system, and
(5) a water-cooling plant that provides cooling water for the secondary (non-

tritium) circuits of the in-vessel cooling and heat removal systems, and
for cooling of the cryo-refrigeration plant and DC and rf power supph'es.
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The total AC power demand and beat disposal during typical ITER operation are
respectively about 700 MW and 1800 MW.

A facility-wide control system monitors and coordinates operation of the
systems throughout the facility and also provides the means by which scientific
and engineering data obtained during ITER operations is evaluated and archived.

The ITER facility and the arrangement of the tokamak device and
auxiliary systems within the facility are configured to support maintenance and
repair of these systems throughout the course of ITER operations. Once
operations with D-T fuel commence, the entire tokamak device, and to a lesser
extent the auxiliary systems, will become activated, and remote maintenance
procedures become mandatory.

Within the torus vessel, this maintenance will be done with a pair of in-
vessel manipulators (articulated booms that can be extended into the torus
between plasma operation periods) and a pair of in-vessel transport vehicles.
These booms and vehicles, equipped with specialized handling fixtures and
remotely operable tools, will be used to remove and re-install in-vessel
components such as first wall tiles and divertor plates. These maintenance
operations can be carried out relatively quickly, and are planned as a routine part
of ITER operation.

Remote handling faculties are also provided for ex-vessel maintenance
in the reactor and auxiliary systems cells. In the tokamak cell, the maintenance
will be done using specialized manipulators for small components, and a remote
heavy-lift (= 800 tonne) crane for the more massive tokamak components. A
system of airlocks and transportation devices is provided for removing activated
components from the tokamak cell and transporting them to the
decontamination and repair or disposal facilities. Other nuclear-shielded sub-
cells in the facility (e.g., the NBI cell and tritium cell) are equipped with similar
remote- handling cranes, manipulators and transport devices.

Components removed from the reactor and auxiliary cells will be
transferred to specialized areas within the ITER facility for decontamination and
subsequent inspection, repair, or preparation for disposal.

The designs of the ITER tokamak device and auxiliary systems are
specified with maintainability and repairability as a fundamental requirement.
This requirement, when combined with capabilities provided in the balance of the
ITER facility, will allow ITER to complete its mission goals, and, should the
occasion arise, be modified to take advantage of future developments in physics
and fusion reactor design and technology.

III.4. ITER TOKAMAK DEVICE CONCEPT AND LAYOUT.

The tokamak device has a plasma major radius of 6.00 meters, where the
toroidal field produced by the magnet system is 4.85 Tesla. The main parameters
of this configuration are summarized in Table m-2. The device configuration
and major components are presented in Fig. m-1.

The tokamak design has been made as compact as possible consistent
with the shielding requirements, magnetic field strengths of 13.5T on the central
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TABLE III-2. KEY ITER DESIGN PARAMETERS AND
REQUIREMENTS

Major radius, (m)
Hinor radius, (m)
Elongation, K(95 *)
Safety factor, q (95 %)
Plasma current, (HA)
Field at plasma, (T)
Hunter TF coils
Number PF coils

PF system flux swing, (V-s)
Mean radius of central

solenoid, (m)
Mean radius

to outer PF coils, (m)
Mean height

to divertor PF coll, (m)
Maintainability

6.0
2.15
1.98
3.0
22
4.85
16
14 external (s.c.)
2 Internal (normal)
325

1.73

11.5

9.0
By remote-handling
methods

solenoid, 11.2T on the toroidal coil and other technological limitations. To
minimize the PF ampere-turn and power requirements and the overall device
radius, the outboard legs of the TF coils are kept at as small a radius as possible
consistent with the needs for radial access, nuclear shielding requiremeuts, and a
maximum TF ripple at the plasma edge of 23 %.

The resulting horizontal bore in the TF magnets is about 7.1 meters and
the vertical bore is about 14.8 meters. The peak field in the TF windings is just
over 11 Tesla and the magnet design and structural parameters are tractable.

The number and locations of coils in the PF system have been
optimized. The divertor coil is positioned as close to the plasma as possible while
satisfying the requirements on the distance between the divertor plate and the
plasma X-point, requirements for shielding and requirements for structure
around the TF coil. The plasma in this configuration is quite close to the outer
PF coils, so that the required currents for plasma control are moderate and the
corresponding out-of-plane loads on the TF coils are structurally tractable. The
central solenoid geometry and winding pack design are optimized to achieve
maximum volt-second capability and to satisfy the constraints for structural and
superconductor performance and quench protection.

The torus vacuum vessel concept provides a feasible solution for the
primary-vacuum and tritium-containment boundaries. The vacuum vessel is
toroidally segmented, with electrically insulating structural connections. These
connections are located in the cryostat vacuum space and sealed from the
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primary vacuum by double-sheet resistive elements. The toroidal resistance is
20 f*Q.

The vacuum vessel and magnet systems are housed entirely inside the
cryostat vessel. This is a fully-metallic, welded design, the effective thickness is
about 10 mm and the stray field produced by eddy currents during start-up
appear acceptably low.

The first-wall/blanket/shield is an integrated structure. Austenitic
stainless steel (316) is the structural material. During the Physics Phase, the
entire first wall will be protected by carbon-fiber-composite tiles, attached
mechanically to the first wall, and cooled by radiation and/or conduction to the
structure. The blanket/shield design provides cooling to the first wall using
poloidal flow paths in the inboard sections and toroidal flow paths in the
outboard sections. The coolant is water at a temperature less than 100 °C.

The same blanket and shield components may be used for both the
Physics and Technology Phases. Three breeding material options have been
investigated, and a lithium ceramic (solid breeder) concept was selected as the
"first option". All ceramic options incorporate beryllium to raise the tritium
breeding ratio to as close to unity as possible.

The blanket design is highly segmented. The inboard blanket is divided
into 32 sectors; each sector is further electrically divided into three segments to
minimize disruption-induced electromagnetic effects. The outboard blanket is
divided into 64 segments of two types: 32 poloidal segments placed on either side
of an equatorial port, and 32 shorter segments placed above and below the port.
The outboard blanket/shield segments also incorporate passive current loops and
control-coil modules for stabilization of the plasma vertical position are also
present on the inner wall of the W .

The inboard shield design features a steel/water body backed by a thin
layer of Pb/B^C. The shield is attached to the 300 mm thick vacuum vessel,
which provides additional shielding. Thinner, but adequate shielding is provided
behind the divertor and near the NBI duct on the back side of the outboard TF
leg. The thickness of the outboard blanket/shield/vacuum vessel biological
shielding should be enough to permit personnel access outside the tokamak
24 hours after shutdown, provided extra shielding is placed around penetrations.

The shape of the divertor plate is optimized to minimize infringement on
the shielding space behind it. The inclination of the divertor surface to the
separatrix is 15 degrees at the outboard strike point and 45 degrees at the
inboard strike point. The poloidal distances from the X-point to the strike points
are respectively 1.4 meters and 0.6 meters.

The divertor plate design features armor brazed to poloidally-oriented
cooling tubes. In the Physics Phase, the armor will be carbon based tiles brazed
to copper or molybdenum alloy cooling tubes. The divertor will be cooled by
water at high-velocity (10 m/s). To accommodate maintenance and assembly
procedures, the divertor will be segmented toroidally into two modules per
sector.

The tokamak device design provides 16 large equatorial ports. Six of
these ports are occupied by the plasma heating and current drive systems. The
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balance are reserved for plasma diagnostics, plasma fueling, maintenance
equipment and, in the Technology Phase, nuclear test modules.

Maintenance of all components in the tokamak device will be possible
using fully remote methods. Remote maintenance methods will apply even to the
TF or PF magnets where replacement during the machine lifetime is not
expected. The maintenance approach and time required for completion will,
however, vary with the type of component.

Regular maintenance and/or replacement of the in-vessel plasma-facing
components is planned. This type of maintenance operation will be
accomplished without warm-up of the magnet systems by using in-vessel
transporters and manipulators inserted through four equatorial ports disposed at
90 degree azimuths around the torus. These in-vessel operations will be
performed in an inert-gas atmosphere to preclude oxygen contamination of the
first wall.

It may also be necessary to replace entire blanket modules, but the
frequency of such operation is expected to be low enough that warm-up of the
magnet system and venting of the torus and cryostat vacuums is acceptable.
Removal and replacement of blanket segments will be accomplished through the
vertical access ports at the top of the tokamak using dedicated handling devices
from above the reactor. Minor in-situ repairs to the blankets can also be
accomplished, without removal, using the in-vessel service equipment.

Provisions for hands-on maintenance will be made wherever possible.
Such maintenance will be feasible for the tokamak device up until tritium is
introduced, and may be feasible (depending on the system in question) for
auxiliary systems in the D-T phase. The tokamak design and service layout
places many components (e.g., electrical, water, and cryogenic service
connections) outside the reactor-cell shield, where limited hands-on maintenance
will be possible.

The reactor hall layout must consider the allocation of equatorial entry
ports, the need to locate auxiliary equipment (including in-vessel maintenance
and inspection devices) near the machine, and the required access for the main
crane during the installation and maintenance of heavy components. Other
considerations include routes for transportation of activated components to the
hot cells, the location of auxiliary services, and contamination control. Many of
the needed principal features of the layout have been developed. There are
possibilities to improve the layout with alternate port allocations and by
identifying ports that can be shared between subsystems.
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III.5. ITER SYSTEM DESCRIPTIONS

This section describes key characteristics of eight of the major ITER
systems that involve major fusion technology development.

III.5.1. Magnet Systems [4]

The superconducting magnet systems are among the most critical of
ITER subsystems, not only because of their requirements for advanced
technology, but also because of the inherent demand in some components for
extremely high reliability. Within the ITER Magnet Systems, we include the fol-
lowing major subsystems: the Toroidal Field (TF) and Poloidal Field (PF)
Magnets (all of which are superconducting except the Active Control Coils
located inside the Vacuum Vessel), the Structural Support System and Cryostat,
the Cryogenic System, the TF and PF Power and Protection Systems, and Coil
Services and Diagnostics.

There are 16 superconducting TF magnets in ITER with 14 super-
conducting PF coils arranged outside them in up/down symmetric pairs. The
reference layout of the superconducting magnet windings is pictured in Fig. III-2.
Of the PF magnets, there are 4 identical pairs at the center of the machine that
compose the Central Solenoid (CS), one pair at the top and bottom of the TF
coils to define the separatrix, and 2 pairs (not identical) on the outboard for
establishing the vertical field. The latter three pairs may be referred to
collectively as the Outer PF (OPF) coils. The TF system was designed to
produce the required field on axis while keeping field ripple at the plasma edge
below 2.5 % and not extending beyond about 11 m from the central axis of the
tokamak. The PF magnets were designed for ramp-up, control, and 200-s burn
of a 22 MA plasma while allowing variations over a range of plasma parameters.
From the very general set of requirements for the ITER magnet systems derived
from the mission goals, a tight specification has evolved. The design appears
capable of supporting a broad range of plasma operating scenarios, including
options for increased current or extended burn. The TF and PF magnet systems
with associated structures comprise nearly 12,000-t cold mass.

The superconducting magnet-system designs that have been conceived
for ITER are based on existing technologies. However, the operation of these
systems to fulfill the goals of the ITER mission will require that full performance
be achieved from a variety of advanced materials, components, and subsystems—
simultaneously and reliably. Therefore, it is essential to the ultimately successful
performance of the ITER Magnet Systems that a well coordinated R&D
program to support their design be established in which the essential engineering
database is carefully refined and then confirmed in reasonably large-scale,
technology-verification tests, in particular by the design, fabrication, and test of
an appropriately chosen system of model coils.
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HI.5.1.1 Conductors and Windings

The windings of both the TF and PF systems will use force-cooled,
cabled conductors with steel jackets that provide distributed structure. In most
conductor options, the jackets also provide containment of the supercritical
helium coolant in good thermal contact with the cable. In addition to ensuring
positive heat removal, this design approach offers good rigidity in the windings
and is compatible with the high-voltage design requirements imposed by both
system operation and quench protection.

Conductors for all ITER magnets are designed on a consistent basis that
assumes state-of-the-art performance (current density vs field and temperature)
from superconductors but provides comfortable temperature margins for the
necessities of heat removal and stability. For most coils, a constraint on the
terminal-terminal or terminal-ground voltage to no higher than 20 kV makes it
desirable to chose a conductor designed to operate at a current in the range of 30
- 40 kA. Sufficient conductor stability must be provided to ensure reliable
operation during all modes of normal operation, including a plasma disruption.
Feasibility of protecting the windings in the event of a quench is assured by
conductor designs where the maYimnm attainable hot-spot temperature is 150 K,
assuming a reasonable time (~ 10 s) for detection of the quench and discharge of
the magnet into an external resistor.

The choice of superconductor for the CS and TF windings is Nb^Sn
because of the necessary temperature margins for operation in the challenging
environment of simultaneously high fields, high current densities, and high heat
loads from both nuclear and transient-field effects. NbTi remains an option for
the OPF coils where its lower critical parameters are not as constraining.

IH.5.1.2. Toroidal Field Coils

The primary requirement of the TF system is to produce 4.85 T at a
radius of 6.0 m. From considerations for other tokamak design requirements—
i.e., space at the center of the machine for a CS with adequate V-s capability,
space in the bore of the TF coils for plasma, blanket and shield, divertor, and
vacuum vessel; clearance between the coils for ports and shielding; field ripple at
the plasma edge below 2.5 %; and a constraint on the radial extent of the TF-coil
outer legs to about 11 m to keep PF energy low—a design was evolved that can be
described generally by Table III-3. Design considerations for the amount and the
efficient distribution of sttucture in the inboard legs of the TF coils have led to a
winding-pack current density of about 35 A/mm and an average current density
of about 14 A/mm over the central-vault region formed by the wedged magnet
cases.

The vertical clearance requirements for the TF coils, when combined
with the constrained outer leg position, lead to an elongated, almost racetrack-
like shape. Although this shape departs substantially from the classic constant-
tension Dee shape, the overall structural loading penalty is not significant. A
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TABLE III-3. GENERAL FEATURES OF THE MAGNET SYSTEM

Number of TF colls
Total Stored energy (GJ)
Total current per coll (HA)
Magnet dimesions (Including case):

Horizontal clear bore (m)
Vertical clear bore (m)
Clear bore for CS (m)
Outer radial extent (m)
Height (m)

Field on axis (at 6.0 m) (T)
Maximum field at the windings (T)
Winding pack description:

Pack dimensions (m x m)
Mean pack current density (A/nra)
Ntmfcer of turns

Conductor current (kA)
Mass of the windings (t)
Mass of the case (t)

16
42.3
9.09

7.10
14.76
4.26
11.1
18.9
4.85
11.2

0.306 x 0.846
35.1
240
37.9
62
380

partial reason is that while the in-plane and bending loads are higher, the out-of-
plane loads from the PF coils are lower because lower currents are required in
the OPF, a consequence of their closer proximity to the plasma.

The windings of the TF coils are enclosed in thick, steel cases that resist
the self-generated bursting forces as well as the out-of-plane distortions that arise
when the PP fields are applied. The noses of the TF cases on the inboard legs
are wedged together in a vault at the center of the magnet set to react the
centering loads on the coils. The overturning loads are reacted by friction in the
center of the vault region, by shear keys at the top and bottom of the vault, and
by an outer shear frame, which also partially restrains the outward bursting
forces. According the present level of analyses, which have been quite detailed,
stresses in the TF cases appear to meet both static and fatigue allowables.

III.S.1.3. Poloidal Field Coils

The number and locations of the PF coils, as shown in Fig. III-2, have
been optimized to provide satisfactory compromises among the issues of plasma
operational flexibility and control, access, port location and size, feasible coil-
fabrication techniques, and reliable structural load paths. The builds of the coils
reflect the inclusion of distributed structure for effective support of the
electromagnetic loads without the use of heavy external structures.
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The PF magnets are designed for a Physics Phase operation that
includes ramp-up, control, and at least a 200-s burn of a 22 MA plasma, subject
to a specified range of variation of the plasma parameters. The design is capable
of supporting a broad range of plasma operating scenarios for meeting both the
Physics and Technology missions, including options for increased current or
extended burn.

Optimization of the CS design to maximize the flux-swing (V-s) needed
for inductive drive of the plasma current was crucial to the overall PF design.
The key considerations in the optimization were 1) space available at the center
of the machine 2) allowable tensile stresses in the conductor conduit (from a
fatigue perspective), 3) temperature margin and headroom relative to the helium
inlet temperature for providing adequate stability in the presence of high heat
loads, and 4) provisions for protecting the windings in the event of a quench.
Radial grading of the distributed structure in the CS was used to improve the V-
rating of the PF system; a gain of about 15 V-s was estimated relative to the
optimum ungraded design for the reference Physics Phase plasma operating
scenario. Extended analysis during the EDA should be carried out to optimize
the CS design and possibly to extend its volt-seconds capability.

For the present optimization of the CS design, maximum fields of 13.5 T
will be developed at initial magnetization. Depending on the plasma current, the
maximum field at end-of-burn will be about 12.5 T. As for the OPF coils, fields
of 9 T and greater may be attained in the divertor coils and fields in the range of
5 - 6 T in the vertical-field coils, also depending on plasma conditions. The
maximum stored energy in the PF system at any time will be roughly in the range
of 12 to 16 GJ. The peak power required from the grid for normal operation of
the PF system is about 400 MW.

The hoop stress in the conduit of a CS conductor will be large: possibly
over 500 MPa tension in the present design when peaking factors are taken into
account. At this stress level, the operational lifetime of the CS will be limited by
fatigue in this component. However, careful fatigue crack-growth analyses that
start with a realistic assessment of the conditions in the coil after manufacture
and take into account the character of the planned operating scenarios suggest
that the missions of both the Physics and Technology Phases should be
achieveable within the rated Me of the present design.

HI.5.1.4. General Design Considerations

It is apparent from Fig. III-2 and Table ni-4 that the sum of magnet
structures constitute the dominant fraction of the total mass of the magnet
system (especially when one considers that, except for the TF coils, the dominant
component in the windings is the distributed structure). The magnet structures—
i.e. die TF cases, the distributed structure in the TF and PF windings, the TF and
PF intercoil connections, and the gravity supports below the magnet systems-are
designed to accommodate the full range of expected operational loads and
credible fault loads. The loads accommodated during normal opeation include
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TABLE III-4. MAGNET SYSTEM COLD MASS SUMMARY
(MERIC TONS)

TF magnet windings
TF magnet cases
TF inter-coil structures
CS windings
CS axial loading structure
OPF windings
OPF support structures
Magnet system gravity supports
Thermal radiation screen

Total

990
6,100
1,500

670
140

1,380
600
320
80

11,780

TABLE III-5. AVERAGE MAGNET SYSTEM HEAT LOADS
DURING NORMAL OPERATION (kW)

Thermal radiation
Conduction
Current leads (equivalent capacity)
Nuclear radiation heating
Heating by transient field losses:a

TF windings
TF cases
TF intercoil structures
PF windings
PF structures

Total

6
4

13
22

5
8
8

15
4

85

a Losses due to separatrix sweeping are not included in this total.

gravity, thermal expansion/contraction, preloading, and the magnetic forces. The
additional magnetic loading associated with plasma disruptions is considered to
be normal, though less frequent than other normal loads. For the operating
scenarios that have beer sufficiently specified for detailed analyses to be carried
out, the structural designs appear to be adequate.

Detailed studies of fault-loading conditions have begun, but the range of
fault scenarios examined is still limited. Nevertheless, preliminary results suggest
that the magnet systems, as presently designed, can be made passively safe in the
sense that damage will not propagate to critical external systems.
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HI.5.1.5. Cryogenic Systems

There will be high heat loads in the windings of all the magnets. In the
TF coils, the heating results from a combination of nuclear absorption and A-C
losses in the superconductor losses under transient field conditions, and in the PF
windings, only ac heat loads must be tolerated - but they are high. The TF-coil
cases and other structures will also be subject to various combinations of nuclear,
eddy-current, thermal-radiation, and conduction heating. Table HI-5 summarizes
the various heat loads on the magnets. It appears that refrigeration capacity of
about 100 kW at 4.5 K will be sufficient to accommodate all these heat loads
while allowing reliable operation of the magnet systems. The cryogenic system
will likely be divided into a number of modular units with capacities of
20-30 kW each. For cryogenic systems of the size and type required for ITER,
an overall system efficiency can be provided that will result in approximately 300
W expended at room temperature for every 1W absorbed in the magnet systems
at 4.5 K.

III.5.2. Containment structures and plasma stabilizing loops [5]

The ITER Containment Structures provide the controlled environments
needed to conduct ITER operations. There are three major subsystems. The
torus vacuum vessel forms the primary vacuum boundary for the plasma and
provides containment of tritium. The vacuum vessel also provides mechanical
support for the in-vessel nuclear components, which are attached to the vacuum
vessel by an attaching locks system. The cryostat vacuum vessel provides the
secondary vacuum used as thermal insulation for the TF and PF superconducting
coils. The machine gravity supports support the TF and PF magnet systems and
vacuum vessel within the cryostat vessel. The "blanket-to-blanket" attachment
system ("attaching locks") employed in the design allow compensation of the
principal electromagnetic loads inside the cylindrical blanket structures rather
than transmitting them to the vacuum vessel. The passive (oops and active coils
for plasma stabilization are discussed here because they are an integral part of
the above systems.

IH.5.2.1. Vacuum vessel

A reference vacuum vessel ( W ) design was chosen and developed in
detail during the CDA phase. The torus vacuum vessel is assembled from
16 sectors, with one sector per TF coil (see Fig. III-3). Three iterations of design
modifications and numerical study provided the final option, which is almost in
full correspondance with the established requirements. This design can withstand
the reference electromagnetic loads, accidental overpressures, and other impacts.
The assembly joints are protected by a sufficient thickness of nuclear shielding to
meet requirements for stainless steel rewelding after irradiation.
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Fig. 111-3. Perspective view of vacuum vessel section
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A few critical points in the W design still exist, including high local
stress concentrations in the resistive element and electroinsulating connections,
which must be solved with future design optimization.

The most critical future needs are the feasibility studies of the W
manufacturing, W assembly and W rcpair/dis'iisembly/reassembly by remote
handling tools. As a first task, the reference assembly joint design should be
checked and verified by R&D to receive feed-back infer, nation for joint design
optimization.

Alternative, thin-wall W options were also analysed during the CDA
phase as attractive, simplified design solutions. The analysis and corresponding
R&D studies of these concepts should be continued during the EDA phase. If
the feasibility questions relating to the total structural integration, such as
compatibility with passive/active elements and blanket attaching locks, can be
succesfully answered, then the thin-wall W concept has a good chance to be
adopted on ITER. The final W design solution may be a combination of the
reference and thin-wall options, using the best features of each concept.

IH.5.2.2. Cryostat vessel

A few feasible cryostat design options were compared during CDA
phase on the basis of established requirements. The simplest, a full metallic
welded design, was chosen as a reference solution in 1989. During 1990,
reanalysis caused the cryostat toroidal resistance specification to increase by
approximately a factor of 7. Consequently, the reference design has been
modififed by incorporating four local, high resistance metallic inserts into the
cryostat cylindrical wall.

The latest cryostat design is feasible and meets all existing requirements.
The necessity of limited technological R&D for new, non-standard components
(resistive inserts, large flanges and flexible bellows) was identified.

As a possible alternative, approach, a thick prestressed concrete cryostat
with thin inner metallic liner has also been proposed, which combines the
cryostat, biological shielding, and building wall functions. It was shown during the
CDA phase, however, that biological shielding can be provided by the reactor
itself (blanket and W ) with extra shielding around all penetrations, so there are
no nuclear shielding requirements for the cryostat cylindrical wall.

The concrete cryostat will be the best solution if a detailed nuclear
shielding analysis.that takes into account all penetrations shows that a biological
shield function must be provided by the cryostat or if it is necessary to combine
the cryostat and building structure.

III.5.2.3. Machine gravity supports

The situation for gravity supports during the CDA phase is similar to the
cryostat, since several feasible options exist from which to choose an optimal
design.
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The flexible multiplate gravity supports concept (without any kinematic
or rolling mechanisms) was chosen both for the magnet system and vacuum
vessel supports. Two possible sub-options of compressed verses tensile flexible
flexible plates are still under consideration for design optimization, but the
compressed flexible plates option was used for ITER design integration based on
engineering experience.

HI.5.2.4 Attaching locks

No final reference design solution was chosen for the blanket
attaching locks. There are five possible design options that are under
investigation, but none of these options fully satisfy the established requirements.
The choice of one option (welded connectors) for design integration is based on
the prediction that a successful remote welding technique will be developed.

The described situation seems natural for the following reasons:

- extremely difficult and internally contradicting requirements for the locks
design

- absence of a design analogy for these elements on any existing tokamaks

Significant efforts were made by the ITER team and home team
specialists to resolve this problem and a few original, attractive engineering ideas
and guidelines for solutions to conflicts between design and requirements were
proposed. Five principal design approaches, developed during CDA phase, will
be advanced for future deisgn improvements and verification by the technology
R&D during the earliest part of the EDA phase. In addition, each proposed
solution has some chance to be used, because different designs may be more
suitable for attachments of different elements (i.e. blanket segments, shielding
plugs or divertor plates, inboard versus outboard blanket, lateral-to-lateral versus
central-to-lateral segment connections, etc.).

A common understanding was reached by the ITER team that
tests of candidate schemes are required to give a reliable basis for the locks
design choice. From the point of view of successful machine design integration
during the EDA phase, these results (positive or negative) should be received as
early as possible, not later than in 1992-93 time frame. The required R&D
studies are detailed in the R&D plan.

IH.5.2.5 Passive loops and active coils

Significant progress was made in the area of passive and active
plasma stabilizer design development during the CDA phase:

Passive loops
It was shown that the conventional saddle-passive loop concept is

unacceptable for ITER. A new twin-loops concept, however, can satisfy both
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design integration and plasma stabilizing requirements. This concept was
proposed, developed and adapted as a reference by the ITER team during a
relatively short time period (August 89 - March 90), and some attractive
proposals for detailed design and optimization are advanced to the EDA phase.

One potentially serious technological problem for both previous
and new passive loop designs is the development of a reliable process for bonding
the high conductivity plates to the stainless steel structures.

Active coils
Large changes were made during the CDA phase in the fast active

control position and design. The design evolved from the single-turn sectorized
coils, located near the W vertical ports. The main concerns for this design were
identified as: 1) conductor assembly joints located in primary vacuum,
2) necessity of coil disconnection for blanket segment replacement, and 3) long,
high inductance vertical legs on the upper coil portions. All of the above
disadvantages were eliminated in the new AC design options proposed and
developed by the ITER team. The new reference active coil position is near the
equatorial port and does not interfere with blanket removal trajectories. Current
joints are located in the secondary vacuum or in the atmosphere of the reactor
hall and are repairable by remote handling tools. Coil "single-turn self-
inductance" is reduced by factors of IS to 2 compared with the initial options.

Three or four workable active coil design options have been identified as
candidates for a final reference choice. This choice will be made between more
conventional (but less electromagnetically optimum designs) and some
potentially more attractive proposals, which are not verified yet by detailed R&D.
In all cases, careful development and testing of the AC conductor (and especially
conductor current joints) is needed to provide a reliable basis for a final design
choice.

m.5.3. First wall (FW) [2]

The ITER First-Wall (FW) system is located on the 750 m 2 plasma-
facing surface of the in-vessel blanket/shield modules and covers most of the
region within which the plasma is produced. The FW consists for the intial
physics phase of an array of armor tiles mounted on the water cooled FW panel
in the front face of the blanket/shield modules. The FW structure and coolant
are integrated with the tritium-breeding and nuclear-shielding portions of these
modules. The principal functions of the FW are to 1) define the ultra-clean (low-
impurity) region within which the plasma is produced, 2) absorb the
electromagnetic radiation and charged-particle flux emanating from the plasma,
and 3) protect the underlying blanket/shield components from direct contact
with the plasma and high-energy electrons, particularly during periods of plasma
start-up and shutdown and during plasma disruptions.
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TABLE III-6. MAIN OPERATING REQUIREMENTS FOR THE
ITER FIRST WALL

Operation phase

Normal Operation
- Aver, neutron wall load
- Peak/aver, surface heat
- Peak volumetric
heat load in structure

- Number of pulses (full
- Total burn time
- Neutron damage (steel)
- Hin. dwell time
- Incident DT-ions
- peak flux
- energy

Disruptions
- Number (at full load)
- Thermal quench:* time
• peak energy depos..

- Current quench:«time
• radiative energy
deposition,

• run-away electron
. energy deposition..

MW/m2

flux, MW/m2

MW/m3

load) 104

h
dpa
s

1020/m2s
eV

ms
MJ/m2

ms

MJ/m2

MJ/m2

Physics

1
0.6/0.15

20
1

400
0.5

200

1
10-100

500
0.1-3

2
5-100

2

30

Technology

0.8
0.6/0.15

15
2-5
A A10-3.10*
12-36
200

1
10-100

200-500
0.1-3

2
5-100

2

30

III.5.3.1. FW design requirements

The FW system must satisfy a complex and sometimes contradictory set
of design and operational requirements, summarized in Table III-6 for the
Physics and Technology Phases.

These operating conditions are based on experience from present
tokamaks and modelling predictions; the specifications are, quite naturally,
rather uncertain, since ITER itself will offer the first opportunity to make fully
integrated tests of the first wall and divertor at reactor relevant conditions:

In normal operation, the peak heat flux on the first wall (FW) is caused
mainly by losses of fast alpha particles to about 1% of the wall, mainly
outboard between the TF cons and within 3m of the midplane. It is
assumed that the FW is well aligned with the flux lines, so that extreme
heat fluxes on protruding edges or unprotected parts are avoided.
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The disruption frequency of 5% for the Physics Phase is based on
present day experience with tokamaks when operating away from plasma
operational limits. For the Technology Phase a further improvement
down to 1% disruption frequency is specificed, assuming further
developments in disruption avoidance.
During the initial thermal quench of a disruption, about 80% of the
plasma thermal energy (about 600 MJ) are estimated to be deposited
equally on the FW and divertor plates (DP) with modest peaking factors.
During the following current quench, it is assumed that the remaining
thermal and magnetic energy in the plasma are dissipated by radiation to
the FW and DP. A fraction of the magnetic energy can also generate
run-away electrons at energies up to 300 MeV with highly localized
incident energy depositions, possibly approaching 30 MJ/m .

In addition to the operating requirements other essential PFC design
requirements and assumptions include:

The FW armor material must be compatible with the surface-impurity
conditions (low absorbed water and oxygen) needed for plasma
operation, should not be a source of impurities that significantly degrade
plasma performance, and should minimize the in-vessel inventory of
tritium retained in the first-wall.
The FW must be segmented to allow the blanket modules on which the
FW is mounted to be extracted through the upper access ports.
Additional electrical segmentation within the inboard modules and
further subdivision of the armor tiles are provided to minimize the
electromagnetic disruption forces. The segmentation of the outboard
modules is determined by maintenance and the configuration of the
ports. This leads to 32 in-board and 48 out-board FW/blanket
segments.
Type AISI 316 austenitic steel was chosen as the basic structural
material because of the extensive experience and database, including
nuclear applications.
Water was chosen as the basic coolant, which allows a compact design
with operation at low pressure (1.5 MPa) and low temperature
(<1SO C) including passive safety features such as natural convection
shutdown cooling.

IJI.5.3.2. FW Armor

Based on experience in present large tokamaks, for the Physics Phase
full coverage of the FW with low Z armor tiles on the FW steel panels will
probably be needed to protect against melting and thermal fatigue caused by
disruptions, to shield against the neutral beams and injected pellets, and to
minimize high Z impurity inflow during startup and disruptions.

Several options for the FW armor material were studied. Carbon fibre
composite (CC) has been selected as the reference material primarily because of

47



the unique thermal shock resistance demonstrated in tokamak operation and
simulation tests. There are some indications that these CC materials can be
tailored for the specific requirements e.g. by infiltration with beryllium or boron
in order to reduce radiation enhanced sublimation, tritium retention, impurity
outgassing and oxidation by steam or air. Thus it may be possible to mitigate
some of the main problems stemming from the use of carbon armor such as high
tritium inventories (ISO to 750 g), complicated conditioning procedures and
safety concerns about oxidation by steam which restrict operating temperatures.
The lifetime of the FW armor tiles (with 2-3 cm initial thickness) is mainly
determined by disruption induced erosion and neutron damage induced swelling.
Most tiles should survive the Physics Phase without replacement.

The armor tiles are mechanically attached to the FW steel structure to
facilitate remote maintenance. Use of both radiation and conduction cooled tiles
is envisaged. Radiation cooling permits a predictable and robust solution;
however peak tile temperatures of up to 18OO°C will be reached, leading to safety
and plasma purity concerns. Hence, these tiles should cover not more than 10%
of the FW and should be deployed in areas of expected high heat fluxes
(>0.4 MW/m ) because of their robustness and the reradiation of up to half of
the hot spot heat flux to cooler tiles with average heat loads. Thus, the radiative
tile protects the steel FW panel also against peak normal heat fluxes in addition
to the protection against disruptions. High emissivity coatings of e.g. Aluminium-
and Titanium-oxide on the steel FW panel are an essential feature under
development. Conduction cooling is envisaged for most of the FW, where modest
heatloads and CC-temperatures of 500-1000°C offer improved passive safety by
minimizing tritium retention and carbon oxidation risks.. The full benefits of
temperature control in such a narrow range depends on significant progress in
the development of refractory compliant layers, which could maintain the contact
pressure between tile and steel panel under all conceivable deformations
including neutron damage.

The armor tiles have also the role of local "sub" limUers for start-up,
protection against high alpha particle loads around large FW openings such as
neutral beam ducts and RF-launchers, and for protection of the FW against high
energy run-away electrons.

For the Technology Phase the aim is to reduce the coverage with
CC-tiles due to considerations of lifetime, conditioning, and tritium inventory. If
tungsten is selected as a divertor armor, it is envisaged that a tungsten coating
(about lmm thick) would be applied by plasma spray on the steel FW. With this
proposal several issues should be investigated in more detail during the EDA
such as high Z plasma contamination, safety aspects, damage of the W-coating
and steel substrate by disruption and run-away electrons.

HI.5.3.3. FW design and integration with blanket/shield modules

The FW panel on which the FW armor tiles are mounted is
integrated with the underlying blanket/shield segments, forming a single box.
Two design concepts are being developed, see Fig. m-4:
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(1) Round poloidal cooling tubes brazed into an electron beam welded steel
panel are shown in-board with a high toroidal segmentation for
minimimum electro-magnetic disruption loads. This is the most suitable
solution for the narrow toroidal FW panel width with a minimum
number of tube joints to collectors. The double walled containment of
the cooling water facilitates the achievement the stringent limit for total
water leakage into the plasma chamber of 10 g/s. The armor tiles are
attached via CC bolts in poloidal grooves of the steel panel.

(2) Rectangular toroidal cooling tubes joined by hot isostatic pressing (HIP) or
roll bonding with plates into the FW panel are shown outboard, since
this approach is the most compatible with a large toroidal FW panel.

Structural analysis of both designs has been perfonned. Based on present nuclear
design codes, for a required thermal fatigue life of 2x10 cycles surface heat
fluxes of 0.6 and 0.2 to 0.4 MW/m are allowed, with radiative and conductive
armor tiles, respectively.

HI.5.4. Divertor plate (DP) [6]

The divertor plates, located above and below the plasma region within
the torus vacuum vessel, establish the interface between the plasma and the
material surface of the tokamak device. During normal operation these plates,
with an area of 200 m , must withstand and remove approximately 100 MW of
heat conducted to them from the plasma boundary. Here also the plasma
(including the helium produced by the fusion reaction) is neutralized for
subsequent exhaust by the torus vacuum pumping system.

The divertor system for ITER represents one of the most difficult design
tasks for ITER. Physics Reference scenarios used for the design of the system
include static peak power loads in the range of 14 to 20 MW/m . With
"engineering" peaking factor this results in power loads in the range of 18 to
26 MW/m to the divertor plate. These design requirements are characterized
by considerable uncertainty, which will be reduced as the understanding of
plasma edge conditions improves during the course of the EDA R&D effort. In
light of this uncertainty and of the importance of the divertor to overall machine
performance, the approach has been to design as high a performance system as
possible under the constraints presented by the machine. The result is a system
capable of operating with static peak thermal loads on the divertor plate of about
15 MW/m steady state. With "sweeping" of the heat load across the face of the
divertor, effective peak steady state thermal loads approaching 30 MW/m
appear tractable . T \C lifetime of the divertor plate is a sensitive function of such
factors as plasma edge temperature, choice of material, and the frequency and
nature of plasma disruption. Design requirements and choices are discussed in
the following sections.
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TABLE III-7. MAIN OPERATING REQUIREMENTS FOR THE
ITER DIVERTOR

Operation phase Physics Technology

Normal Operation
- Aver, neutron wall load
- Peak surface heat flux,
- Peak volumetric
heat load in structure

- Number of pulses (full load)
- Total burn time
- Min. dwell time
- Incident DT-ions
- peak flux
- energy

Disruptions
- Number (at full load)
- Thermal quench: •time

• peak energy depos.,
- Current quench: atime

• radiative energy
deposition MJ/n

• run-away electron
energy deposition, HJ/m

HH/nf
HW/*2

HH/m3

i 104

h
s

1023/H2S
eV

fflS

HJ/m2

tns

0.5
1E-30

5
1

400
200

4
50-100

500
0.1-3
10-20
5-100

0.4
15-30

4
2-5
104-3.104

200

3
50-200

200-500
0.1-3
10-20
5-100

30 30

III.5.4.J DP design requirements

Table III-7. summarizes the main operating requirements for the system.
The peak heat fluxes in normal operation on the inclined divertor plates ( D P )
include estimated physics and engineering peaking factors for uncertainties in the
scrape-off layer (SOL) width or geometrical alignment. For the ignition and long
pulse scenarios with high peak powers (estimated to approach 30 M W / m ) the
power deposition profile becomes highly peaked, with a width at half height of
only 5-6 cm. This facilitates a significant reduction of the effective heat flux by a
modest ( + . 12 cm) sweeping of the separatrix on the plate. During the initial
thermal quench in disruptions about 8 0 % of the plasma thermal energy (about
600 MJ) are estimated to be deposited equally on the F W and D P with modest
peaking factors, assuming for the D P a SOL-widening by a factor of 3 . During
the following current quench, it is assumed that the remaining run-away electrons
may cause highly localized energy depositions, possibly approaching 30 MJ/m .

It should be noted that the D P operating requirements are among the
most challenging of the ITER design. The edge plasma parameters are rather
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uncertain and can only be fully understood from operation of FTER itself. Thus,
one of the objectives of the operation of ITER is to provide a test bed for
divertor development.

IU.5.4.2 DP design for Physics Phase

As DP armor for the Physics Phase, carbon fibre composites (CC) are
selected primarily because of the extensive operating experience of carbon based
plasma facing materials in current tokamaks.the expected wide range of allowed
plasma edge conditions for carbon, its unique thermal shock resistance, the
potential for tailoring CC to specific requirements such as achieving high thermal
conductivity.

The allowed maximum CC-surface temperature of 1000°C should avoid
run-away erosion by self sputtering at plasma edge temperatures up to 100 eV.

Beryllium is considered as back-up DP-armor in view of promising
results at JET. Of particular interest is the potential for in-situ repair by plasma
spray, lower tritium inventory and reduction of baking requirements..

The DP-armor has to be bonded (brazed) to the heat sink in view of the
high heat loads. For the heat sink, alloys based on copper, molybdenum or
niobium are proposed. However, each of the candidate materials is associated
with critical issues:

Cu: risk for melting in a few seconds following loss of cooling, large
thermal expansion mismatch to CC
Mo: loss of fracture toughness under irradiation
Nb: modest thermal conductivity and risk for hydride formation.

The DP-design for the Physics Phase is shown in Fig. m-5. The curved DP shape
saves about 1.5 m in total vacuum vessel height compared tc a flat DP, which
otherwise would be preferable. The DPs are highly segmented into electrically
insulated modules to avoid large electro-magnetic disruption forces.

The CC-armor tiles are brazed around the heat sink tubes, an approach
which is expected to have some major advantages over designs with simple flat
tiles such as better brazing integrity due to elimination of stress singularities and
less risk for propagating tile failures since a tile remains in place even
after brazing failures.

A sacrifical CC-armor thickness of at least 1 cm is desirable for
disruption resistance. However, thermal analysis shows that using this thickness
of tile may require some adjustment of the design (i.e. more favourable sweeping
scenario, and/or improved conductivity CC, etc.). The erosion life of such carbon
DP's is predicted to last the whole physics phase for normal operation, and to
range between 20-50 disruptions based on analysis and simulation experiments
via laser and electron beams.

Major considerations in the CC design are the degradation of the
thermal conductivity by neutron damage, which may be automatically
compensated by armor thinning due to erosion, and the tritium retention in co-
deposited eroded carbon on the cool DP surface, which can be mitigr.ted by
frequent removal of these layers to prevent excessive tritium inventories.
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For the chosen design with round tubes and twisted tape as turbulence
promoters, a critical heat flux limit (caused by burn-out due to film boiling) of
50 MW/m2 is predicted on the basis of several experiments with water at 50 C,
3.5 MPa and 10 m/s. Taking into account likely peaking effects and necessary
margins, the allowed nominal static DP peak heat flux should not exceed the
aforementioned 15 MW/m . For higher DP heat fluxes, sweeping of the
separatrix would be required, both for maintaining adequate burn-out margins
and armour thickness.

Other important DP engineering issues are damage by run-away
electrons, fatigue life and reliability of the bond between armor and heat sink,
and requirement for rapid plasma shutdown (in 1-2 seconds) to avoid DP
damage after loss of cooling (including film boiling), or after loss of sweeping.

III.5.4.3. DP design for Technolgy Phase

As DP-armor for the Technology Phase, tungsten is considered as
alternative to carbon mainiy due to prospects for significantly lower sputtering
erosion rates, better irradiation resistance, potential for in-situ repair, lower
bake-out and conditioning temperatures, and better protection of the heat sink
against run-away electrons.

Fig. UI-6 shows the DP-design concept for the Technology Phase. A 2
mm thick W coating is diffusion bonded onto a niobium (alternatively Mo or Cu)
alloy heatsink with rectangular coolant channels. This W coating would permit in-
situ repair by plasma spray and is expected to have an erosion lifetime adequate
for the whole technology phase for normal sputtering and capable of surviving
10-30 disruptions without runaway electrons. This is based on analytical studies
and results from electron beam experiments. Also, first simulations by plasma
guns indicate the possibility of higher disruption lifetimes due to vapor shielding.

Important considerations associated with the use of tungsten include
avoidance of conditions which could lead to volatization of activation products,
the need for experimental verification of the critical heat flux limits for the
chosen rectangular geometry and the extremely low allowable tungsten
concentration in the plasma.

Alternatives to such a tungsten DP for the Technology Phase could be
advanced divertor concepts such as those using liquid metal (e.g. Gallium) films
or droplets, potential methods for modifying plasma edge conditions, etc. It is
dear that overall machine performance will benefit from a strong emphasis on
the better understanding of divertor physics and on divertor technology.

III.5.5 Blanket and Shield Systems [7]

The terms of reference for ITER provide for incorporation of a tritium
breeding blanket with a breeding ratio as close to unity as practical in a system
with very large penetrations needed for experimentation. The main function of
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this blanket is to produce the necessary tritium required to achieve the ITER
operation and test program objectives. The limited tritium supply from the
international market dictates this tritium breeding function. In addition, the use
of an effective breeding blanket provides a substantial economic advantage based
on the current unit cost for tritium. The primary design goals for the blanket are
the following:

-achieve a net tritium breeding ratio (TBR) of about one,
-operate at an average neutron wall loading of about 1 MW/m ,
-achieve an average fluence of at least lMWa/m and up to 3 MWa/m ,
-be compatible with an overall machine availability during the
Technology Phase of at least 10% with a goal of reaching about 25%
during years of peak reliability,

-tolerate accident conditions with passive methods.

The criteria developed to select the driver blanket for ITER include the
following: performance capability, safety and environmental aspects, cost
considerations, R&D requirements, reactor relevance and benefits, and reliability
considerations. Three blanket concepts were considered during the concept
definition process: ceramic breeder (solid breeder) concept, lithium-lead breeder
concept, and aqueous-salt breeder concept. All concepts incorporate an
austenitic steel (Type 316) structure with low temperature (<100 C) water

•>!aut. The ceramic breeder concept has been selected as the "first option" for
. iR with a Pb-Li breeder concept proposed as an alternate.
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TABLE III-8. BLANKET OPERATING CONDITIONS AND
DESIGN GUIDLINES

FUSION POWER, MH
NEUTRON HALL LOAD, MW/mZ (MIH/MAX)

INBOARD
OUTBOARD

OT FLAT BURN TIME, S
MINIMUM DHELL TIME, s
NUMBER OF OT PULSES
DT FLUEHCE GOAL, MWa/m2

PHYSICS
PHASE

1100

0.4/1.2
0.3/1.6
UP TO 400
200
104

0.05

TECHNOLOGY
PHASE

860

0.35/0.9
0.6/1.2

2300
200
5 x 104

3

IH.5.5.1 Design Guidelines and Integration Issues

Figure III-7 is an isometric view showing the inboard and outboard
blanket segments of a single sector. This level of segmentation is necessary for
the remote maintenance scheme. The main operating conditions and design
guidelines are summarized in Table ITJ-8. The blanket must accommodate the
change in the power levels between the two operating phases, significant
variations in fusion power within each phase, and the poloidai variations of the
neutron wall loading. Also, the blanket/shield system must:

incorporate the twin loop copper stabilizer in the upper and lower
outboard regions.
accommodate magnetic diagnostic loops within the blanket/shield and
other diagnostic penetrations through the blanket
provide support for the upper divertor plates.
protect the TF coils against radiation damage
allow for personnel access to the cryostat boundary after shutdown
provide for sixteen ports in the outboard midplane
Operating temperature limits for different materials have been specified.

The minimum temperature limits for the ceramic breeder materials are based on
tritium recovery issues while the maximum temperature limits are based on mass
transfer and material sintering considerations.

III.5.5.2 Blanket design

The ceramic breeder concept has been selected as the first option with
either Lî O or a ternary ceramic (e.g., IiAlO2 or L^ZrO-j) as the breeder
material. The design specifications for the first option are given in Table LTJ-9.
The Pb-Li breeder concept is proposed as an alternate concept.
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TABLE III-9. TRITIUM BREEDING BLANKET DESIGN
SPECIFICATIONS

FIRST OPTION BLANKET
STRUCTURAL MATERIAL
COOLANT
BREEDER MATERIAL
6Li ENRICHMENT
NEUTRON MULTIPLIER
BREEDER CONFIGURATION
BREEDER AND MULTIPLIER CLAD
BREEDER TEMPERATURE CONTROL

TRITIUM RECOVERY METHOD

COOLANT FLOW DIRECTION
INBOARD-FIRST HALL

-BLANKET
OUTBOARD-FIRST WALL

-BLANKET

ALTERNATE BLANKET
STRUCTURAL MATERIAL
COOLANT
BREEDER
TRITIUM RECOVERY
COOLANT FLOW

CERAMIC BREEDER
AUSTENITIC STEEL (316)
WATER: 60-100°C. <1.5 HPa
L12O or TERNARY (L1A1O2, LijZrOj
50-95%
BERYLLIUM
LAYERED or BREEDER-IN-TUBE
AUSTENITIC STEEL (316)
GRADIENT IN BERYLLIUM or HELIUM
GAS GAP
CONTINUOUS IN-SITU PURGE GAS:
He + (0.2-1%) H2

POLOIDAL
POLOIDAL or TOROIDAL
TOROIDAL
TOROIDAL or POLOIDAL

Pb-Li BREEDER

AUSTENITIC STEEL (316)

WATER: 60-100°C, <1.5 MPa

83Pb-17Li EUTECTIC ALLOY

BATCH PROCESSING

POLOIDAL

Austenitic steel (Type 316 solution annealed) was selected as the
reference structural material on the basis of an extensive database and ease of
fabrication. Structural steel temperature limits are <400°C because of radiation
induced swelling and <150°C because of aqueous stress corrosion
considerations. The design allowable stress intensity, S for annealed material is
110 MPa. Cold-worked material, which has a much higher allowable stress limit,
is an alternate option, annealing of the cold-worked structure during fabrication
processes, e.g., brazing and welding must be considered. Low temperature
(60 - 100°C), low pressure (<1.5 MPa) water is specified as the reference
coolant. In addition to the lower primary stress requirements, the low pressure
significantly reduces safety concerns with pressurized water. The desire to
achieve a tritium breeding ratio of about one with limited breeding volume
because of inboard shielding requirements, divertor requirements, numerous
penetrations, and provisions for nuclear testing, requires the extensive use of
beryllium as a neutron multiplier for the ceramic breeder option. Primary
constraints associated with the use of beryllium are radiation induced swelling
and tritium retention cost and chemical toxicity must be considered in the design.

58



The operating temperature limit for beryllium is <600°C because of swelling
consideration.

The first wall, blanket, and shield are integrated into a single unit with a
separate cooling system for the first wall. Poloidal and tore idal coolant flow were
chosen for the inboard and outboard first wall, respectively. Both poloidal and
toroidal cooling were considered in the blanket designs. TV. inboard blanket is
divided into three submodules per segment with two segments per sector in order
to accommodate electromagnetic loads predicted during a disruption. The
outboard blanket is divided into three poloidal segments per sector with the
central segment divided into upper and lower modules to provide for the major
penetrations. All blanket segments are manifolded at the top except the lower
central outboard segment which is manifolded at the bottom. Twin loop copper
stabilizers about 1.5 meter high and S mm thick are incorporated into the upper
and lower outboard blanket segments.

Two solid breeder configurations are considered for the detailed blanket
design, viz., a multilayer configuration shown in Figures III-7(a) and a breeder-
in-tube configuration shown in Figure DI-7(b). With a low temperature water
coolant a major design problem with the ceramic breeder concept is to maintain
the breeder temperature sufficiently high (>400-450°C) to provide for efficient
tritium recovery and a low blanket tritium inventory. The layered configuration
utilizes the beryllium zones up to several centimeters thick to provide the desired
temperature gradient between the low temperature (60-100°C) coolant and the
thin breeder zone. Temperature margins for the breeder of over 100°C for
acceptable tritium recovery are attainable with this design. The layered
configuration also provides safety advantages by additional separation of the
water coolant from the tritium in the breeder. The temperature control in the
breeder-in-tube configuration is achieved by varying the thickness ( ~ 1-3 mm) of
a helium gas gap. This gas gap is also used for the helium purge for tritium
recovery. The coolant is contained in an annular region outside the breeder and
inside the beryllium.

Two forms of ceramic breeder and beryllium are considered: sintered
product (blocks or pellets) and small (approximately 1 mm dia) spheres or
pebbles. The ceramic breeder is highly enriched (50-95% \i). The mass of
ceramic breeder in the entire blanket varied from 13-90 tonne. Tritium is
recovered from the breeder by a helium purge (He + 0.2 to 1% H^. A net
tritium breeding ratio of 0.8-0.9 is achievable. The calculated tritium inventory in
the breeder can be maintained at less than 100 g even with cyclic operation. The
total beryllium inventory in the blanket is about 200 tonne. Based on very limited
data and conservative estimates that include the chemical and irradiation-induced
trapping of tritium in beryllium, the end-of-tife total tritium inventory in the
beryllium multiplier zones is < 400 g at 1 MWa/m2 and < 1.2 Kg at 3 MWa/m .
This assumes that all of the tritium generated in the beryllium is retained. The
blanket would be designed with a separate helium purge loop for the beryllium
multiplier.

Preliminary calculations indicate that the lifetime of the blanket exceeds
the design goal of 3 MWa/m . Primary uncertainties in the lifetime predictions
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relate to aqueous stress corrosion and irradiation embrittlment of the steel,
swelling of beryllium, and electromagnetically induced loads that occur during a
disruption. Internal support structure within the outboard blanket is required to
accommodate the projected disruption loads.

An alternate blanket concept with 83 Pb-17 Li eutectic alloy as the
breeding material has also been developed. The lithium-lead blanket has poloidal
breeding channels which follow the first wall geometry. Each channel consists of
coaxial pipes where the breeder is separated in individual chambers. The mass of
Pb-Li in the entire blanket is about 1000 tonne. During operation, the eutectic
alloy is in the solid form. The alloy is melted and transported out r»f the reactor
for tritium recovery during the reactor down time. The lead serves as a neutron
multiplier; therefore, beryllium is not used in this concept. A tritium breeding
ratio of 0.7-0.8 is attainable. The main issues with this concept relate to problems
associated with melting the breeder and safety problems associated with tritium
containment and generation of polonium.

7/7.5.5. J Shield Design

The shield hds been designed in an integrated manner with the first wall,
blanket and vacuum vessel because of geometrical and structural requirements.
These components have a shielding function, which is accounted for in the
shielding analyses. The main function of the shield is to reduce the neutron and
photon leakage intensities at the outer shield surfaces to acceptable levels. This
reduction ensures '.hat (a) the different reactor components are protected from
radiation damage and excessive nuclear heating, and (b) the workers and the
public are protected from radiation exposure during operation and after
shutdown.

The preferred shielding materials are type 316 stainless steel and water.
Integration issues , structural considerations, materials and shielding data base,
and fabrication experience are the main reasons for this selection. Lead and
boron carbide are considered to enhance the shielding performance. Their use is
limited to the back of the vacuum vessel within the last 5 cm. Tungsten is used in
selected areas instead of lead and boron carbide where the nuclear responses
warrant.

A set of requirements has been defined in the form of upper limits for
the different nuclear response to satisfy these shielding functions. The limits are
given in Table III-10. the shielding performance has been calculated by a number
of one-, two-, and three-dimensional analyses. Detailed analyses were performed
to define the total heat load and the local nuclear responses in the toroidal filed
coils. Special analyses were performed to study the effect of shield discontinuities
and penetrations. A set of safety factors was developed to account for the
uncertainties in the nuclear data, calculational models, and calculational
procedures. The shield is designed to accommodate two phases of operation and
to achieve an average fluence of 3 MWa/m . The anticipated fusion power in
the physics and technology phases are 1100 and 860 MW. Table III 10 gives a
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TABLE III-10. SHIELDING PERFORMANCE PARAMETERS
(SAFETY FACTORS ARE INCLUDED)

Response Design Calculated
Limit Value

Total nuclear heating in toroidal f ield coils. KU 55 57
Peak nuclear heating in winding pack, mH/cm" 5 1.8
Peak dose to electrical insulator, rads 5x10 5x10
Peak fast (E>0.1MeV) neutron fluence

? 19 18
to superconductor, n/cnr 10 6x10
Peak displacement in copper stabilizer, dpa 6xlO"3 2.7xl0'3

Biological dose outside cryostat one day
after shutdown, nrem/h 0.5 0.5a

a) A total thickness of 175 cm is assumed for the outboard f i rs t wall,
blanket, shield, and cryostat.

summary of the main nuclear responses. All shielding criteria are satisfied with
appropriate safety factors.

m.5.6. Maintenance equipment and design requirements [8]

All components of the ITER tokamak device and auxiliary systems are
designed with the need for maintenance and repair in mind. These fundamental
requirements are reflected in the basic layout and configuration of the tokamak
device. The facility is equipped with specialized equipment to perform the
maintenance needed during operations.

HI.5.6.1. Design requirements for maintenance

All components of the tokamak device are classified according to their
requirement for maintenance. The classification is according to the need for
scheduled or unscheduled maintenance, by the likelihood of maintenance., and by
the impact of the maintenance procedure on operations and availability.

The first class of components includes those that are known to require
frequent scheduled maintenance because the lifetime is anticipated to be
considerably shorter than the machine lifetime (e.g., the divertor plates). These
components, and the associated remote handling equipment and service
procedures are designed together to minimize the replacement time.

The second class of components includes those, which, while designed to
last the life of ITER, may require unscheduled maintenance, (e.g. breeding
blanket sector). The reasons for this stem primarily from the operating
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conditions which are severe and somewhat uncertain and from the technical
limitations on fully representative testing of blanket prototypes in the R&D
programme.

The third class of components includes those which are designed to last
the life of ITER but replacement is not anticipated although possible (e.g.
magnets and vacuum vessel). The confidence in the reliability and lifetime of
these components stems from the fact that the operating conditions are rather
well defined and representative model coils can be tested in the R&D
programme up and beyond the operating conditions in ITER.

Reliability and fail-safe design of the maintenance equipment itself are
also required. All maintenance equipment will be designed so that no single-
point failure can, (a) preclude the withdrawal of the equipment to its
maintenance area, (b) result in the inadvertent release of the payload, or
(c) cause any loss of confinement or accidental release of radioactivity.

III.5.6.2. Equipment

The main item of equipment for handling heavy payloads within the
reactor hall will be the main crane. Different lifting rigs will be used with the
crane depending on the component handled. The main crane will be used for the
initial assembly of the tokamak and for all subsequent replacement operations.
The major components handled by the crane are: TF and PF coils, the TF
intercoil structure, the vacuum vessel sectors, and the biological shield.

The remaining maintenance equipment consists of combinations of
subsystems. Each subsystem typically includes a transporter, an end-effector, and
a tool. Using a combination of such subsystems allows the number of large
handling devices (e.g. transporters) to be kept to a minimum. The end-effectors
and tools, of more limited dimensions, will be available to handle a large variety
of components.

Transporters for in-vessel operations include two 90-degree articulated
booms, two 180-degree vehicle systems, and two transfer units for rapid transfer
of plasma-facing components into and out of the vacuum vessel. Servo-
manipulator and divertor plate end-effectors are provided for in-vessel
operations. Special purpose tools for in-vessel operations include tools for tile
replacement, leak detection, and cutting and welding. An illustration of an in-
vessel manipulator system is given in Figure ni-8.

Remote replacement of blanket modules will be carried out by dedicated
devices operating from above the reactor. The inboard and outboard blanket
segments can be independently removed with simple translation motion in all
three planes, i.e. no rotating of the heavy pieces will be required.

The details of the ex-vessel maintenance equipment and procedures
were developed in parallel with the final definition of the total device
configuration and auxiliaries. The primary items of equipment include bridge-
and floor-mounted transporters that will allow access from both the top or
bottom of the machine, as well as from radial positions through the cryostat
penetrations.
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The design of the in-vessel remote handling equipment concentrates on
feasibility, minimization of intervention time, recovery in case of failure, and
interface compatibility with machine component design. Design of ex-vessel
remote handling equipment was also carried out in parallel with the definition of
the basic machine configuration.

III.5.7. Current drive and heating [9]

The current drive and heating systems fulfill several functions: plasma
initiation, current ramp-up assist, current drive, plasma profile control, heating,
and burn control.

IH.5.7.1. Concept description

The reference system is comprised of a 20 MW, 120 GHz Electron
Cyclotron (EC) system for plasma initiation and current profile control; a
50 MW, 5 GHz Lower Hybrid (LH) system for ramp-up assist and current drive
in the outer region of the plasma; and a 75 MW, 1.3 MeV Neutral Beam (NB)
system for current drive in the plasma core, burn and current profile control.
During steady-state conditions, the combined power injected into the plasma will
be 120 MW and for an average efficiency of 0.4, the electrical power required
from the grid is « 300 MW.

The EC system consists of 28 rf channels which transmit the waves to the
tokamak where they are focussed by mirrors into the plasma; one of the mirrors
is moveable. Four channels are used as active spares to ensure reliable operation.
Each channel consists of an 80 to 100 kV, 3 MW, DC power supply, a 120 GHz,
1 MW gyrotron with integrated mode convenor; initializing optics; a corrugated
waveguide approximately 50 meters in length; fast valves; and an rf window
assembly. The EC waves will be injected into the plasma at the equatorial plane,
at an angle of from 15 to 25 degrees to a machine radius and in the direction
opposite to the plasma current. To ensure that the desired q = 2 magnetic
surface will be tracked, a turning mirror is used capable of sweeping the EC
waves in the horizontal direction at a rate of 10 degree per sec. (see Fig. m-9).

The LH system is similar to systems constructed for JT-60, Tore Supra
and JET. A grill launcher, with 1500 to 3500 waveguides is fed by a multi-junction
waveguide array which in turn is fed by about 100 rf transmitters, each rated at
0.7 to 0.8 MW. The required frequency is 5 GHz. A good power coupling is
expected when the grill apertures are flush to the first wall. However, due to the
uncertainties in the prediction of the edge density as well as to accommodate
various operating conditions, provisions are made in the design for a radial
motion of the launchers and for high power load guard limiters. The LH
launchers would occupy the bottomhalf of two adjacent ports A representative
layout of the LH wave system is given in Fig. Ill-10.

The NB system consists of nine modules, arranged in three vertical
arrays of three modules. Each vertical array is aimed through a port aligned with
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Fig. III-9. 120 GHz electron cyclotron system
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Fig. HI-10. 5 GHz lower hybrid system

a tangent to the plasma axis of the tokamak (R=6.2m). Each module nominally
generates 8.3 MW of deuterium or hydrogen neutrals with an energy of 1.3 MeV.
In the event of a source module failure, each module can be operated up to
10 MW which assures the ability of tlu system to reliably inject the required
75 MW. A module consists of one or more neutral beam sources; each source
includes a negative-ion plasma generator with pre-accelerator, an accelerator, a
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Fig. 111-11. Layout of neutral beams relative to the torus

beam profile controller, a gas neutralize^ and an ion dump system. A source
module is about 4 meters in diameter and IS meters long and will be connected
to the torus through a 25 meters long duct (see Fig. III-ll).

HI.5.7.2. Alternate concept descriptions

An Ion Cyclotron system is an alternate to the neutral beams. The
system would be comprised of 42 antenna straps, approximately 0.5 meters wide
by 1.25 meters high, two per blanket module, each fed by a 20 cm coaxial
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transmission line which in-turc is fed by an rf transmitter. 42 transmitters rated at
3 MW will be required and will operate over a frequency range from 15 to
80 MHz. Seven ports will be required to service all 42 antennas which combined
will be 24 m in toroidal extent. The nominal launched RF powsr is 130 MW.

There are two supplementary systems under consideration. The first is a
20 MW, EC system very similar to the reference EC system but with a higher
frequency, 140 to 160 GHz. The system would share the same port with the
reference EC system. The second system is a 25 MW, 70 to 110 MHz IC system
that features a single in-port launcher. Studies of these systems will continue.

III.5.8 Fuel cycle system [10]

IH.5.8.1 Scope and primary requirements

The main elements of the ITER Fuel Cycle (FC) are shown in Fig.m-12
key design parameters are listed in Table III-ll. ITER FC design integration has
been undertaken using well-advanced technologies to determine if:

a) Acceptable process options exist for all essential FC functions.
b) Subsystem design requirements are complete, since FC .systems involve

many "recycle" loops.
c) Impacts of the FC on plant arrangement, safety, and cost are acceptable.
d) Specifications for ITER FC R&D have been correctly formulated, and

R&D priorities are consistent with design needs.

The options used are all based on processes subject to detailed
investigation in ITER home organizations. Additional processes, many with
potentially higher performance, have been considered as "alternatives" and are
under development in base programs.

IIJ.5.8.2. System design

Fuellk

A combination of gas puffing in the divertor region and pellet injection
past the scrape-off layer provides fuelling and density profile control. Necessary
fast-valve concepts fo~ gas-puffing are being demonstrated on current-generation
machines, although further attention must be paid to flow rate, tritium
compatibility and shielding requirements. For fuelling during ramp-up, pellet
injectors capable of producing a limited number (<100/pulse) of pellets at
velocities in excess of 3 km/s will be provided to produce peaked profiles. Pellet
injectors able to provide continuous fuelling beyond the scrap-off layer
(1-2 km/s) will also be provided. Continuous, tritium compatible injector
elements are under development as part of the ITER R&D program. Very-high
speed injectors are also being developed in the context of ITER R&D. For CDA-
Phase design integration, it has been assumed that the fuelling beyond the
scrape-off layer is provided by single-stage and two-stage light gas guns.
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TABLE III-ll. ITER FUEL CYCLE-KEY DESIGN PARAMETERS

FUELLING AND EXHAUST
Fuelling and exhaust rate, (moles/h)
Effective pumping speed at tcrus during burn (m/s)
Down-pipe conductance assumed (m/s)
Operating puirp speed (nr/sj
Installed TMP capacity, (mbar)

FUEL (EXHAUST) PROCESSING
Total flow (mbar.l/s)
Impurity in burn-time exhaust (mbar.l/s)

Glow discharge in He, flow rate (mbar.l/s)
impurity con. (nbar.l/s)

H2

He
Low-Z
High-Z
He
Low-Z

35-75
700

1000-1500
1000-1500
4 x 10"7

220-470
<5

300
0.3

BLANKET TRITIUM PROCESSING
Tritium production rate (g/full-power-day)
Ceramic breeder hydrogen swapping ratio (H/T)
Maximum H + T recovered as oxide (%-water)
Nominal production of tritiated water (moles/d)

COMMON PROCESSES
Max. flow to Isotopic Separation, (mol/h)

protium
deuterium
tritium

Max. tritium cone, in fuel (%)
Hax. T in H2/HO exhaust (*)
Effluent water de-tritiation rate (kg/h)
Nominal tritium concentration (Ci/kg)
Plant volumes requiring a1r-detr1tiat1on (m )

A1r
He

Graphite dust processing rate (kg/d)
Max. local tritium invetory design target(g)

125
100
10
<25

<2 x
<450
50

<80
x 10"
<150

<5 x 10
1-10
200
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Plasma Chamber Vacuum Pumping

Plasma chamber vacuum pumping options for He exhaust include both
mechanical pumps and cryopumps. In die high vacuum section, magnetic bearing
(oil-free) turbnmolecular pumps (TMP) or cyropump pumps (CCP) are
foreseen. High vacuum pumps are arranged in 8 pumping stations around the
torus (24 CCp's or 64 TMP in total). The Ar-spray CCP was used for design
integration. All ITER partners have on-going work-programmes involving the
CCP option and at least three are developing large TMPs. Both Cryo-sorption
and Ar-spray Cryo-trapping CCP's are being developed. At present 20 and
25 m /s oil-lubricated TMP are being tested in the USSR and Japan respectively.
A magnetic-bearing version of the Japanese design is planned. Development of
CCP's is being carried out with 5-15 m /test units. Scale-up to ITER required
pumping speed o f ~ 100 m /s is envisaged for CCP's.

Roughing and backing can be provided both for CCP and TMP options
by mechanical Dumps and cryo forepumps. Two mechanical oil free forepumps
(600, 1300 m /h) are commercially available. A mechanical forepump
(300 m /h at 13 mbar) is under development as part of an integral TMP backing
train. Cryotransfer pumps, also effective for trapping gas (Ar) separation, are
part of the EC development programme.

Mechanical pumps are foreseen for initial pump-down and torus
conditioning. For the CCP option an additional pump system with 8 TMP's
(15-23 m /s) is required.

Fuel processing

Fuel Processing removes impurities from highly tritiated gas streams and
recovers the tritium from the impurities. It requires interconnections of
components to provide processing pathways to permit an optimum response to
multiple sources and variations in operating conditions Impurities c<in be
separated from the hydrogen streams using permeation, molecular-sieve-cryo-
sorption, or gettering techniques. Tritum will be recovered from the impurity
stream by (a) oxidation and cold-trapping of the impurities in the stream,
followed by reduction employing catalyst-beds, electrolysis, or oxidation of metal
(e.g. iron); (b) A catalytic techniques which avoid inventories of tritiated water
and uses a permeation membrane with a catalyst to "crack" hydrocarbons and
chemically reduce water vapour via the water-gas-shift reaction and (c) high-
temperature isotopic exchange which uses exchange reactions between tritium in
impurities and a swamping stream of protium over a hot platinum wire. Neutral
Beam and Pellet Injector gas impurities will be extracted via the molecular-sieve
path, as this path is most suitable to high gas flows with lower tritium
concentrations. Small electrolysis cells for conversion of water with very high
tritium concentrations have been developed and are undergoing testing as part of
Japan/US collaboration and in the EC. The approach in (b) is under developent
in the EC and US.
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Blanket tritium recovery

Blanket Tritium Recovery options depend on the reference blanket
option. Li-Ceramic, LiPb and Aqueous Lithium Salt have all been considered as
candidates for the ITER "driver" blanket. The preferred recovery option for the
ceramic breeder blanket depends strongly on the purge gas flow required, the
H/T swamping ratio, and the expected fraction of tritium and swamping
hydrogen occuring in the purge stream as water vapour. Due to the uncertainty in
requirements, three recovery options are being considered.

The "first" option involves cryosorption oci a molecular sieve of the
tritiuum produced in the blanket, along with the swamping hydrogen and any
impurities present. The impurities are subsequently separated and tritium
recovered using processes similar to those found in the plasma exhaust fuel
processing. This option avoids generation of a large HTO inventory by recovering
hydrogen isotopes in elemental form. The process uses generally proven
concepts, although not yet demonstrated on large-scale. Plans to test this process
at a relevant scale have been developed.

A process based on vacuum-swing adsorption followed by high-speed
pressure-swing adsorption and permeation may provide a lower-inventory
alternative for extracting hydrogen isotopes from the He gas stream, but some
elements are still at the early experimental stage.

If a large fraction of the hydrogen and tritium is recovered in oxide form,
it is proposed to oxidize the entire hydrogen flow and process it using Liquid
Phase and Vapour Phase Catalytic Exchange. Elements of these processes have
been demostrated in conjunction with Heavy Water Reactor facilities in France
and Canada. One or both of these processes will likely be required in any event
to process tritiated water wastes.

For Aqueous Salt Blanket tritium recovery, pre-concentration using
water distillations is envisaged, followed by Vapour Phase Catalytic Exchange.
These processes are proven on an industrial scale.

For the solid LiPb eutectic blanket, melting of the eutectic during
shutdown and subsequent vacuum extraction with purification using a hot metal
trap followed by recovery on metal getter beds is envisaged.

Test sector tritium recovery will be carried out as part of test sector
design, as tritium recovery is in some cases a part of the blanket test. One of the
above driver-blanket processes could be used as a "default" scheme for recovery
for any test sector, if required.

Auxiliaries and common processes

Tritiated Water Processing required to detritiate water collected in the
facility to concentrations suitable for re-use or environmental discharge can be
accomplished by isotopic enrichment and isotopic exchange by either distillation
of water (DW), combined electrolysis catalytic-exchange (CECE), or a
combination of Water Distillation and Liquid Phase Catalytic Exchange (LPCE).
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Both CECE and DW processes enrich the tritium (and deuterium)
concentrations of the water prior to feeding it to isotopic separation (see item
below). For water to be re-used in the plant, detritiation to a much less stringent
level is required, and DW will be the process of choice. Tritiated water must be
filtered and purified by ion-exchange, and possibly evaporation/condensation
before enrichment. All of the preceding processes have been demonstrated at
industrial scale.

Tritiated Atmosphere Processing uses proven catalytic oxidation and
drier technology. For high flow rates of inert atmospheres, direct adsorption of
hydrogens and impurities using modified zeolites is expected to provide an
alternative solution. To cope with a loss-of-cooling accident accompanied by
major tritium release, a passive "filter vent" system has been proposed for
pressure relief and tritium confinement.

Solid Waste Tritium Recovery will involve heating and vacuum degassing
of components such as metal components exposed directly to the plasma.
Processes for efficient tritium recovery from graphite and steel require laboratory
demonstration and scale-up.

Isotopic Separation is based on cryogenic distillation of hydrogen
isotopes, which has already been demonstrated at a scale larger than needed for
ITER. All hydrogen feeds may be procesed in a single train, or multiple trains
for different feed compositions, depending on the outcome of experiments and
process modelling to determine robustness and tritium inventories.

Fuel storage will use metal hydride beds with a maxium capacity of 200 g
of tirtium per bed for long-term storage of tritium. LaNiMn, ZrCo and uranium
can be used as getter materials depending on functional requirements. For large
quantities of fuel gases containing relatively low tritium concentrations {<!%),
either metal tanks or large hydride beds will be used for temporary storage.

With the exception of components connected directly to the torus
(Fuelling and Primary Exhaust), FC components are located away from the
machine, in an area dedicated to components containing tritium. This area has
separate access and a ventilation system.

II1.5.8.3. Tritium inventories in ITER

The principal inventories of tritium in ITER are shown in Table III-12.
The total process inventory in the range of 1 to 2 kg. This inventory must be
relatively mobile to facilitate processing. The maximum local inventory
concentration does not exceed 200 grams. It should be possible to significantly
reduce these maximum local inventories during the Physics Phase by sizing
certain components for lower throughput. Quantities of relatively immobile
tritium in working storage (stored on metal beds) and tritium in solid waste
awaiting processing (mainly in graphite powder) depend strongly on operating
plans and conditions which have not yet been determined. For each of these
categories, approximately one kilogram may be regarded as reasonable.

Tritium in the driver blanket will be distributed amongst the structural
materials, breeding material, and multiplier. The factors affecting blanket
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TABLE III-12. EXPECTED TRITIUM INVENTORIES IN ITER

System

Fuel Cycle
Solid Waste Processing
Fuel Storage
Breeder Blanket
First Hall
Divertor

Phase
Physics
(9)

1000-2000
-1200
300-600
50 100
- 200
-1000

Technology
(g)

- 1200-2200
TBO
-300-1000
100-1000
- 200
TBO

tritium inventory are discussed in Section III.5.6. Tritium inventories in the
ceramic breeder blanket are relatively immobile under upset conditions.

Tritium inventories in the divertor plate and FW armor are dependent
on the design and operational parameters (Section III.5.5.). For the values given
in the table, it is assumed that for the FW in the Physics Phase, about SO a ? of
radiative tiles are used on the outboard wall, with the rest of the outboard and
inboard tiles being conductively-cooled and does not include tritium in potentially
redepositing materials. For the divertor, five complete plate replacements are
assumed during the Physics Phase, and the tritium inventory is due essentially to
co-deposition.

ni.5.9 Plasma Diagnostics [11]

Plasma diagnostics in ITER will serve three purposes: providing the
signals for plasma control and machine integrity and the information needed for
plasma optimization and physics understanding. Diagnostics will occupy three
large horizontal ports during the technology phase. One of them is dedicated
diagnostic port permitting tangential view of the plasma. Two other ports are
shared with other systems. Some diagnostic systems need lines of sight through
the pumping ducts and through the top shielding plug. Two additional ports will
be occupied by diagnostics during the physics phase when more detailed
information on plasma behaviour will be necessary. The necessary diagnostics
penetrate, permeate, or otherwise invade virtually every major subsystem of the
tokamak. This severely complicates the integration of diagnostics with the
tokamak. A provisional plan has been conceived, but not completed. An overview
of the envisaged set of diagnostic lines-of-sight for the ITER physics phase is
presented in Fig. 111-13 Space required for diagnostic equipment around the
diagnostic ports and in the building has been formulated and allotted.
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TABLE 111-13. NOMINAL HEAT LOADS

System

Blanket 1>

First wall
l'2>

2)

2.4)

Shield
Divertor 2'
Plasma heating/current drive equipment
Cryogenic equipment
Tritium and vacuum systems
PF magnet power supply equipnient
Electrical distribution and PIC systems,
utility
Primary coolingsystern punps
Pumps of secondary and ultimate heat
rejection systems
Vacuum vessel '
Active control colls '
Heating, ventilation and air conditioning
Bus bars of TF magnets
Others 5)

Total

Amount
of

circuits

2
2
2
2
1
1

1 or 2
1

1
-

_

1 or 2
2
1
1
1

Inductive

operation
(MW)
665
510
200

1153>
70
30
30

25
25

20
20
10
10
5
45

Steady-
state

operation
(MW)
530
525
160
140
240
30
30
30

25
25

20
15
10
10
5
45

1800 1720

1) The sum of the heat loads for the blanket and the first wall will
not exceed 1025 HH at any one time in the physics phase and 935 HW in the
technology phase.
2) These heat loads occur during pulses.
3) Maximum heat load that occurs during 20 s of neutral beam Injector
operation; 65 HH should be removed during 130 s of lower hybrid system
operation.
4) Heat loads released in bus bars, thyristors, resistors, and transformers.
5) The dominant part is connected with potential Increase of power supply for
ultimate heat rejection system. Here also are heat loads in RF antennae,
vacuum ducts, removable shield plugs as well as afterheat In activated
components removed from the reactor.
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m.6. BALANCE OF PLANT [12]

The balance of plant includes the cooling system, electrical distribution
sub-station, safety systems, fluid supply and discharge system, buildings and
structures (reactor building, hot cell, etc.), radioactive waste disposal, and plant
layout.

III.6.1. Cooling system

The cooling system consists of the primary cooling system (heat
transport system), a secondary cooling system and a heat rejection system. Heat
from components which do not contaminate the coolant will be rejected directly
to the environment. The system also must have the ability to provide heat to
bake-out the internal components of the vacuum vessel at temperatures up to
350 C.

Preliminary estimates of the main continuous heat loads anticipated
from various reactor systems, during the Physics Phase are given in Table HI-13.

m.6.2. Electrical distribution system

This system provides the needed electrical power to the
systems/components shown in Table HI-14.

In this listing, account was taken that the sum of the power supply needs
for the magnets and the plasma heating/current drive system will never exceed
470 MW during inductive operation.

TABLE IIM4. ELECTRICAL POWER NEEDS

PF magnets
Plasma heatIng/current drive
Cooling system
Cryogenic system
Fuel cycle & vacuum pumping
Utility systems
Others

Total

Inductive
operation

(MH)

400
130
85
70
30
25
30

710

Steady-state
operation

(MW)

50
385
85
30
30
25
30

635
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HI.6.3. Fluid supply and discharge system

The system supplies and provides for the safe discharge of all fluids
needed for ITER, including potable and industrial-grade water, steam,
compressed air, helium, hydrogen, propane, and argon.

m.6.4. Reactor building and hot cell

The reactor building will contain the tokamak and only those systems
and equipment which are directly connected to the tokamak or required within
the building for safety or for operational reasons. The dimensions of the central
part of the building are 84 m x 136 m x 86 m (high); auxiliary buildings are
located nearby.

The hot cell will be used for inspection, sampling, decontamination, and
possibly repair and graphite dust processing. The amount of radioactive material
influx to the hot cell has been estimated. Major contributors are replaced in-
vessel components (stainless steel) of about 200 t/yr and graphite dust of IS t/yr
if carbon composites are used for the divertors and armor of the vacuum vessel.

HI.6.5. Plant layout

A workable arrangement of facilities and services for ITER has
been developed with no major or significant problem. About 40 ha is required to
house the essential services and structures for ITER.

III.7 SAFETY AND ENVIRONMENTAL IMPACT [13]

From the safety and environmental viewpoint, ITER is ready for the
Engineering Design Activity (EDA). ITER is capable of meeting anticipated
regulatory dose limits. There remain issues to be resolved by further design and
future safety research so that the full potential of ITER's safety and
environmental performance will be realized.

III.7.1. Introduction

ITER safety studies aim at: (1) demonstrating that ITER can be
designed and operated in a manner that satisfies anticipated regulatory
requirements, and (2) exploring how future fusion machines, including ITER, can
be improved further to benefit from the potential safety advantages of fusion
reactors, such as the absence of radioactive products from the fusion reaction
itself and impossibility of criticality accidents.

A set of anticipated regulatory dose limits has been formulated, which
are a consensus average that conservatively interprets national requirements and
present international trends. These limits are as follows:
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1) Public dose due to normal operation effluents should stay below
100 fASv/yr (50 (ASv/yr for each atmospheric and liquid effluents)

2) Public doses calculated for any accident of regulatory concern should
stay below 100 mSv (10 rem).

3) Doses to plant personnel should stay below 10 mSv/yr (1 rem/yr).

To fully utilize the potential advantages of fusion, a more ambitious
target of "passive safety" was formulated as follows:

4) A strong effort should be made to keep public doses from an accident
below 100 mSv (10 rem), which are calculated without taking
credits of active safety systems and confinement by buildings based
on only passive features.

Doses referred to in this report are chronic doses for normal operation
effluents and doses from early exposure (with 50-years dose commitment) for
accidental releases.

III.7.2. Safety analysis

The conceptual design is consistent with anticipated regulatory dose
limits for routine exposure of the public and plant personnel. The maximum
public dose for atmospheric effluents is estimated to be about 10 fiSv/yr, lower
than the target of 50 Jlsv/yr.

Safety analysis shows that the conceptual design is consistent with the
anticipated regulatory dose limit for accidents, 100 mSv. These analyses have
identified potential problems and uncertainties to be resolved in the future design
and via safety research.

To approach the ambitious "passive safety" goal, reduction of inventories
of tritium and mobilizable activation products is needed. The domhr,:_; accident
hazard in the physics phase is tritium. The carbon PFC causes about half the
6 kg-tritium on-site inventory. Tritium associated with carbon PFC includes
tritium co-deposited on carbon, tritium in carbon dust, and tritium carbon waste
processing. The dominant hazard in the technology phase is activated tungsten.
The best approach to insure the safety of tungsten activation products is to keep
the tungsten cool, below 500°C in any accident. The tritium inventory decreases
by about 3 kg with the assured removal of carbon in the technology phase. Up to
1 kg tritium accumulates in the beryllium multiplier during the technology phase.
So, the technology phase inventory is about 4 kg.

m.7.3. Major results of the safety analyses

Detailed information can be found in the ITER safety report [13].

Physics related acd Fuel Cycle issues
Our studies have indicated that plasma physics assumptions and

operating modes have significant safety impact. Examples are tritium burn
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fraction, thermal energy deposition and electromagnetic forces from plasma
disruptions, potential short-term overpower transients, and the ability to have a
quick plasma shutdown, passively or actively. Future physics and safety research
should improve safety performance in these areas.

In particular, normal and off-normal burn control including emergency
shutdown is important. It affects reliability of high heat load components, such as
the divertor plate, in loss of cooling accidents. There may be a possibility of
overpower transients up to twice normal power if all active burn control systems
were assumed not to work. The overpower transient is still self-limiting and short
since it would trigger a disruption. Although the divertor plate is expected to
survive such transients, further detailed analysis is required.

Reducing tritium inventories in the Fuel Cycle components will enhance
safety performance greatly since it is one of the major radiological sources in
ITER. This may be done by a combination of increasing the tritium burn fraction
in the plasma, reducing the need for high purity tritium, decreasing the amount
of water impurity in the torus, and developing advanceed tritium system
components. If the tritium burn fraction can be increased from the present 2.6%,
then the inventory in key portions of the fuel cycle will be significantly reduced.

Plasma Facing Components
Most major safety issues are associated with the Plasma Facing

Components (PFC) and potential loss of integrity of the vacuum vessel.
The safety performance of carbon armor would be enhanced by keepting

surface temperatures in the 600 to 1000°C range, by keeping the tokamak dust
inventory low ( < 1 kg), by periodically removing co-deposited tritium in the
surface layers, and by providing inert gas around the vacuum vessel boundary.
The physics phase design has 90% of the carbon tiles up to 1000°C, 9% up to
1500 C, and 1% up to 1800°C. For this design, carbon-steam reactions do not
appear capable of producing enough hydrogen and carbon monoxide for an
explosive mixture in the torus. Carbon reactions with air cannot happen since an
inert gas atmosphere around the vacuum vessel boundary prevents air ingress
into the vacuum vessel. Analyses showed further that, even if the reaction
happened, it is self-terminating and would not cause significant damage to the
torus.

The safety performance with tungsten as a plasma facing material would
be enhanced by keeping temperatures below 500°C in all loss-of-cooling
accidents and by keeping the dust inventory iow ( < 1 kg).

In the first week after major loss of cooling for in-vessel components, we
have estimated the maximum first wall temperature to be 600°C. Similarly, the
maximum divertor temperature is 700°C. Proper division of the cooling systems
would lead to temperatures significantly lower than these estimates. Lower decay
heat materials like ferritic steels would also help.

Magnet System
The magnet system does not contain significant radioactive

inventories; however the large energy inventory is a potential accident initiator.
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If the accidents could not be confined to the coil systems, they could release
energy in such a way as to damage the vacuum chamber, coolant lines, or fail
confinement barriers. Safety assessments of the magnet system suggest that this
is not possible. The key issue for detailed engineering and analysis is to insure
that large movement of inboard TF coil legs is not possible during transients
with unbalanced currents and forces.

Radioactivity Confinement
Radioactivity confinement is essential to insure high safety

performance in ITER. The vacuum chamber (and associated vacuum
extensions) play a major safety role. The largest and most mobile radioactive
inventories are within the vacuum boundary. Most of the postulated severe
accidents that might lead to a high off-site dose include failure of the vacuum
boundary. A major potential threat to radioactivity confinement barriers is the
use of hot water for PFC bakeout or conditioning. The analyses showed
pressure beyond the design value in the vacuum vessel if water of 250°C is used
for PFC conditioning. Therefore, it was decided not to use hot water above
150°C.

Spills of low temperature water from the divertor, first wall or blanket
cooling system would not cause an overpressure in the reactor building
exceeding 30 kPa so that no large costs ioopact of confinement on the building
design is expected.

Hypothetical Accident Doses
Radiological hazards for both the physics and technological phases

have been assessed. Weather and release parameters are assumed to be worst
case class F stability, 1 m/s wind, ground level release, 1 km site boundary, no
evacuation and no sheltering. The radioactivity confinement has been
conservatively assessed. Conservative calculation^ results show that the
maximum dose at the site boundary would be less than 65 mSv.

Radioactive Wastes
The decommissioning wastes ( most of it will be activated steel) will be

about 20,000 tonnes. Depending on national waste criteria and how long one
waits before disposal, 0 to 30% may require deep geological disposal. The rest
(70 to 100%) could be disposed by either near-surface or shallow geological
burial.

There will be roughly 10,000 tones due to operational replacement
over the ITER lifetime. Most of this could be disposed by either near-surface
or shallow geological disposal. The exception is the divertor. It will generate
(per replacement) about 100 tonnes for deep geological burial, if Nb or Mo is
used; this is about 1500 tonnes over the lifetime.

III.7.4. Tasks to Improve Safety Performance

Future work (including R&D) to improve safety performance of and
confidence in the design should be done in the following areas:
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- Reduce uncertainties of inventory estimates of tritium and mobile activation
product in the torus.

- Study and obtain a more complete database for accident consequences, such
as air/steam reactions with plasma facing materials.

- Study the behaviour of tritium and activation product aerosols in the reactor
confinement building.

- Develop low tritium inventory components such as turbo-molecular pumps
or short cycle cryopumps and low tritium inventory plasma facing
components.

Develop effective filters in capturing ITER aerosols and tritium. In
particular, search for a way to passively capture elemental tritium, e.g. by
room temperature wet-proof catalysts.

- Establish plasma control methods, including burn control, emergency
shutdown and disruption control.

m.8. SITE REQUIREMENTS [12]

The key requirements for ITER are sufficient electrical power, waste
heat disposal, and land area. In general, the range of acceptable conditions for
the site is sufficiently large that many possible options for siting ITER will be
available for detailed consideration when selection of a site takes place.

HI.8.1. Electrical Power

A continuous electric power of 230 and 635 MW is needed for inductive
operation and non-inductive operation respectively. An additional peak power of
480 MW for the PF coils and plasma heating is required for inductive operation.
The maximum power demand is 700 to 800 MW from an electrical grid stiff
enough to sustain transients. Oa-site energy storage (e.g., flywheel generators)
can be used for the PF power supply to reduce the peak power demand.

III.8.2. Cooling

An ultimate heat sink with a capacity of about 1800 MW is required.
The heat sink may be cooling water with a flow of 40 to 60 m /s, depending on
water temperature. Alternative options include the use of wet or dry type cooling
systems. The wet type requires approximately 3000 m /h industrial waitr; the
dry type cooling tower requires an additional site area of 130,000 m .

m.8.3. Land

A minimum of 400,000 m (approximately 630 meters square) of
contiguous site area must be available to accommodate the ITER facility and on-
site construction facilities. If interim on-site storage of major activated
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components is planned after decommissioning, then addition;' land must be
available for the necessary buildings and facilities.

A bearing capacity of the foundation strata of around 50 t/m is
required.

III.8.4. Transportation

Access is essential to national and international heavy haulage routes for
loads up to about 10 meters wide up to 4 m high, and about 500 tonnes (e.g.
perhaps a TF magnet). Secure access is also essential for nuclear materials.

m.8.5. Other

The ITER site must accept responsibility for handling and disposing of
radioactive components and materials. External hazards should not imperil the
safety of the plant. Local seismic, hydrological and meteorlogical conditions
must be factored into the structural design of the tokamak, the related plant, and
the associated buildings.
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IV. OPERATION AND RESEARCH PROGRAMME

IV.l. INTRODUCTION

ITER will be operated in two phases, the Physics Phase and the
Technology Phase. The Physics Phase will be devoted primarily to physics issues
at low neutron fluence. After the physics issues have been resolved, the
Technology Phase will be used mainly for engineering testing at neutron Quences
in the range of 1 MWa/m Successful ITER operation, in itself, marks a major
milestone in the development of fusion energy because all of the major
components of a reactor will have been successfully operated as an integrated
reactor system.fl]

IV.2. PHYSICS PROGRAMME

IV.2.1. Research programme

The Physics Phase of ITER will encompass:

(1) Inductive operation under conditions of controlled burn pulses lasting
200 seconds or more;

(2) Extension of the burn pulse towards steady-state, utilizing non-
inductive current drive in a plasma with a Q-value of at least five;

(3) Specific investigations to obtain a physics data base for Demo; and
(4) Optimization of long-burn operation modes suitable for Technology

Phase testing with Q > 5.

Most of the physics studies will be conducted with D-T plasmas.
However, only a relatively low number of high neutron flux discharges will be
required and the total neutron fluence in the Physics Phase is anticipated to be
less than 0.05 MWa/m , corresponding to less than 0.5 dpa at the first wall. This
phase will take about six years and about 15,000 discharges to complete. The
operational plan of the Physics Phase is summarized in Table IV-1. It is divided
into a zero activation stage, a low activation stage, and a high activation stage.

IV.2.1.1. Zero activation stage

The aim of the zero activation stage is to commission the device and
many of its subsystems (in particular the systems for current drive and heating,
fuelling, diagnostics and control), to test the satisfactory functioning of the
plasma-facing components, especially the divertor plates, and to perform a first
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TABLE IV-1. ITER PHYSICS PHASE OPERATIONAL PLAN

ZERO ACTIVATION
Operational
Conditions

6000 shots

| Ye»r 1 1 Y e w 2 —

H H H°->N*

ECW

1500

I-
3.5 T
15 HA
10 NW
I

N8I. LHH
ECH, ICH

Full
Initial Field 8
Ohmic Heating
Operation System

Tests

Physics
Studies.
Hall
Material
Studies

Hands-on
Maintenance,
Test of
Remote
Maintenance

LOU ACTIVATION
Plasma

Optimization

2000 shots

| Yew 3 1 Year 4-

HCv

Physics
Studies,
Steady-
State
Studies

H/3He/0
0°-»V

Ion Mass
Effect.
Pre-Ignition
Optimization.
He-doping

0/T

•Flash1

Ignition
Alpha-
Particle
Studies

S00 2000

—I MIIIIS
5 T TE*2 s
22 HA *10 2V 3

100 HW 100 HH

2000 2000 3000

.Mints i Miiniis
A,*iooo s xc«3 s.

HIGH ACTIVATION
Ignition and Driven

Operation

7100 shots

I - -Yew 5 1 Y e w 6 1
D/T

Burn,
He-ash
Reaoval

2000

100 MH 100 HH

A,«20 s
l>50
1 GH

0/T D/T

Final
Parameters
Oeflnitlon,
Driven
Operation

2000 shots

.1 viiiinnn

1 GH 1

Internal
Changes,
Remte
Maintenance
Test

Internal
Changes
for DT Physics
Studies, by
Remote Maintenance

Transition to
Technology
Phase
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exploration of the accessible operational space and the confinement capability of
ITER in hydrogen and helium plasmas. This will include optimization studies of
heating to thermonuclear plasma parameters and of long-pulse operation with
non-inductive current drive. Also, information on abnormal plasma conditions
(disruptions) will be gained. This stage will require about 6000 discharges.
Together with the low activation stage (see section IV.2.6.2) this will last about 3
years.

W.2.1.2. Low activation stage

During the low activation stage using deuterium and DrHe plasmas,
the approach to thermonuclear plasma conditions will be further optimized. In
addition, helium exhaust will be simulated. It is estimated that about 2000
discharges are needed for this intermediate stage.

IV.2.1.3. High activation stage

After connection to the tritium handling system, ITER operation will be
devoted to achieving two ITER physics goals. The first is controlled, ignited burn
in a D-T plasma. The external heating power (needed for burn control) will then
be small compared to the alpha particle heating power (Q=20 to 50). The
second goal is to approach steady-state operation with Q>5. After initial
experience with D-T operation, the experiments will evolve from low-Q
discharges through "flash" ignition to about 200 second controlled burn pulses,
and then to long-pulse driven operation.

The most favorable conditions for ignition are expected to be high
plasma density, high plasma current, and a low impurity level; the alpha particle
heating power will reach a level of about 200 MW. Plasma confinement, at the
beginning of burn, is favorably influenced by very low thermal helium density, as
discussed in section IV.2.2.2. Extended investigations will be needed to
demonstrate controlled burn. Therefore, a period of several months to one year
will be necessary to establish the best operational procedures and to increase the
length of the high-Q discharges to the point where plasma dilution by helium ash
becomes significant and helium exhaust become . necessity. Physics studies will
be performed to investigate alpha particle effects, MHD activity, and operational
limits.

Significant efforts will be necessary to develop reliable burn control.
This includes ensuring both stationary plasma conditions at a given fusion power
and thermal stability of the plasma. Operation at high-Q, typically Q=30, with
feedback controlled external heating power is a possible scheme. Furthermore,
optimization of divertor conditions for helium ash removal, impurity control and
heat exhaust will also be studied intensively. Then, a controlled burn lasting
about 200 s will be demonstrated in an inductive mode of operation. This stage
will be, in many respects, a preparation for the Technology Phase (helium-
pumping optimization, control of divertor plate heat loading and control of
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erosion). In addition, many issues related to the physics of burning plasmas will
be studied during this stage, e.g, energy and particle transport, sawtooth effects,
ELM's, fishbone activity, and disruption control. The final experiments during
this stage will be devoted to the development of long-pulse operational scenarios
for the Technology Phase, including steady-state operational scenarios. In all,
about 7000 shots spread over 3 years will be needed to complete these
deuterium-tritium physics experiments.

IV.2.1.4. Technology Phase physics studies

Plasma research, including the choice of candidate operation modes for
the Technology Phase, will be performed mostly in the Physics Phase. However,
if it is decided to change the in-vessel components and the plasma configuration
for the Technology Phase, some additional plasma optimization studies will be
necessary. If required, this final physics optimization for the Technology Phase
configuration will be performed at the beginning of this phase.

IV.2.2. Plasma operation range and operational scenarios

IV.2.2.1. Plasma operation range in D-T Physics Phase.

In the Physics Phase, the basic ITER device can accommodate a number
of configurations and modes of operation. This flexibility will prove advantageous
in coping with uncertainties in the plasma physics predictions and in optimizing
the plasma performance of the device for each of the different programme
objectives. This optimization will be done both for the ignited burn mode and for
driven burn modes in which the plasma current is partially or fully maintained by
external power. Achieving sufficient energy confinement as well as active control
of the confinement properties of the plasma, optimizing the working conditions
of the plasma-facing components, and reducing the frequency of disruptions to a
minimum are all necessary.

An indication of the experimental flexibility of ITER is provided by the
variety of possible machine operating parameters and modes.

The baseline operating mode of ITER addresses ignited burn. In this
mode, the machine operates with a plasma current I of 22 MA, with a safety
factor q of approximately 3 and an elongation K of 2 at the 95% flux surface.
A pulse length of about 400 seconds, is achieved solely with inductive current
drive. The plasma minor radius is 2.15 meters and the major radius is 6.0 meters.
A double-null divertor is employed. The distance between the X-point and strike
point on the divertor is 1.4 meters for the outer plate and 0.6 meters for the inner
plate. The clearance between separatrix and first wall is 15 cm. The poloidal beta
is less than 0.7 and the internal plasma inductance is 055 to 0.75. The fusion
power is about one gigawatt.

Non-inductive current drive using the rf and/or neutral beam system
makes possible long-pulse operation. An important scenario involves the study of
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steady state for demo-simulation and possible application for nuclear testing in
the Technology Phase. Combined non-inductive and inductive operation includes
non-inductive current ramp-up assist, Co save volt-seconds, as well as long-pulse
burn with non-inductive current drive of part of the plasma current to provide
profile control and to extend the burn pulse length. With the baseline
configuration, it is possible to conduct experiments aimed at optimizing the
power and particle exhaust conditions so as to maximize the lifetime of the
plasma-facing components. The latter requires high density, low temperature
divertor plasma conditions. Control of the density and/or the (medium-Z)
impurity content of the edge plasma may be needed to enhance radiative edge
cooling.

To accommodate physics uncertainties, operation in extended
performance conditions is also being considered. For example, the ITER poloidal
field system supports inductive drive operation at I = 25 MA, and operation at
I = 28 MA with non-inductive assist of 20 volt-seconds. Short burn pulses at
higher fusion power, up to 2 GW for 10 s, can be used to study burn control and
power handling, and possibly enhance confinement. Single null operation to
enhance He-pumping is possible in this case.

Some of the options will be studied in the zero or low activation physics
stage. Therefore, it is essential to have the full current-drive and heating system
available from the beginning of ITER operation.

IV.2.2.2. Plasma operation scenario for D-T physics stage

There is a wide variety of candidate modes of operation of the ITER
plasma. These modes are distinguished, on the one hand by the objectives to be
obtained and, on the other hand, by the weight given to various physics and/or
technical considerations in optimizing parameters. A number of possible modes
are given in Tables IV-2, IV-3 and IV-4. Parameters that have been examined
include the burn time, the alpha particle concentration in the bulk plasma
(njje/ne), the fraction of the plasma current driven by external means,
OrjyTp), and the average neutron wall load. The constraint of the "confinement
enhancement factor", H, was adjusted to the expected performance in the
H-mode, i.e. H<2.2. The Troyon criterion was used for the beta limit, e.g. g<3
and g<2.5 with and without current profile control by non-inductive current
drive, respectively. The cases are consistent with an evaluation of the density limit
based on the plasma edge conditions. All modes of operation refer to the
baseline double-null divertor configuration with an elongation of K(95%) = 2.

In deriving these scenarios, simple models were used to predict heat
load on the inclined divertor plate. However, effects such as impurities in the
scrape-off layer were not yet considered consistently. Heat loads quoted include a
a physics peaking and safety factor of 3.4 which accounts for uncertainties in the
transport coefficients and asymmetries in the power distribution. This factor,
reasonable for the sta idard ignition/high-Q cases for which the predicted scrape-
off layer width is 5 mm at midplane, is expected to be too high when the
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TABLE IV-2.
MODES

OPERATIONAL PARAMETERS FOR IGNITION

Ip(HA)
Neutron wall
load (MW/mZ)

0
Burn time(s)

k o P
W'p
qc 05%)
g-Troyon
beta (%)
beta-p

e

Te(keV)

V/ne
Zeff
Confinement time
required (s)
H-mode (s)**

PFusion
Pcore "
pedge
PQIV 0*0

(a)
reference
ignited
burn
22.0

1.0

400/650*
0
0.14

3.0
2.0
4.2
0.62
1.2
10.0
0.1
1.66

3.8
4.4
2.0/2.0

1100
67
35
11C

(b)
short

ignition

22.0

1.0

(short)
0
0.12

3.0
1.74
3.7
0.54
1.0
10.0
0.0
1.56

2.8
4.1

1.6/1.5

1100
43
29
146

(c)
high

current

25.0

1.0

110/310*
0
0.11

2.65
1.75
4.2
0.48
1.2

10.0
0.1
1.66

3.8
4.8

1.8/1.8

1100
67
35
118

(d)
beta
limit

22.0

1.6

480/780'
0
0.19

3.0
2.5
5.3
0.78
1.5
10.0
0.1
1.6

2.9
3.5

1.9/1.6

1700
92
42
206

1. = 0.65
current ramp-up with non-inactive assist of 30 volt seconds

prediction of ITER H-node scaling, derated to 75* to take into account the
effect of ELM's

predicted scrape-off layer width is very narrow, as in the steady state cases. The
present design of the divertor plates can accept a static heat load of 15 MW/m .
Once sweeping of the separatrix at an adequately high frequency and
displacement is implemented, it is expected that the acceptable static peak heat
load would be higher by a factor of 2, Le. 30 MW/m .

The various operation modes are discussed below.
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TABLE IV-3. STEADY-STATE OPERATION MODES

fusion

(a)
high
current

W
radiative
cooling

(c)
initial

physics test

I (HA) 19 16 10
Neutron wall
load (MW/m2) 0.7 0.5 0.27
Q 6.7 5.0 2.6
Burn time(s)
ICD/I 0.71 0.72 0.5
In<:/r 0.29 0.28 0.5

q (95%) 3.5 4.2 6.5
g-Troyon 3.0 2.7 2.4
beta (%) 5.4 4.2 2.3
beta-D 1.1 1.3 1.6
n e ( 1 0

2 V 3 ) 0.64 0.65 0.76
Tg(keV) 20 16 8.5
nHe/ne 0.1 0.1 0.1
Z e f f 2.2 3.1 1.9
Confinement time
required ( s ) ^ 2.7 3.0 2.2
H-roode (s)** 3.1 3.1 2.3
HIp/HI0 2.1/1.8 2.2/2.0 2.2/1.8

0.7
6.7

0.71
0.29

3.5
3.0
5.4
1.1
0.64
20
0.1
2.2

2.7
3.1

2.1/1.8

750
113
49
27
187

0.5
5.0

0.72
0.28

4.2
2.7
4.2
1.3
0.65
16
0.1
3.1

3.0
3.1

2.2/2.0

550
113
62
64
97

(MW) 750 550 300_sion *
P c o (MW) 113 113 113

pcore ( M W ) 4 9 6 2 3 6

P e d e ( M H ) 27 64 27
PDIjJ (MW) 187 97 110

(b) n F e / n e - 0.0015

(Fe is assumed as an example of medium-Z impurity for edge cooling.)

* * predictio of ITER H-mode scaling, derated to 75% to take into account the

effect of ELM's

(1) Ignition mode

Examples of operation of ignited plasmas are given in Table IV-2.
Column (a) shows that operation at ignition conditions is expected with an
energy comfinement time of 3.8 s, which corresponds to H = 2 or 0.75 times that
expected from the extrapolation of H-mode confinement to ITER conditions. If
the helium concentration can be kept low, the confinement requirements are
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TABLE IV-4. HYBRID OPERATION MODES

Ip(MA)
Neutron wall
load (MH/m2)
Q
Burn time(s)

q (95%)
g-Troyon
beta (%)
beta-p

^V3

nHe/ne
2eff
Confinement time
required (s)
H-mode** (s)
HIp/HI0

PFusion
PCD (MW

P

ion
(MW)

Pcore
Pedge <MH>Pedge
PDIV

(a)
reference
long
pulse

15.5

0.8
8

2500/3100*
0.3
0.3

4.4
2.7
4.0
1.4
1.1
11
0.1
2.2

2.7
2.8

2.1/1.8

900
110
90
95
105

(b)
high wall
load

21.5

1.5
14

1000/J500*
0.3
0.26

3.1
3.0
6.2
0.96
1.1
15
0.1
2.7

2.6
3.1

2.2/1.6

1600
113
140
170
123

(c)
high

confinement
margin

22

0.8
10

470/780*
0.18
0.14

3.0
1.9
4.1
0.65
1.0
11
0.1
2.1

2.8
3.9
1.7/1.6

880
88
77
73
114

(a) n,
0.65

'Fe/ne 0.0007, (b) nFe /ne = 0.0015, (c) np e /ne - 0.0003
(Fe is assumed as an example of medium-Z impurity for edge cooling.)
* current ramp-up with non-inductive assist of 30 vol t seconds
** prediction of ITER H-mode scaling, derated to 75% to take into account the

effect of ELM'S

relaxed, or alternatively, operating at a lower plasma current (and consequently
for a longer pulse length) is possible. Without alpha particles present, the
required H-value is quite low (H = 1.5 to 1.6); hence, the confinement capability
required to reach ignition is strongly eased, see column (b). Note that control of
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the burn conditions (consistent with operation at Q=30) will require operation
with an external power of about 30 MW; this would further reduce the divertor
and/or confinement requirements. A higher impurity level in the plasma requires
operation at a somewhat higher fusion power, temperature and H-value.

The basic device has the potential to operate with ohmic drive at a
plasma current of 25 MA for 110 seconds; a pulse of 310 seconds is possible if
non-inductive ramp-up assist saves 30 volt-seconds. In this case, the required
plasma confinement would only be 0.6 to 0.7 times that expected from the
extrapolation of H-mode confinement to ITER conditions. By operating at an
increased plasma current (28 MA) and with a low level of helium, a short ignited
state could possibly be achieved even in L-mode-like plasmas (with an
enhancement factor of 1.0 to i.4); this also enlarges the parameter space to
permit study of impurity behavior and the study of divertor conditions.
Capability of operations at an increased fusion power (> 1.6 GW) would provide
additional thermal stability, burn control near beta limit and power and particle
handling for a reactor. An example of this operation mode is shown in column
(d).

The ignition modes of (a), (b) and (c) in Table IV-2 are expected to be
compatible with satisfactory operation conditions for the divertor because peak
divertor power loads are about 20 MW/m , including physics safety and peaking
factors; however operation at the beta limit (column (d)) requires considerable
advances in divertor conditions.

(2) Steady-state mode

Steady-state operation with non-inductive current drive implies the most
demanding divertor conditions because of the large auxiliary power required and
because of the high plasma temperatures needed to drive the full plasma current.
However, steady-state operation, in principle, is very attractive for a fusion power
plant and also has the advantage of operating with a relatively small plasma
current. Therefore, steady-state operation will have to be studied not only for the
ITER Technology Phase, but also for Demo. Examples of steady-state operation
are summarized in Table IV-3.

For steady-state operation in the technology phase, (see also Section
IV.2.2.3.). important design requirements are a neutron wall load of about
1 MW/m at the test module and a maximum current drive power of 100 to
150 MW. Column (a) of Table IV-3 ("steady-state at high current") meets this
requirement, but 2-D modelling and application of standard physics safety and
peaking factors would yield very high powers. Since the predicted scrape-off
length with safety factors in the midplane is predicted to be only 1.3 mm for this
case, this value is expected to be increased significantly by ion armour radius and
ergodization effects; nevertheless the power density to the divertor would remain
too high. In order to create manageable divertor conditions, the power to be
handled by the divertor must be reduced. A method for accomplishing this is
shown in column (b) ("steady state with radiative cooling"), in which some
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medium-Z impurity, e.g. 0.15% iron for this case, is assumed to be added to the
plasma to increase the radiated power from the main plasma. The total divertor
power, peak power load, and electron temperature are thereby reduced to
acceptable values, but the average neutron wall load is 0.5 MW/m which gives
about 0.8 MW/m at the test module. The divertor conditions would also be
alleviated if density profiles flatter than presently assumed could be produced in
the main chamber, because this would allow higher edge densitities for the
steady- state operation modes. The compatibility of medium-Z impurity seeding
or flatter density characteristics with other operating constraints remains to be
demonstrated, so that the range of steady-state operation for the Technology
Phase of ITER can not be definitely established at the present time. In the
Physics Phase, steady-state operation can be studied at lower fusion powers and
acceptable divertor conditions without impurity seeding e.g. a 17 MW/m peak
power load, iniudkg physics safety and peaking factors, and a plasma edge
temperature of a few tens of eV. Such an operation point is shown in column (c)
of table IV-3 ("steady state initial physics test"), with a Q-value near 3 and a
neutron wall load near 0.3 MW/m . Such an operation will test the divertor and
current drive models. Depending on results, scenarios can be developed to
extend steady-state operation to higher fusion powers and Q-values.

(3) Hybrid operation scenarios

Although purely inductive ignited operation presently has the best
experimental and theoretical foundation, it has several potential problems for
reactor operation. These include the strict dependence of the burn duration on
the available inductive transformer flux, non-optimum (and time-evolving)
plasma profiler, vulnerability to disruptions, pulsed operation and fatigue leading
to limited integrated tarn times and, consequently, rather low end-of-life
fluences. In contrast, purely non-inductive, steady-state current drive offers, in
principle, an attractive reactor operating scenario, but also has several potential
problems which could undermine its viability as discussed in the previous
subsection. Between these two scenarios, various hybrid operation schemes can
be conceived. Possible schemes are summarized below.

(a) Non-inductive current ramp-up assist

In this scenario, non-inductive current ramp-up assist is used to save part
of the inductive flux during the current ramp-up, keeping approximately the
current ramp-up rate and the plasma density at approximately the same values as
those used for purely inductive ramp-up. Crude estimates show that somewhat
less than the resistive loss of transformer flux, e.g. a few tens of volt-seconds,
might be saved. Thus, comparatively short off-burn times (about 200 seconds)
and a low plasma temperature near die divertor can be combined with a limited
transformer flux saving. Using this scheme, it is possible to achieve a somewhat
longer burn time (Tables IV-2 and IV-4) and/or to operate at a higher plasma
current such as 28 MA.
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(b) Partial non-inductive current drive during burn

It is possible to achieve a relatively long burn time with a nigh density, low
temperature divertor plasma by driving a part of the current non-inductively. This
hybrid scheme offers em alternative method to achieve a high wall loading and a
long burn, as needed during the Technology Phase. Three examples of hybrid
operation are shown in Table FV-4. The first two cases have a peak power of
20 MW/m at the divertor including peaking and safety factors. Column (a),
with a low plasma current, appears favourable from the point of view of divertor
operation, the long pulse of 2500-3100 s, the reasonable fraction of non-inductive
current allowing control of the current profile, and modest radiative cooling.
Column (b), has a higher neutron wall load, e.g. 1.5 MW/m, but requires a
large radiation power loss of 310 MW with 0.15% of medium-Z impurities. In
both cases, the required H-value is about 2. In high current operation (c), a high
confinement margin is expected, e.g. the required plasma confinement would
only be 0.6 times that expected from the extrapolation of H-mode confinement to
ITER conditions or H=1.6-1.7. The pulse length for this case could be extended
to 780 s by using non-inductive current ramp-up assist; the heat fluxes are
somewhat high ( ~ 24 MW/m with the same physics peaking and safety factors)
but are probably manageable with appropriate sweeping.

IV.2.2.3. Plasma operate range and scenario in the Technology Phase

In the technology phase, ITER operation will be optimized for
engineering tests (see IV.3.). The optimized scenario will be clarified only by
operations during the Physics Phase, but uses a lower plasma current. The
machine, however, is designed to allow modification of in-vessel components and
the plasma configuration after the Physics Phase, if necessary.

Two essential issues during the Technology Phase are achieving plasma
performance adequate for testing purposes (i.e., neutron wall load and pulse
duration) and achieving reliable long-term operation of the plasma-facing
components. Illustrative examples of modes of operation under consideration
are given in Tables IV-3 and IV-4. Columns (a) and (b) in Table IV-4 are typical
long-pulse modes, while column (a) in Table IV-3 is a steady-state mode in which
the current is fully driven by non-inductive means (external power and the
bootstrap effect). Operation points near ignited burn lasting over about 400
seconds in purely inductive operation [columns (a) and (d) in Table IV-2] can
also be considered. An additional few hundred seconds of burn may be gained
by reducing the plasma current and/or by saving volt-seconds by non-inductive
current ramp-up assist; this would produce a total burn time of approximately
1000 seconds.

In general, a longer pulse and non-inductive generation of a larger
fraction of the plasma current lead to more demanding conditions for divertor
operation, since higher external power and/or lower plasma densities are
needed. In this sense, steady-state operation is an extreme case and is most
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demanding with respect to divertor operation. Only a better data base in plasma
edge physics, to be provided during the coming years, will determine which
modes of steady-state are feasible for the Technology Phase of ITER.

Among these modes of operations, column (a) in Table IV-4 appears
most viable from the viewpoint of divertor operation, impurity control, current
profile and confinement with a small plasma current of 15 MA, which minimizes
the probability and severity of disruptions.

IV.3. TESTING PROGRAMME [2j

The ITER objectives and characteristics contained in ANNEX I to the
Terms of Reference state that ITER will provide the data base "necessary for the
design and construction of a demonstration fusion power plant". To do so ITER
will serve as a test facility for blanket modules, tritium production, neutronics
studies and testing advanced plasma technologies, including high-heat-flux
components. An important objective will be the extraction of high-grade heat
from reactor-relevant blanket modules and testing of reactor-relevant materials
in a fusion environment, including advanced low activation and radiation resistant
materials.

Blanket designs and some materials proposed for DEMO and fusion
power reactors differ from those of the ITER driver blanket. These differences
arise because the ITER driver blanket Ls specified to operate at less demanding
performance levels ( e.g. coolant temperature and pressure) than in the DEMO;
the ITER design uses existing technologies and materials and puts great
emphasis on safety and reliability (e.g. excluding use of liquid lithium). Reactor-
relevant blankets, to be used for electricity production, should show
environmental and economic attractiveness of fusion. Accordingly they have to
operate at high temperatures and pressure, use advanced materials and operate
at higher specific heat loads.

To obtain test information suitable for fusion demonstration reactors
requires that the testing conditions be reasonably scalable. The minimum
neutron first wall load and fluence for DEMO are ~2 MW/m and
~ 10 MWa/m , respectively. Scaling by about a factor of two in power density
and possibly by a higher factor in neutron fluence is reasonable. The majority of
ITER parameters will most likely be lower than those of the DEMO and
commercial reactors. Therefore, modules have been designed using engineering
scaling to preserve important phenomena so that data from tests at "scaled down"
conditions can be extrapolated to reactor conditions. Engineering scaling
involves altering physical dimensions (e.g., increasing the thickness of a solid
breeder plate in a blanket to increase temperature differences and thermal
stress) and changes in operating conditions (e.g. reducing the mass flow rate of
the coolant to maintain coolant temperature rise). However, there are limits to
engineering scaling. Therefore, there are minimum values for the major device
parameters below which the test information is less useful, because results
become difficult to extrapolate to reactor conditions.
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Engineering seeding requirements are different for the various issues. In
general, it is found that it is nearly impossible to design a module that can
simultaneously provide testing for all the issues. Thus, several modules are
generally required, with each one properly scaled to obtain useful test
information for a subset of the technical issues.

IV.3.1 Testbg Requirements

The most important parameters which affect the value of testing are
neutron wall load, neutron fluence, and time-related parameters (burn time,
dwell time and continuous operating time). The requirements are based on
extensive analysis of the behaviour of nuclear components as a function of these
parameters. Table FV-5 summarizes the recommendations. Minimum values are
determined primarily from analysis of the important blanket phenomena under
scaled conditions. One can show that test device parameters below the minimum
value in any category will seriously limit the usefulness of nuclear testing for at
least one identifiable phenomenon,and thus results could be difficult to
extrapolate to reactor conditions under such circumstances. Table IV-5 also
shows the reference parameters for ITER in the long-burn hybrid operating
scenario. In every case, the design of ITER meets or exceeds the minimum
values.

Time-related parameters: burn, dwell, and continuous operating time
Steady-state operation is a highly desirable ultimate goal for ITER

during the technology testing phase,particularly from the standpoint of obtaining
acd sustaining equilibrium conditions during tests. Analyses show that if the
dwell time lies in the range of 200 s., then the burn time should be in a range of
few thousand seconds to maximize the relevance of extrapolation in some tests.
Continuous test periods of 1-2 weeks have been shown to be beneficial. Most
important tests can be completed within this amount of time.

Neutron fluence
Table FV-6 provides a summary of fluence effects on blankets and

materials in the range of values potentially available with ITER. Some low
fluence effects and subsequent impact on breeder materials performance can be
obtained at 0.1 MW-a/m . The effects of creep relaxation,solid breeder
sintering, cracking and swelling, helium embrittlement of all materials can be
studied with fluences between 0.1 and 1.0 MW-a/m2. Above 1.0 MW-a/m2

several individual effects and interactions are expected. Also, the current test
schedule provides for extensive use of sequential testing. Most tests have to be
inserted and removed over periods ranging from 1 to 3 years.

The fluence recommendations are based also on the need to perform a
sequence of blanket concept performance tests. Each of the tests would require
about 0.2 MW-a/m ; the complete set will take roughly 3 to 6 years at full power
and high availability ( ~ 25%), resulting in 1-2 MW-a/m of fluence.
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TABLE IV-5. NUCLEAR TESTING REQUIREMENTS -
SUMMARY OF RECOMMENDATIONS AND REFERENCE
VALUES

Device Parameter

Average neutron wall
load at the test module
HW/m2

Number of ports
Minimum port size

Total test area
Plasma burn time
Dwell time

Minimum
needed
for
scalable
tests

>1 m/m2

5

2-3 m2

10 m2

>1000 s
TBO*

"Continuous" test duration >1 week
Number of "continuous"
tests per year
Average availability
Annual neutron fluence
(at the test module),
Total neutron fluence
(at the test module).

2-3
10-15%

0.1 HW-a/m2

>1 HW-a/m2

ITER
Conceptua1
Design
Reference
Parameters
(Technology
Phase)

1.2 HH/l/

5

3.74 m2

18.7m 2
M

2500 s "
200-400 s

10-18%

0.19 HW-a/m2

1.53 HH-a/m2

Minimum acceptable dwell time is highly dependent on the design concept,
and is difficult to specify. Further analysis in this area is recommended.

**
Alternate plasma scenarios provide for steady operation.

Neutron wall load

The minimum acceptable wall load depends primarily upon two factors.
(1) Heat sources are directly proportional to the wall load. Most
thermomechanical and tritium-related phenomena in nuclear components
strongly depend on temperature profiles, which in turn are determined by the
heat sources. (2) The ability to achieve an adequate fluence exposure to test
modules in a reasonable amount of time requires relatively high wall load and
high availability.



TABLE IV-6. SUMMARY OF FLUENCE EFFECTS ON
BLANKETS

0.01-0.1 HH-a/m2 (at test nodule)
Some changes In themwphysical properties of
non-iretals occur below 0.1 MW-HWa/« (e.g.,
thermal conductivity)

•0.1-1 MW-a/m2 (at test nodule)
Several Important effects-become activated in
the range of 0.1-1 MW-a/ra
Radiation creep relaxation
Solid breeder sintering and cracking
Possible onset of breeder/multipiier swelling
He embrittiemsnt

Correlation of materials data with fission
reactors7and 14 MeV sources can be done with
1 HW-a/m

1-3 HW-a/mZ (at test module)

Numerous individual effects and component
(element) interactions occur here, particularly
for metals, e.g.:
Changes in DBTT
Changes in fracture toughness
He embrittlenient
Breeder burnup effects
Breeder swelling
Breeder/clad interactions

Past studies suggest that a wall load in the range of 1-2 MW/m is
adequate for thermomechanical and tritium testing. Useful testing at reduced
wall load is made possible by altering the design and operating parameters of the
test modules. Generally, bulk average temperatures are easy to maintain by
varying the coolant speed and controlling the amount of heat removed through
the heat exchanger. Temperature gradients within components are much more
difficult to maintain. Some control over temperature gradients can be obtained
by changing the thickness of blanket elements. However, if sizes are changed by
more than a factor of 2-3, new effects may arise and the overall geometry may
become less representative of a real reactor component. Surface heating is an
important aspect of thermomechanical performance, and care must be exercised
to maintain prototypical ratios of surface to bulk heating.

IV.3.2 Test Schedule

The overall test schedule is shown in Fig.IV-1.
The most demanding in terms of space are blanket tests.The list of

reactor relevant blanket types was overviewed with a worldwide participation of
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Fig. IV-1. Blanket test schedule



experts ( see report [4.3.1] for details ) and the most promising proposals were
integrated into four groups differing mainly by types of breeder and coolant,
namely:

-self cooled liquid metal blankets
-water cooled liquid metal blankets
-helium cooled ceramic breeder blankets
-water cooled ceramic breeder blankets

The space which would be required to test all proposed designs in
scalable models surpasses the space available on ITER. Thus a strategy was
developed for sequential testing which includes (1) small size submodule
performance testing (0.5-1.0 m of surface area),screened from the plasma by the
first wall of the basic device, (2) module (~3.0 m ) extended performance
testing without first wall screening at the end of test period and (3) full scale
segment/sector tests using up to 1/16 th of full surface area of the torus.

The number of design options will diminish in a succession of these
steps. Four central ports are required to perform all reactor relevant blanket
tests. Tests will be done in parallel during the Technology Phase with a. more
limited number of tests during the Physics Phase. Material testing and neutronic
tests require a space of one ITER port.

During the Physics phase, liquid metal blanket tests, solid breeder
blanket tests, neutronics and materials tests for plasma exposure will be
performed. The tests in the liquid metal port are focussed on MHD and
MHD/thermalhydraulics due to the effect of the ITER magnetic field on liquid
metal flow patterns and heat transfer. In addition, time is allocated for ancillary
system check-out in preparation for the technology phase. The solid breeder port
is to be used for system check-out and environment characterization for both
water cooled and helium cooled concepts. The neutronics port will be used for
tests of shielding performance and tritium breeding for all types of blankets. A
small portion of this port will be allocated for plasma exposure of material test
samples.

During the Technology Phase, five ports will be available for blanket and
material testing. The general approach to blanket testing is to first perform
screening tests or short-term performance tests of several designs using sub-
modules. The lead designs would then be selected for extended performance
testing to determine their potential for use in advanced reactors. Finally, DEMO
candidate blankets would be tested using full segments. The materials tests would
consist of irradiation of many small samples is a well characterized environment.
The tests would be conducted at different temperatures and neutron fluences,
and the samples would be removed or replaced at relatively frequent intervals.

Neutronics tests.
Neutronics issues include (1) the demonstration of tritium self-

sufficiency for the various test blankets, (2) verification of the adequacy of
current neutron transport codes and nuclear data in predicting key parameters as
tritium production rate, heating rate, gas production and activation, (3)
verification of adequate radiation protection of machine components, as well as
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adequate protection to personnel, and (4) confirming the safety factors
implemented in the design of the shield system to account for streaming through
gaps and penetrations. A number of these tests will be carried out prior to the
introduction of the test blankets in the machine.

Liquid metal blanket test
The liquid metal blanket test program in ITER includes self-cooled,

separately cooled, and water cooled concepts. The self-cooled designs use either
pure Li or Pb-17Li as the coolant/breeder, the separately cooled design uses
liquid Pb as the coolant with a Li breeder, while only Pb-17Li has been proposed
for the water cooled concept.

A test schedule for liquid metal modules testing is included in Fig. IV-1.
During the Physics phase a single test port will be shared between the self-
cooled, separately cooled, and water-cooled concepts. The type of tests to be
conducted in the physics phase are system check-out tests, MHD tests and
MHD-thermdhydrauIic tests. During the first two years the self-cooled blanket
vill be tested, with the first year devoted to check-out tests, and the second year
devoted to MHD tests. For the next two years, the water cooled blanket will
perform similar tests as well as neutronics and thermal hydraulic tests. During
the fifth year of the physics phase, a self-cooled module will be installed to
conduct MHD-thermalhydraulic tests. For all these tests, full modules (Ix3m)
will be used, and they will be completely enclosed in a separately cooled shell
with no first wall exposure to the plasma.

During the Technology phase, tests for self-cooled/separately-cooled
and water-cooled concepts will be conducted in parallel. In both cases, the first
two years of the Technology phase are devoted to screening tests using sub-
modules. Two to four sub-modules will be tested in parallel in each port. These
tests will be conducted at high temperatures using the actual materials (coolant,
breeder, and structural material) for advanced blankets. Short time tests are to
be performed to examine the overall performance of different designs.

Following the screening tests, the lead designs will be selected for
extended performance testing. For the water-cooled designs, full module testing
with the first wall exposed directly to the plasma will begin immediately. In the
case of the self-cooled designs, there is an intermediate test period with 1/2 size
modules. These tests will be conducted with the first wall exposed to the plasma,
and they will take place over a one year period. The self-cooled test program
then moves to tests of full modules. The aim of the extended performance tests
is to select the best candidate design for possible use as a DIiMO blanket.

During the last year of the technology phase, segment tests are
scheduled. A detailed design description of the test module is presented in [2].

Solid breeder blanket tests
The main technical issues for the development of these blankets include:

(a) characterization of blanket materials (breeders, structural materials,
multiplier) under fusion environment

(b) tritium transport in the design study
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(c) Study of the integrated blanket structure behaviour under high neutron
fluences and temperatures, stationary and cycling thermal stresses and
other stresses.

The test program in ITER for the solid breeder blanket foresees that
initially there will be 3 concepts for helium and 3 concepts for a water coolant.

The test program will be implemented as follows:
1. During the Physics Phase, a horizontal port will be allocated to the solid

breeder blanket. The purpose of the tests in this phase is to characterize
the neutronic environment, to check out blanket systems, and to check out
instrumentation.

2. During the Technology Phase, two solid breeder blankets will be tested: one
for designs with gas cooling and one for designs with water cooling.

3. During the first four years of the Technology Phase, three submodules will be
tested in each of the two ports available. Different design proposals from
national laboratories could be tested in this step.

4. During the following three years of the Technology Phase, a single module of
the chosen reference solution with helium and water cooling shall be tested
in each of the two ports. The three single modules for the three different
concepts will be tested successively for an additional period of one year each
if it appears to be necessary.

5. The tests of the submodules will be performed behind a first wall similar to the
driver blanket first wall. In case of a single reference blanket, the blanket
module will be tested for the first year behind a driver blanket-type first wall
and with its own first wall facing the plasma for the two remaining years.

6. For various designs it may be necessary to perform tests with complete
segments or even sectors during the final period of the Technology Phase
and during a possible extended phase operation.

Plasma facing component testing.
A limited amount of work has been done to identify the test

requirements for plasma facing components. The specification of the test
program is complicated by the close coupling of the plasma facing components
with the overall physics operation. Certainly, additional work is required to
specify a comprehensive test program. Engineering related tests are similar in
scope to those conducted on blankets, and they include the following types:
1. Thermal- hydraulics performance. Assess the capability of efficiently removing

heat from the impurity control system. These tests could be performed
using different coolants and/or higher coolant temperatures than the base
design.

2. Alternate pumping and impurity removal systems. Standard vacuum pumping
systems might be supplemented by advanced approaches such as helium
surface burial or He exhaust enrichment using palladium membranes.

3. Thermc-mechanical behaviour. Divertor plates subjected to high heat fluxes
and a high number of cycles will be subjected to high thermal stresses.

4. Extended performance of divertors. Over a long period of time, the effects of
surface erosion and neutron radiation will strongly influence the divertor
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lifetime. Extended tests are desirable to assess the capability for long
lifetimes.

5. Transient response. The response of the impurity control system to both
normal and off-normal transients needs to be determined. In particular,
surface erosion and electromagnetic forces during disruptions could severely
reduce the operating life.

6. Advanced divertor targets. Alternate designs, such as liquid metal droplet
divertors, have been suggested. Many of the engineering concerns with
standard plate designs would be eliminated, but new concerns will arise, and
the alternate concepts will need to be tested.

Material testing
The focus of the materials programme is to develop an understanding of

the effects of fusion neutrons on the behaviour of materials. The materials tests
have three primary objectives. The first objective is to establish the relationship
between radiation damage in a fission neutron spectrum and damage in a fusion
neutron spectrum. The resulting relationship will be used to provide a basis for
extrapolating fission reactor data to fusion DEMO fluences. Ths second
objective is to perform support tests to help interpret results of the integrated
blanket tests. Finally, surveillance tests of the materials used on the basic
machine are performed to determine whether these materials retain acceptable
properties for long-term operation. The materials to be studied are structural
materials, breeder materials, and special materials (magnet, high heat-flux, etc.).
The materials test programme consists of irradiating a large number (1000' s) of
small specimens of the candidate materials under a variety of test conditions.
A wide variety of properties are to be determined including microstructural
changes, measurements of swelling and creep, changes in thermophysical
properties, and changes in mechanical properties. Expected radiation effects on
the materials are shown in the Table IV-6.

Material testing is planned during eight years of operation in the
Technology Phase with several replacements of test samples. Surveillance tests of
plasma facing materials in the physics phase will be performed in a submodule of
the "neutronics test module".

Safety aspects of the test programme

ITER will be the first significant fusion test environment with plasma,
neutrons, and magnetic fields. The ITER testing value should be maximized,
subject to cost penalties, risk to the public, and risk to the machine. Areas of
concern for the testing program include potential thermal interactions and
chemical incompatibilities. These are discussed in detail in another ITER
publications [2].

ITER will provide substantial safety data, both planned and unplanned.
Data will include failure rates, failure types, failure effects, behaviour of
divertors, off-normal plasma behaviour, etc. As the design progresses, attention is
needed to insure that full benefit be obtainable from ITER, taking advantage of

102



SB/H2O

Ancillary Room 2

Material Tests
> (340 m*)

Materials
j

Water-Cooled
Solid Breeders

(450 m2}

PFCand
other tests

Ancillary Room 1

He-Cooled Solid Breeders
C70Om2)

Tritium Processing Room

space reserved j
for the test
program

Fig. JV-2. Space allocation during the technology phase

103



its unique testing environment and role as global fusion showcase, subject to not
endangering the machine or public.

Ancillary equipment, configuration and maintenance

Testing will be performed primarily through horizontal access ports
around the machine. The area of these ports is ~ 1.1m wide by 3.4 m high. Full
segment tests are proposed in the last year of the Technology Phase.

The current design of ITER allows for 3 full ports during the Physics
Phase and 5 full ports during the Technology Phase. Tests have been allocated to
ports according to the type of breeder and coolant. This provides the simplest
arrangement for ancillary equipment and the most compatibility between
submodule tests performed simultaneously within the ports. Ports numbered 8,
9,10, 12, and 13, which are to be used for the nuclear test program, are shown
schematically in Fig.IV-2. Detail requirements on the space for the ancillary
equipment and maintenance procedure are included in references [2] and [3].

IV.4 REFERENCES

[1] ITER Operation and Research Programme, IAEA/ITER/DS/No.23,
(1991).

[2] ITER Test Programme, IAEA/ITER/DS/No.24, (1991).
[3] ITER Assembly and Maintenance, IAEA/ITER/DS/No.34, (1991).
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V. PHYSICS AND ENGINEERING BASIS

V.I. PHYSICS BASIS

The physics basis of ITER has been developed from an assessment of
present tokamak physics and credible extrapolations of that physics. This
assessment has been carried out with the assistance of the international fusion
community, including participation by scientists from all of the major toroidal
experiments in the world and a large portion of the theoretical plasma physics
community. The basis consists of guidelines for energy confinement,
operational limits, power and particle control, disruptions, current drive and
heating, alpha particle physics, and plasma control. The development and
implementation of the guidelines has been an integrated physics-engineering
activity. In addition, a pre-conceptual design for plasma diagnostics for ITER
has been developed and a plan for the operational program has been defined.
For the cases for which the physics issues could not be fully resolved, a Physics
R and D program has beer, developed to provide the input required to
complete the physics basis for ITER.

Although the physics issues are closely linked, it is useful to divide
them into two groups: those that are related to achieving the level of plasma
performance necessary to meet the goals of the experiment and those that are a
consequence of the specific ITER design. The performance related guidelines
define the machine concept and parameters. They include the energy
confinement requirements necessary for achieve adequate plasma performance,
determined primarily by the plasma current and aspect ratio. They also
Include the requirements to obtain the MHD stability needed to minimize the
number of disruptions, determined primarily by the edge safety factor, beta
limit, and density limit. These guidelines, together with the engineering
considerations and the goals of the experiment, determine the overall machine
configuration and size.

The fusion power, the divertor heat loads, the disruption mechanical
loads, etc. are then determined by the configuration and size of the machine.
These specific aspects of the design lead to guidelines for particle and power
exhaust, disruptions, and for the auxiliary systems such as current drive and
heating, plasma shaping and control, fuelling, and plasma diagnostics.

105



TABLE V-l. SUMMARY OF ITER PHYSICS GUIDELINES

Units are mks, MA, MW, with n.g = <njlti m" > = volusne-average

electron density and T,g = (T/10 keV> = density-weighted average temperature

(Te - Tj « T). Nominal prof i les: n, T " (1 - r 2 / a 2 ) a n > T ; with a n - 0.5, Of

- 1.0. Where appropriate, one of two rules (x j y) may apply, referr ing to

("baseline performance" ! "extended performance").

Energy confinement: I 2 22 HA with A = R/a = 3 for ignited operation in

H-mode with Tr(required) * Tr (H-mode)

" 2 x ITER89

• ITER (89) L-roode confinement sea]ings: power(P) law and off-set linear (0L)

ITER89-P . 0 . 0 4 8 I
0 - 8 V - 2

a
0 - V l B ° - 2 ^ i K x / P )

0 - 5

ITER89-0L . Q m ,0.8 R1.6 a o i n0.6 j A y 0.5 ft 0.2/p

+ 0.04I
0- 5R 0- 3a 0- 8K x

0- 6A,°- 5! C '

where A. = 2.5 (isotopic mass for DT), K% = K(at X-point), n » line

-averaged density, P(HH) - net hP2t?ag power.

• ITER (90) H-mode confinement scaling:

Typically, X*-™** - 2 x TE
ITER89-p(L-node)

or TE(ELMy H-mode) " 0.75 x TE(ELM free H-mode)

with T,E
ITER90-HPELM-free) - 0.064 I 0 " 8 7 R1 '82 a 0 " 1 2

x n 2 0
0 - 0 9 B0-15 Kx

0-35 A, 0 " 5 P-0-5.

• Beta limit: $mx(%)

g s 2.5 ! 3.0 for ignition studies

g « 3.0 | 3.3 for steady-state operation

(current profile control is assumed)

• Safety factor: qqj(95%) = q,

^ 3.0 ! 7.1 for K = b/a < 2

q (95%) = 3.0 1 3.0 for K = b/a ~ 2 to 2.5

where q, - (5a2B/RI)[l + K2(l + 25 Z - 1.253)]/2 is the cylindrical

equivalent q and f(E) » (1.17 - C.65£)/(l - £ 2 ) 2 is the geometry

factor (£ = a/R).
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TABLE V-I. SUMMARY OF ITER PHYSICS GUIDELINES (conL)

• Density limit:

Imposes an upper limit on the plasma edge density. A tentative

characterization:

e . s 2 0 ^ p p V V o
where ng s 2 0

C n t (1020 n f3 ) - c r i t i ca l density at the separatrix.

q or perp.(MW/m) - mean heat f lux across the separatrix, and C ~ 0.5

(depends on configuration).

• Power and particle control:

Double null poloidal divertor with operational scenarios selected

such that peak plate power loads * 20 MU/nr and peak local

Te
div s 10-20 eV.

• Disruption characteristics:

thermal quench time 0.1-1 ms (up to 3 ms infrequently)

current quench time 10 ms

runaway electron energy up to 300 MeV

Zeff: ^mPur^ty anc*
fDT
fHe
fC
f0
fFe

2eff " >

" 1' 2 fHe- 6 f

= 0.1 !

= 0.009 + 0

- 0.001

= 0.0005(0.

.6 -> 2.4

thermal alpha fractions

c-8fQ-26fFe

0.05

.006(0.7/<n20>)
2-6

7/<n20±>)
2'3

for <n > (1.4 -> 0.7)

(fj = nj/ne)

D+T fuel ions

thermal alphas

Carbon

Oxygen

Iron

1 x 10 2 0 m"3

Heating and current drive: CD efficiency

(figure-of-merit) y - <n2o>ICDR'PCD

Heating: P a u x. n e a t 1 n g ~ 50 MW (CD system)

Bootstrap: Ibs/Itota] ~
 15"30%

CD: NB: Eton,""1-3*"'- Y K B " °-
5= Pbeam " 75

LH: fLH " 5 GH2. PLH " 50 MH

IC (alternative to NB): fjC ~ 18-80 MHz; y I C " 0.3;

PIC " 130 MH

Profile Control and plasma initiation: EC:

f£C " 120 GHz; P£C " 20 MH
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TABLE V-l. SUMMARY OF ITER PHYSICS GUIDELINES (conL)

• Internal inductance and beta poloidal:

0.55 s /.(3) s 0.75 al l scenarios

ft s 0.75 ignition studies

B * 2.0 steady-state/

where /,(3) - (2V/R) <Bp
2>/(fl0D2

• Loop vo1tage/Volt-seconds/Pu)se length:

Loop voltage: calculated using neo-classical resistivity + bootstrap

current

Volt-second capability: sufficient to achieve pulse lengths for:

Physics studies: pure inductive (ignition) a 200 s

(]p) = 0.75)

current drive (Q > 5) steady-state

Technology testing: long pulse (" 0.8 - 1.0 MW/m2) a 1000 s

with the assistance of non-inductive current drive.

The major goal of the Physics program of ITER is to establish the

physics basis for the design of a tokamak-based Demonstration Power Plant

(DEMO) [1]. This means that ITER must study long pulse (200 s to steady-

state), ignited plasmas. A 200 s pulse is longer than all of the relevant plasma

physics time scales except the time required to establish an equilibrium current

profile (about 1000- 2000 s). The DEMO plasma physics issues include:

- Energy Confinement

- Operational Limits and Disruptions

- Power and Particle Exhaust

- Plasma Shaping and Control (including burn control)

- Plasma Heating (including heating by auxiliary systems and alpha particles)

- Extension of the Pulse Length and Profile Control by Non-inductive Current

Drive

ITER will address all of these issues.

Operational flexibility has been strongly emphasized in the design to

provide margin for uncertainties in the physics guidelines and to ensure that

there will be a choice of operating scenarios. This includes the flexibility to

operate with a range of plasma currents and incorporation of flexibility La the

heating, current drive, fuelling, and power exhaust systems.
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An important element of the physics program is adequate diagnostic

capability. A full set of plasma diagnostics is planned for tht physics phase [23]

and a reduced set will be used during the technology phase to free up port

space for technology test modules [4]. A six year operational program is

planned for physics studies [2,5].

In many cases, the physics information available to determine the

guidelines and physics requirements is either incomplete or leads to

specifications that place severe demands on the engineering design, in which

case the development of alternative approaches would be desirable. A Physics

Research and Development Program has been developed for the ITER

Conceptual Design Activity to address these issues [6,7],

A summary of the guidelines are listed in Table V-l.

V.I.I. Performance-Related Physics Guidelines

The performance-related physics guidelines, together with the

engineering constraints, determine the size, configuration, and radial build of

ITER (Figure V.I). The first requirement is that ITER have sufficient energy
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Fig. V.I. Schematic radial build of ITER

confinement to achieve ignited plasma conditions. This means that ITER

should be capable of achieving an nD T(0)Tj(0)tE of about felO21 keV

s/m3[8], where nD T (0) is the central DT density, Tj(O) is the central ion

temperature and Tg is the global confinement time. This translates into

requirements for the minimum plasma current Ip, and plasma size, and for the

aspect ratio (A=R/a). The second requirement is that ITER have sufficient

MHD stability that the number of plasma disruptions can be kept to a

minimum This translates into requirements for the mmimym MHD safety

factor at the plasma edge, q^gg, and provision for operation sufficiently below

the (5 limit. These MHD stability considerations set constraints on the plasma
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size, elongation, plasma current, and toroidal field. The major engineering
constraints that contribute to the size arc the thickness, dgg, of the shielding
needed to reduce the neutron heating of the superconducting coils to an
acceptable level and the maximum magnetic field B j u ^ at the toroidal field
coils consistent with the stress limits of the coils. Space for a central
transformer capable of providing the inductive flux to drive the required current
is necessary.

The definition of q j = Sa^fRl and B ~ 1/R can be used to
illustrate how Ip, A, a, R, B T m a x , dBS, and qcy] are related[9]:

" " [ I p A ^ / S I W + <%!*]/( A - 1 ) (1)

Energy Confinement

The energy confinement requirements determine I and A. An
algorithm for predicting the energy confinement time for experiments such as
ITER is required to calculate the required I . Although there are indications
that the transport losses in fokamaks are due to either short wavelength
turbulence or to magnetic perturbations consistent with "gyro-Bohm"
constraints [10], the theory of these non-linear processes has not been
developed to the point where it is reliable for quantitative predictions. We have
therefore relied upon empirically based scalings for Tg developed from data
from the major tokamak experiments. The scalings approximately satisfy the
"gyro-Bohm" constraints; however deviations cannot be ruled out [10].

JTER is designed to operate with the H-mode, a regime in which the
best energy confinement has been obtained. When the 1TER Conceptual
Design began in 1988, H-mode data were too sparse to develop an explicit
H-mode scaling for Tp. However, the experimentally observed H-mode
confinement time, Tg m e , was generally about twice the L-mode
confinement time, xE^mode, Le. T E

H - m o d e ~ 2x-c E
L - m o d e . This

prescription was therefore adopted for ITER. The initial guidelines for
XE m were based on a number of scalings for L-mode confinement [e.g.
Goldston[ll], Kaye-Goldston[12], Odajima-Shimomura[13], Rebut-Lailia[14],
T-10[15],...]. These scalings were developed by an analysis of the L-mode
confinement database assembled in 1983 from experiments such as POX,
ASDEX, ISX, DITE, Dm, JFT-2M[12], or analysis of data from one of the
larger experiments operated after 1983 such as JET, TFTR, Dffl-D, and JT-60.
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While they were generally successful in predicting the results of the larger
experiments, their predictions for the confinement time in ITER differed by as
much as a factor of 4. The dependence of Tg on aspect ratio and other
parameters also varied among the scalings. The sensitivity of the predicted l g
to the choice of the aspect rr.iic and the lack of aspect ratio variation in the
data, particularly for large plasmas, led to a choice of an aspect ratio close to
that of the major tokamak experiments ( A • 3) to minimize the physics risk.
On this basis and assuming the impurity level listed in Table V.I, a plasma
current of 22 MA was specified to give a sufficiently large nDT(O)Tj(O)t£ [16].

The ITER team assembled L-mode confinement data from
experiments that had operated since 1983 (JET, JT-60, TFTR, DIII-D,...) to
augment the older database[17]. A log-Iinear(power law) and an offset linear
scaling were then developed from this database (ITER89-P and
ITER89-OL[18] , c.f. Table 1). Comparison of the ITER89-P scaling with
existing H-mode data indicated a guideline for the calculation of Tg m e

by using T g H ' m o d e ~ 2xTg I T E R 8 9 ~ P continued to provide a reasonable
representation of the H-mode data. This analysis also has identified as the
collinearities in the data as the cause of the multiplicity of scalings. Three
components", that is combinations of parameters in the database, a shape
factor, fs, a q factor, f , and a field factor ffs, vary little over all of the data
(Figure V-2)[8,18]:

shape: f& = 032 R a^075 Kx°-5 = 1 + 0 . 1 ,
q: fq = 5a 2 BK /3.2IR = 1 ± 0.35
Field: f^ = B (KjRf-9 (0.32/g0 4 = 1 ± 0.2.
Almost all of the existing tokamak scalings can be cast in the form:
TEL-mode _ T E I T E R 8 9 - P f a f p f f y

lYl <0A

For instance, the Goldston scaling [1] can be reproduced with a = 0.4,
(5 = -0.15 and |yl = 0 . The values of f and f̂  for ITER are within the
range of the database, so that the extrapolation uncertainty in these parameters
is small. However, f = 1.6 for ITER, and the extrapolation in f.is therefore
uncertain. The need for new data with fs = 1 was emphasized in the ITER
Physics R and D program and experiments were carried out on JT-60[19] with
fs 1.4 and on TFTR[20] with fg spanning the range 0.8 to 2. These
experiments indicated that |<X| < 0.2, generally confirming the aspect ratio
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scaling of the ITER89-P scaling and reducing the uncertainty associated with
scaling to ITER conditions.

Although T E
H " m o d e appeared to scale like x^~mode, a scaling for

TE m o based on the analysis of H-mode confinement data is needed. A
collaborative effort of the JET, ASDEX, DHI-D, JFT-2M, and PDX/PBX-M
teams was organized for ITER to assemble and analyze a database of H-mode
confinement data[10]. The data indicate that, among all of the usual L-mode
scalings, the ITER89-P scaling most closely matches the parametric
dependencies of the data. T E

H - m o d e = 2.02 x xE
rrER89-p fits the data with

a standard deviation of 18 % while the other scalings such as Goldston and
Kaye-Big have standard deviations of 27% and 24%. The multiplier of 2.02 is
consistent with the earlier assumption that T E

H " m o d e = 2.0 x TE
L"m o c l e

(Figure V-3).

However, since the rms error for a free fit (Table V-l) to the data is
only 12%, even the ITER89-P scaling is not a very good fit for the H-mode.
The ELM-free data (data which is free of intense MHD activity at the plasma
edge) is the best statistically conditioned data in the database and the H-mode

112



0.01 0.1 1

ITER-89 Power law scaling (s)

10

experimental ITER89-P
Fig. V.3. TE vs rE for the ITER L-mode

and ITER H-mode databases

fit now included in the guidelines (Table V.I) was developed for that data. This
fit predicts t E

H " m o d e ~ 5.9 s for ELM-free ignited operation of ITER.
However, ELM-free operation usually leads to accumulation of impurities
which can be avoided with high-frequency, low amplitude ELM'spl]. ELM's
generally reduce Tg by about 25 % so that the expected Tg for ITER is about
4.4 s, providing some margin over the 3.8 s needed for ignition and the
requirement for 22 MA of plasma current. The work of development and
analysis of this database has just begun and will continue through the EDA.
Just as was the case for the L-mode data, there is significant collinearity in the
H-mode data, and experiments are planned to provide data to reduce the
collinearity.

The empirical approach to prediction of the energy confinement times
for ITER has limitations. First, more experiments are needed to span the data
space to reduce the collinearity problems. Secondly, radial profile effects need
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to be included. The heating profile affects the global confinement, and could
be responsible for some of the collinearity in the database as well. Reduced
neutral beam penetration at higher plasmas densities can reduce the positive
dependence of T.p on density and increase the negative dependence on heating
power. To the extent that density and plasma current are correlated, the
dependence on plasma current may be affected. The difficulty of including
these effects in a global database emphasizes the importance of collecting and
analyzing a database of profile data. Such a database is being to be assembled.
Thirdly, it is important to develop an improved capability for predicting the
energy confinement time based on physics models. A strong effort to identify
the physics mechanisms responsible for energy transport is an important
element of the international fusion research programs. In that respect, analysis
of the data in the L-mode and H-mode databases indicates that the data is
highly consistent with the high ^-coUisional constraints (e.g. [22]) and
generally consistent with the "gyro-Bohm" constraints imposed by short wave-
length turbulence and several other models [23]. However, the data are neither
sufficiently well conditioned statistically nor extensive enough to exclude
deviations from this scaling.

Given the uncertainties in extrapolating the level of energy
confinement for ITER, provision for operational flexibility has been a high
priority for the design. Experiments indicate that energy confinement can be
improved by optimization of the heating and plasma current profiles. Alpha
particle heating will provide a highly peaked central heating profile and the
profiles for auxiliary plasma heating can be varied using the high energy neutral
beam and electron cyclotron heating systems. The neutral beam, lower hybrid,
and electron cyclotron current drive systems will allow partial control of the
current profile which will also keep the radius of the q — 1 surface of the
plasma from becoming too large. Pellet fuelling will allow partial control of the
density profile. In addition the basic device has the potential for limited
operations at 25 MA (full inductive ramp-up) and 28 MA (with LH current
ramp-up assist) for a burn time of about 50 s ( albeit with a lower
with some redesign of the internal components for 28 MA).

Operational Limits and Disruption Avoidance

The second set of major physics constraints for ITER derive from the
requirement that the number of plasma disruptions in ITER be tninimi7P.fi to
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the extent possible. This means that the operating point must be sufficiently far

from the MHD operational limits for ($, c ^ w , and the plasma density.

Based on an assessment of the MHD stability achieved in present

experimentsf e.g. 21,24], and extensive theoretical studies [8], a guideline of the

form (3 = gl/aB was chosen for computing the maximum beta for ITER

(Table V-l). Based on experimental results and theoretical calculations, the

guideline for g has been chosen conservatively to be 2.5 for inductively driven

operation and 3 for operation for which the current profile can be controlled by

non-inductive current drive. The experimentally observed beta limits are in

close agreement with those predicted by ideal MHD theory. DIII-D has

achieved |$'s of 11% transiently and 8% in steady state, corresponding to g*s of

3.5 and 2.8 respectively [e.g. 21]. The data from DIII-D and PBX/M[24] are

generally consistent with a maximum transient beta at values of g ~ 35 , but

long pulse stable operation appears to require a slightly lover g. Profile effects

are important and recent experiments on Din-D[25] and analysis of candidate

ITER plasmas [Figure V-4] indicate that g*s of 4 to 5 can be obtained with edge

q's higher than 4 or 5 and appropriately broad current profiles.

1.0

0.8-

0.6-

0.4

Fig. V.4. Calculations for ITER of the unstable operating
regions as a function of the edge safety factor q^ge and

the internal inductance, /,
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Experimental studies on Dffl-D[25], PBX/M[24], and other tokamaks

indicate that plasma elongations of ~ 2 can be formed and controlled. The

stability and MHD behavior of these plasmas can be predicted very well using

present computational models. Since qg^g ~ a B (1+K ) / R I , elongating

the plasma is useful for increasing the plasma current to increase Tg and

for a fixed Oe^o. magnetic field, major and minor radius.

The minimum value for qgjjog has been set at 3 due to both MHD

stability and energy confinement considerations. As q ^ w decreases below 3,

the frequency of disruptions increases and the operational window narrows

(Figure V-4). This is partially due to the reduced shear between the edge and

the q = l surface and to the increase in the radius of the q = l surface. In

addition, the improvement of Tg with plasma current tends to saturate for

IQAOQ < 3. Recent analysis of DITJ-D has indicated that the saturation of Xg

with ID for q < 3 is due to poor beam penetration and sawtooth oscillations

since I and ng are correlated and the sawtooth inversion radius increases as q

is reduced [26). Centrally peaked alpha heating and control of the m = 1 activity

may therefore offer some margin in the minimally acceptable qecjBe> although

the reduced shear as q^^g decreases reduces the stability margin for highly

peaked pressure profiles.

ITER operational scenarios call for a volume averaged electron density

of 7 x 10 m up to 1.5 x 10 m . The experimental evidence indicates that

the density limit observed in present experiments is due to a limit in the edge

density [27]. Most of the data supports the picture that, in the absence of

sufficient heating power, densities at the edge above a critical value lead to

rapid cooling of the edge plasma, and shrinkage of the current profile, followed

by a disruption. The usual empirical scalings, such as those of Hugill or

Greenwald [8], are not consistent with the experimental scaling studies with

respect to q, B and P m D U t , and do not reflect the dependence of the density

limit on the edge density. The ITER group has thus developed and calibrated a

model for the power balance in the edge which does reproduce the observed

scaling in the experiments. Extrapolations to ITER conditions indicate that

operation of ITER will be close to the density limit, so that model development

and validation is an important Physics R and D task to improve the predictive

capability.

Efficient alpha particle heating will be necessary to achieve ignition

with 22 MA (Section 2.4). The main issues related to alpha particle heating

include loss of alphas due to ripple in the toroidal field and to MHD activity,
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collective effects due to the fast ion population, and control of the plasma burn.
Detailed calculations indicate that the ripple losses are expected to be in the
range of 1 to 3% [8]. Although not a serious effect for plasma heating, these
losses can lead to large localized peak heat loads on the first wall. The
calculations indicate that the peak heat loads will remain below ~ 0.5 MW/tn
provided the first wall tiles have been appropriately designed.

Experiments and theoretical analyses have been ongoing to assess the
potential impact of possible collective effects due to a fast ion population, such
as destabilization of Alfven waves and MHD modes and the consequences
resulting from such instabilities. Initial studies of the Toroidal Alfven
Eigenmode suggest that it would be stable for the parameters of interest to
ITER[8]. However, recent studies indicate that, if the P~ profile is sufficiently
peaked, the mode may be unstable, and further studies are required, including
fast ion simulation experiments and eventually operation with JET and TFTR.

Stable operation of ITER will require control of the level of alpha
heating. The present strategy calls for operation of the plasma in a driven
mode at conditions just short of ignition. With a Q (fusion power/auxiliary
heating power) of ~ 40, this can be accomplished with ~ 30 MW of heating
power.

Based on these considerations and an assessment of tokamak physics
and operating experience, the general physics characteristics and concept for
ITER can be defined (Table V.2).

V.1.2 Design-Specific Physics Guidelines

The physics requirements in Tables V-l and V-2, together with
engineering constraints lead to the design parameters for ITER (Table V-3).
The high levels of alpha particle and auxiliary heating power (200 to 300 MW),
coupled with short power scrape-off widths of ~ 0.5 cm, lead to high peak heat
fluxes on the divertor plates. These in turn can lead to high levels of sputtering
erosion of the divertor plates and subsequent impurity contamination of the
bulk plasma unless the edge plasma conditions are "artfully controlled.

Sustaining a fusion power of ~ 1000 MW requires the removal of
approximately 4 x 10 He atoms/s by the pumping system. The DT fuel
converted to the "ash" plus the DT pumped away with the He "ash" must be
replaced by the fuelling system.
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TABLE V-2. GENERAL CHARACTERISTICS FOR ITER

- l p
r

-A
P

~ 20
~ 2.5
~ 2.5

MA
- 4.0

-3xI/aB
~ 3

"k<p95% ~ 2

- Foloidal Divertor for Power and Particle Control
- Auxiliary Heating with Neutral Beams, ICRF, ECRF, or LH
- Current Drive with Neutral Beams, LH and possibly with ICRF,
supplemented by the Bootstrap Current.

- Disruption Frequency as low as possible

TABLE V-3. DESIGN PARAMETERS OF ITER

R
a
I
B

6m
2.15 m
22 MA
4.85 T

fusion
pa
Wthermal

poloidal

1000 MW
200 MW
600 MJ
600 MJ

(~4xl020Heatoms/s)

(P~4%,g~2)

The large plasma currents and stored thermal energy lead to strong
electromagnetic forces on the tokamak structure from eddy currents induced
during disruptions and to high peak heat fluxes on the plasma facing
components during disruptions.

Approximately 50 MW of auxiliary heating is needed to heat the
plasma to ignition. Depending on the density, approximately 100 MW of
current drive power is needed to drive the part of the steady state plasma
current of 15 - 20 MA not provided by the bootstrap effect.

To achieve the level of plasma performance potentially allowed by the
performance guidelines, especially for long pulses, ITER must be designed to
provide adequate power and particle control, to survive plasma disruptions, and
to provide successful operation of the auxiliary systems for current drive and
heating, plasma shaping and control, and fuelling. In addition, the diagnostics
for the plasma must be adequate to provide the information necessary to
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control the plasma, to monitor the performance of the tokamak, and to
measure the ITER plasma parameters necessary for the physics program.

V. 1.2.1 Power and Particle Control

The ITER power and particle control system must remove about 200
MW of alpha heating power and about 120 MW of the auxiliary power provided
for current drive. This power exhaust must be accomplished in conditions that
allow operating lifetimes on the order of a calendar year or more for the
plasma facing components and do not lead to excessive plasma contamination.
In addition, the He ash must be pumped with a reasonably sized pumping
system.

The system is based on a double null poloidal divertor (Figure V-5).
The main advantages of a divertor are that a cool ( ~ 10-20 eV), dense
( ~ 4-6 x 10 m ) plasma can be formed at the divertor plate due to intense
local recycling. The low divertor plasma temperature, T^y, minimizes the
damage and erosion of the divertor plate and the production of impuritfes
which might contaminate the plasma. The high particle flux and resulting high
density leads to high gas pressures which minimize the size of the pumping
system required for helium ash exhaust. This type of divertor operation has
been verified on DIII[28], ASDEX [29] and other divertor experiments.

Graphite-based materials have been selected for the divertor plates
and first wall tiles for the physics phase due to their refractory properties and
wide operational experience in present tokamaks. The projections for the
plasma performance of the ITER divertor have been based on two dimensional
computational models which include detailed treatments of the important
atomic, molecular, and surface processes and which have been validated as
much as possible by comparison with tokamak experimental data with limiters
and divertors [8, 30]. However, the present database is insufficient to resolve
many of the modelling uncertainties.

The models predict that low temperature ( ~ 10-20 eV) operation of
the divertor should be possible for ignited operation in which the edge density
is relatively high ( >_ 3 x 10 m ) and the total power incident on the divertor
plates is roughly 100 MW; the other 100 MW is radiated to the wall as
bremsstrahlung ( ~ 60 MW ) and impurity line radiation ( ~ 40 MW, mostly
from the plasma edge). In this case, the net erosion rate of the graphite
divertor plates is predicted to be sufficiently low that the sputtering lifetime of
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Fig. V.5. Schematic illustration of high recycling operation
in the ITER divertor

the plates is likely to be longer than the physics ph^se, provided that the
separatrix can be swept across the divertor plates sufficiently rapidly that the
divertor plate surface temperature remains below about 1000°C.

This result is very sensitive to the power scrape-off width. The best
present estimate for that width is ~ 0.5 cm at the plasma midplane for ITER
conditions. In the design, the effective area for power removal is increased a
factor of four by the expansion of the field lines near the divertor, and by an
additional factor of four by tilting the plate 15° with respect to the poloidal
field. This results in a time-averaged peak power flux on the plate of
~ 8 MW/m and a plasma temperature of ~ 10-20 eV at the divertor plate for

120



ignited operation including the penalties due to uncertainties in the edge
transport, asymmetries in the power fluxes, and other effects as well as the
improvement due to separatrix sweeping (+_ 12 cm) at an adequately high
frequency.

Technology phase operation will require extending the pulse length to
at least 1000 s. This can be accomplished by lowering the plasma current
sufficiently to obtain additional volt seconds and by driving non-inductively part
or all of the current not driven by the bootstrap effect. Both the current drive
power, P Q ) , an<^ ^ e pl^nM temperature in the divertor, T^y, must be
minimized simultaneously. Since P/^n ~ n ( n is the electron density at the
separatrix at the plasma midplane) and T^v ( P a + P^rj) / n

e »the high

density necessary for acceptable divertor conditions is in contradiction to the
low density needed for efficient current drive and acceptably low current drive
powers. Furthermore, the power to the divertor is larger than for ignited
operation due to the power required to drive the current. To resolve this
dilemma, long pulse operating modes have been developed for which the
density is sufficiently high that the divertor conditions are acceptable and
sufficiently low that a large enough portion of current can be driven so that
pulse lengths greater than 1000 s can be obtained.

Although steady state operation would have many advantages for the
technology phase, it imposes the most demanding requirements since all of the
current must be driven non-inductively, except (hat due to the bootstrap effect..
The additional current drive power and lower density lead to high peak heat
fluxes and high plasma temperatures at the divertor plate. For such conditons,
present modelling indicates that catastrophic carbon release due to sputtering
and radiation enhanced sublimation (such as observed in JET [51] and other
experiments) wil lead to catastrophic carbon release. The reference
specifications for the divertor conditions with steady state operation are based
on the present models and may be too severe due to the uncertainties in the
cross field plasma transport which determines the scrape-off width for the
power, radiation losses due to impurities, the degree of ergodization of the
plasma edge, the potential for flatter density profiles, etc. However, it is clear
that a high edge density is required for acceptable divertor conditions, adequate
He pumping, and impurity retention. Improved model validation and
measurements of divertor performance in prototypical conditions are required
to clarify the issue.
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While the sputtering erosion of graphite-based materials in the physics
phase is anticipated to be acceptable, the integrated burn time in the technology
phase will be 10 to 10 times longer so that sputtering will likely lead to the
need for frequent replacement of the divertor plates. In addition, graphite-
based materials have significant drawbacks in terms of hydrogen and impurity
retention and are susceptible to radiation damage. Thus, while graphite-based
materials may prove to be acceptable for the Technology Phase , alternative
materials for the technology phase such as Be and W are being assessed. If
temperatures at the divertor plate in the range of 10-20 eV or lower can be
obtained, then the high sputtering threshold of tungsten would lead to very low
erosion rates and long divertor plate lifetimes. However, even a very low level
of tungsten contamination of the plasma would prevent ignition
(nyy/ne ~ 10 7. Experience with high-Z divertor plates is very limited (TiC
coated Mo in JT-60 ) and the testing of high-Z divertor p'ates in tokamak
experiments is a task for the ITER EDA Physics R and D Program. The
operational experience with Be in divertor tokamaks is also limited, but the
initial results in JET are promising [51].

Calculations of the pumping requirements for helium exhaust using the
detailed models described above indicate that the proposed pumping speed
should be adequate provided that the transport of helium ions from the plasma
center where they are produced to the edge where they can be pumped is
sufficiently rapid. Experimental results from TFTR[31], TEXTOR[32], and
JT-60 [33] indicate that the ratio of the particle confinement time for the
thennalized alpha particles to the energy confinement time, t a /X E , is between
1 and 3, so that, at least for L-mode conditions, the ratio of the alpha-particle
density to the plasma density, *Wne, in the plasma core should not exceed the
value adopted in the guidelines (10%, Table V-l).

V. 1.2.2. Disruptions

Based upon a preliminary survey of the available disruption data and
operational experience in tokamaks, guidelines for the timescales of the
thermal quench and current decay, the location and magnitude of the peak heat
fluxes, the energy and currents of the runaway electrons formed during
disruptions, and the behavior of the plasma during the loss of position control
leading to or occurring during a disruption have been developed (Table V-l)
[8,27].
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During the thermal quench phase, a large portion of the plasma
thermal energy ( ~ 500 MJ ) can be deposited on the plasma facing
components in 0.1 to 1 milliseconds, leading to erosion and damage of the
divertor plates and first wall tiles. The plasma current can decay in about

~ 10 milliseconds, inducing eddy currents in the structure and causing large
impulsive force loads. Runaway electrons carrying up to half of the pre-
disruption plasma current can be formed and accelerated during a disruption to
energies of about ~ 300 MeV, leading to the possibility of damage of the first
wall components. Such damage due to high energy runaway electrons has been
observed on JET[34], TFTR[35], and TORE-Supra[36].

Motion of the plasma into the plasma facing components due to loss of
position control is expected to lead to large poloidal currents in the components
and the supporting structure and to produce large forces, as observed in
Dffl-D[21], JET[37,38], and PBX/M[39].

Although guidelines for the magnitude and frequency of these events
have been drafted, much more information is needed. In particular
measurements are needed to determine the timescales for the thermal and
current quench more precisely, the energy deposition profile during the energy
quench and the conditions which determine the runaway production. A
relatively modest experimental program focussed on these topics should yield
the necessary information in the next few years.

Given the severe impact of disruptions for ITER, their magnitude and
frequency must be minimized. Operational experience with present
experiments indicates that, with proper attention, the frequency of disruptions
can be reduced to 2 to 5% [40,41]. This is marginally acceptable for the physics
phase, but must be further reduced to ~ 1 % for the technology phase. This
should be possible if 1) plasma conditions close to the operational limits (beta,
density,...) are avoided, 2) plasma position control can be maintained as much
as possible, even after the disruption, 3) proper start-up conditions are
provided, 4) machine fault conditions (broken tiles, heating system failures,
leaks, etc.) are minimized, and 5) the current profile is partially controlled by
non-inductive current drive. Work on active control techniques such as
feedback control of the m=2 tearing mode and control of the current profile
near the q=2 surface is just beginning and needs increased emphasis. A major
concern is the identification of pre-disruptive conditions early enough to
activate control mechanisms and thereby avoid subsequent disruptive behavior.
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V. 1.2.3 Aivdlimy Syjtems

In addition to the issues associated with power and particle control and

disruptions, there are important physics aspects for the design of the auxiliary

systems which are used to heat and control the plasma, to drive the plasma

current, to fuel the plasma, and to measure the plasma parameters. In each of

these areas, there is a good fundamental understanding of the relevant physical

processes so that the physics performance of these systems can be predicted

confidently.

Current Drive and Heating Systems

The Current Drive and Heating systems are required to: 1) provide

ionization and preheating to assist in the initiation of the plasma current, 2)

provide or facilitate non-inductive assist of the current ramp-up including non-

inductive ramp-up of all of the plasma current, 3) drive all or a portion of the

plasma current for steady state or long pulse operation, 4) provide flexibility for

control of the current profile, 5) heat the plasma to ignition, and 6) heat the

plasma during driven operation with enough flexibility to provide burn control

[8,42, 43]. Extensive analysis using experimentally validated theories and

models has determined the design requirements for the current drive and

heating system (Table V-l).

Due to the low resistance of the ITER vacuum vessel and structure,

plasma breakdown and current initiation must be achieved with a relatively low

toroidal electric field of ~ 0.3 V/m in the presence of the stray fields due to

eddy currents. About 10 MW of electron cyclotron (EC) waves at 120 GHz can

accomplish start-up on the outboard side of ITER as observed on DIII-D[44]

and other experiments. Increasing this to 20 MW offers the capability of partial

control of the current profile for disruption control and profile optimization. In

addition, non-inductive current ramp-up or ramp-up assist can be provided with

~ 50 MW of 5 GHz lower hybrid (LH) waves to conserve volt seconds and

extend the burn pulse.

The reference current drive system utilizes 75 MW of 1 3 MeV neutral

beams and about 30 MW of 5 GHz LH waves to drive IS to 22 MA of plasma

current. The neutral beams provide current drive in the plasma center and

lower hybrid waves are used to broaden the current profile. The neutral beam

energy is determined by the requirement that the beam penetrate to the plasma
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center. The LH waves will be absorbed in the outer portion of the plasma.
Extensive operational experience and a good understanding of the underlying
physics exist for current drive with neutral beams and LH wavesf c.f. 8,16, 45].
The alternative current drive option replaces the neutral beams with ion
cyclotron (IC) waves. While IC systems have potential engineering advantages,
the current drive efficiency is expected to be about 40% lower than for neutral
beams, so that more IC power would be required. Experiments are also
needed to demonstrate that IC waves can drive current.

A portion of the plasma current is expected to be carried by the neo-
classical bootstrap current. The existence of this theoretically predicted current
has been confirmed by experiments on TFTR[46], JET[47], Dm-D[21],
ATF[48], JT-60[49], and many other experiments. On JT-60[49] and TFTR[46],
up to 75 - 80% of the current has been carried by the bootstrap current.

Plasma Shaping and Control

Because the ITER plasma will be highly shaped (K ~ 2) and will
require the flexibility to operate at high Ptoroidjj and high Ppoioidal> P^s™*
shaping and control are important. A set of fourteen poloidal field coils located
exterior to the toroidal field coils will provide shaping. Plasma control will be
provided by active feedback of the currents in the external coils plus two
internal control coils and by passive stabilizer elements close to the plasma [50].
Extensive experience with high |$ plasmas with elongations comparable to 2
has been obtained on DHI-D [25] and PBX/M [24] (K ~ 2.5 - 3). JET [51]
routinely operates with high elongations as well (K ~ 1.5). The major
requirements are:

1) to ensure adequate shaping of the plasma equilibrium for the necessary
range of plasma pressure and current profiles to provide the desired
operational flexibility [9,50],

2) to provide the current waveforms necessary for the reference time
dependent plasma scenarios, providing in particular the inductive flux
necessary to produce and sustain the plasma current [9,50], and

3) to provide adequate plasma position and stability control [50].

To develop the design, sophisticated computational models have been used
which have been benchmarked extensively against tokamak operational
experience so that the confidence in the design basis is high.
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Fuelling is necessary to replace the deuterium and tritium either
burned up by the fusion reactions or pumped away by the He exhaust system
and to control the total plasma density and density profile. Fuelling will be
accomplished by a combination of gas puffing and pellet injection [8,52]. In
particular, the ratio of the tritium injected by the fuelling system to the tritium
pumped by the He exhaust system should be as large as possible to minimize
the tritium inventory and tritium gas handling and separation requirements.
Gas puffing fuels the plasma via the scrape-off layer. The resulting density
profile depends on inherent transport processes. To permit a degree of control
allowing more peaked density profiles than the baseline gas puffing case, pellet
injection is provided. Pellets launched at ~ 1 km/s would penetrate inside the
separatrix or those at ~ 5 km/s would penetrate to ~ 1/3 of the minor radius.
The relative merits of fuelling of each of these techniques need to be
determined. Pellet ablation and particle transport physics is an important part
of the Physics R and D program. Present experiments indicate that the
penetration of pellets with v ~ 1 km/s is proportional to v ye t [53], but
data is unavailable for higher velocities. Given the importance of of controlling
the plasma density and density profile, the design philosophy has been to
provide as much flexibility as practical for fuelling.

Plasma

To achieve these goal of providing the physics data base for the design
of a demonstration power plant, ITER must be equipped with as complete a set
of diagnostics as is necessary to provide reliable and detailed measurements of
the plasma behavior for all phases of operation [2,54]. During the physics
phase these diagnostics will be needed to guide the experimental program
through the exploration and optimization of various modes of operation. The
objective will be to explore the ignited regime, both to establish the limits to the
operation and to advance the understanding of the physics of an ignited plasma.
In addition, the plasma diagnostics on ITER must provide signals for feedback
control of plasma parameters and has to provide preventive warning of
disruptions and other potentially damaging events.

The diagnostics proposed for safety, control and plasma performance
during all phases of ITER operation and additional diagnostics needed for
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plasma optimization and physics understanding during the physics phase are
listed in Table V-4 [2,54]. The diagnostics for control include: (i) magnetic
loops for plasma current, plasma position and shape, (ii) interferometry for
electron density, (iii) neutron spectrometry for ion temperature and for the fuel
composition (i.e., n^/ny ratio), (iv) bolometers for radiative loss, (v) electron
cyclotron emission (ECE) and magnetic loops for disruption precursors and,
(vi) infra-red detectors and thermocouples for divertor and first wall
temperatures. All these diagnostics must be radiation-insensitive, extremely
reliable and remotely maintainable.

Radial profiles of electron temperature and density will be measured
by multi-pulse Thomson scattering (LIDAR) systems along three tangential
chords. The line-averaged electron density measured along the same chords by
laser interferometers will be used for density control and for LIDAR data
calibration. Since the 1'1'ER operational program will emphasize physics and
engineering studies of ignited DT plasmas, a complete set of fusion product
diagnostics is required. This set will allow the determination of: (i) the absolute
and time-dependent neutron yield (i.e., fusion power), (ii) radial neutron
intensity distributions in two directions, (iii) 2-D distribution of gamma-ray
intensity (for fusion reaction rate in D He plasma), (iv) neutron energy spectra
profiles, (v) the ratio of 14-MeV to 2.5-MeV neutron fluxes (for riqVnj-, ratio) ,
and (vi) the energy spectra of slowing-down alpha-particles (by collective
Thomson scattering and, possibly, by double charge exchange with injected
~ 100-keV He atoms). Measurement of electron cyclotron emission (ECE) will
provide the electron temperature with good spatial and temporal resolutions.
Langmuir and calorimeter probes and spectroscopic markers will be used for
real-time measurement of the electron density and temperature in the scrape-
off layer and the power load and rate of erosion at selected points on the first
wall. In addition, methods for determining the current density profile and the
helium concentration in the core and divertor regions need to be developed and
utilized.

During the Conceptual Design Activity, feasibility studies of port
sharing by several diagnostics were begun, including the restrictions imposed by
neutron shielding and the other facility requirements. A number of
inconsistencies between the diagnostic designs and the present design of the
basic machine have been identified which will need to be resolved in the EDA.
In particular, due to severe access limitations, no satisfactory solution was
found for real-time monitoring of the temperature of the divertor plate surface.
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TABLE V-4. ITER DIAGNOSTICS SYSTEMS

Diagnostics for the physics and technology phases

Magnetic diagnostics

Fusion product diagnostics
Interferometry and polarimetery
Bolometer arrays
ECE diagnostics
Langmuir (fixes and movable) and calorimeter probes
Tile markers
Infrared and visible inspection periscopes
IR thermometers
Plasma facing component thermocouples
Pressure gauges and residual gas analyzers
Thomson scattering system
Collective Thomson scattering system
Microwave reflectotnetry

Additional diagnostics for the physics phase

Spectroscopy (visible, XUV/VUV, X-ray)
CHERS
Motional Stark effect

Neutral particle analysis
Photo-electric detectors
Synchrotron radiation analysis (runaway electrons)
Ion cyclotron emission probes
Pellet measurements
Blanket diagnostic system

An initial R and D plan for the development of diagnostic techniques
required for ITER has been developed. Substantial diagnostic R and D for
ITER is required in 1) reliability, 2) development of new diagnostic techniques,
3) radiation effects, and 4) demonstration of proto-types on tokamak
experiments. However, meeting the requirements should be possible if
diagnostic R and D is given sufficient emphasis early in the EDA.
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V.1.3. Physics R and D for ITER

A number of questions which are either directly design-related, or
which the ongoing fusion programs had not addressed sufficiently for ITER
requirements, were identified during the first year of the ITER conceptual
design. They formed the basis of an ITER-related Physics R and D program
comprised of twenty-three tasks covering 1989-1990 [55]. Thirteen of these
tasks were design-related, that is, they addressed issues where the design
constraints were difficult to specify or where the requirements were very
demanding. Among these were divertor performance, disruptions, plasma
break-down, and volt-second consumption. The other ten addressed plasma
performance issues which were judged to be insufficiently covered in 1988 such
as long pulse operation in the H-mode, density limits, current drive, and alpha-
particle physics. Twenty-five experimental facilities and many theoreticians
participated in the program and the results of their work were reported to the
ITER team in approximately 300 individual reports. Many of the R and D
reports formed much of the basis of the physics guidelines. Others confirmed
the decisions made for the design. For example, the design related tasks
yielded new information of practical value that helped the team develop
algorithms for calculating the resistive volt-second consumption during current
ramp-up, confirmed the feasibility of low voltage current initiation assisted by
electron cyclotron waves, and confirmed the feasibility of assisting inductive
current ramp-up with lower hybrid waves to save volt-seconds.

A more comprehensive Physics R and D program has been developed
for the Engineering Design Activity covering the period 1991-1996 so that a
decision can be taken in 19% on the construction of ITER[56]. For the
detailed program in 1991-1992, twenty-two tasks were defined that cover the
main areas of:

1. Power and Particle Exhaust Physics with primary emphasis on low
temperature divertor operation (i.e. the combined areas of the physics of
the plasma edge and plasma-wall interaction as well as impurity control,
with due attention to new concepts),

2. Disruption Control and Operational Limits.
3. Steady-State Operation in Enhanced Confinement Regimes with emphasis

on steady state H-mode operation,
4. Optimization of Operational Scenarios and Long-Pulse Operation (including

the use of non-inductive current drive), and
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5. Physics of a Burning Plasma with emphasis on fast ion physics and alpha
particle physics.

The program presently includes the participation of the staff of approximately
50 experimental facilities and many theoretical and computational groups.

V.1.4 Summary

The physics of ITER is based on demonstrated tokamak physics and
credible extrapolations of that physics. The physics basis has been developed
with the assistance of the international fusion community, including
participation by all of the major tokamak experimental facilities and many
theoreticians. The guidelines for energy confinement have been developed
from data for H-mode operation, and indicate that ITER should be able to
reach ignition. The guidelines for operational limits have been chosen to be
conservative with respect to present experimental results in order to minimize
the frequency of disruptions. Although the conditions for power and particle
control by the divertor are very challenging, they are acceptable for ignited and
long pulse operation. Steady state operation will require advances in the
performance of the divertor. HER has been designed to meet the demanding
requirements posed by disruptions, but areas of concern remain, such as the
lifetime of plasma facing components. Both power and particle control and

disruptions are key Physics R and D issues. The physics used in the design of
the non-inductive current drive, plasma heating, plasma shaping and control,
fuelling, and diagnostic systems for ITER is well understood and is based on
extensive operational experience with tokamak experiments and theoretical
analysis. Operational flexibility has been emphasized in the design to provide
contingency for uncertainties in the design assumptions. An extensive Physics
R and D program has been developed to improve and complete the physics
database for ITER, and to address critical issues which have led to difficult
design requirements so that the information necessary to support a decision on
the construction of ITER in 1995 will be available.
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V.2. ENGINEERING BASIS

V.2.1. Introduction

To establish the engineering basis of ITER, the detailed design of the
most advanced components and processes must be supported by experimental
evidence obtained by testing of specimens, models and mock-ups, in conditions
relevant to ITER. These tests set the pace of the design due to the schedule for
the procurement of the test facilities and the complexity and the time required
for testing, in particular when neutron irradiation is involved. At the start of the
ITER collaboration, the ITER partners were already implementing plans to
develop the engineering basis of a Next Step. During this phase of the ITER
conceptual design, the coordination of the technology R and D has already
produced significant benefits.[57]

At present, a better engineering data base is needed and for some
components a better definition is needed of operating conditions and
requirements. The data base concern, for example, includes characterization of
materials and manufacturing processes outside of normal operating conditions
(e.g. temperature, neutron irradiation, fatigue). Definition of the operating
conditions is satisfactory for components such as magnets, containment structure
and shield, heating systems and tritium systems. However, for the plasma-facing
components, i.e. first wall and divertor, some operating conditions, as derived
from edge plasma modelling, are still rather uncertain and severe; in most cases
they are too severe to allow large design margins that can accommodate the
uncertainties. To close the gaps still existing between feasible engineering
specifications and plasma parameters, an iterative approach is being
implemented between design and plasma modelling. This approach has been
rather effective, not only in defining the needs of R and D in physics and in
technology, [58] but also in stimulating the search for optimized plasma operating
regimes and more advanced design concepts.

V.2.2. Magnets

Concept and operations:
The magnet system consists of the TF coils and the PF coils, solenoid.
The TF coils must operate in the demanding environment of nuclear and

alternating current heat loads and must produce a high field ( ~ 11T) using large
magnets (several meters bore). The coil casing encloses the winding pack, which
is vacuum impregnated with epoxy glass insulation. The central solenoid
experience a low nuclear flux, but is exposed to high alternating current heating
and high magnetic fields (~ 13T). The central solenoid consists of the winding
pack and associated structural steel. Both TF and central solenoid coils use A-15
superconductor.

The outer PF coils are subject to lower magnetic fields and the design is
less demanding than the TF or central solenoid coils. The conductor is a
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superconducting alloy of NbTi; however, Nb^Sn is an alternate choice with the
attractive feature being the higher temperature margin provided by this material.

To manufacture the coils made with the A-15 superconductor, either the
wind-and-react or the react-and-wind method can be used.

Critical database and design issues:
The main issues concerning the present design concept are:

-tor the wind-and-react manufacturing method: strand sintering, insulation and
jacket material degradation during reaction heat treatment ( 700 °C),
-for the react-and-wind manufacturing method: conductor degradation due to
handling and induced strain during manufacturing,
-for both methods:

- qualification of steels in thicknesses of 500 nun at cryogenic
temperatures,

— qualification of insulation matrix including irradiation effects at
cryogenic temperatures,

-to guarantee industrially produced high quality, reliable filament and
conductors. Several tons of filaments and several kilometers of conductor must
be produced and tested,
-to set a proper and reliable manufacturing process of large coils and to validate
the design codes. It is necessary to manufacture and test model coils in conditions
relevant to ITER.

Existing R&D:
R&D programs are in progress on some of hese issues; examples of

progress are:
- superconducting strands have been produced which satisfy ITERrequirements
-insulating matrix qualification under irradiation up to 5 x 10 rads and
mechanical tests at 4 K after reaction heat treatment (700 °C); boron free glass
fiber epoxy impregnation is suitable. Tests are proceeding ai higher irradiation
levels.
-steel jacket material qualification at 4° K after reaction heat treatment: three
materials out of about ten have passed the qualification test,
-strand sintering. Chromium plating will resist the sintering of strand during the
reaction heat treatment.
-short samples of full cross-section react-and-wind conductors have been
produced; final test have been carried out.
-short samples of full cross-section 40KA, wind-and-react conductor are ready for
testing in a facility, now under final preparation.
-Japanese Demo poloidal coil has been successfully tested.,
-operation of full superconducting tokamaks, e.g. TORE- Supra, T-15,
TRIAM-1M, have been initiated.

Existing and required test facilities
Facilities for testing conductor and elements of the conductors are

available in laboratories of all the Parties. Facilities for model coil testing can be
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made available by relatively modest modifications to some of the existing
facilities.

Additional R&D needs:

During the engineering design phase, additional R&D is required to
qualify the design concept of the TF and PF coils including:

-completion of the R&D launched during the conceptual design phase, e.g.
testing of full-size conductor, and completion of several qualification tests on
materials,
-manufacturing of an industrially significant quantity of NbgSn conductor to
develop a reliable process and quality control procedure,
-prototypical coil testing; typically the coils would be in the range of 3 to 5 m
(outside diameter) solenoid composed of several pancakes manufactured
according to the anticipated ITER coil specification, e.g. conductor size, insulator
and insulating procedure, radius of curvature, and operation at full-field levels,
-performance testing of auxiliaries; this would include quench detection and
protection systems, connections, feed throughs, and cryogenic systems,

V.2.3. First wall

Concept and operations:
The present concept of the first wall (FW) is a water-cooled, austenitic

steel panel integrated with the blanket and, during the Physics Phase, extensively
protected by mechanically attached carbon-fiber-composite tiles. For the
Technology phase a thin tungsten coating on the steel wall is proposed

The operating conditions most critical to the concept definition and
performance are: electromagnetic forces during disruptions, temperature limits
for the armour, peak heat loads, tritium inventory, erosion, and conditioning
requirements. The operating conditions need further validation to gain
confidence in the performance of the proposed concept.

Critical database and design issues:
The main critical database and design issues concerning the present FW

concept are:
-armour material properties; these include primarily thermal shock and erosion
resistance and geometric stability under surface irradiation,
-bulk irradiation effects on graphite armour materials, e.g. decrease in thermal
conductivity, effects on mechanical properties,
-bulk irradiation effects on stainless steel, e.g. low-temperature fracture
toughness (a particular concern with low-temperature water cooling), cyclic
fatigue, crack growth (concern created by disruptions), joints (e.g. welds, brazing)
and stress corrosion cracking,
-the overall manufacturing feasibility of the FW structure and carbon-fiber-
composite armour tiles,
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-the attachment of the armour tiles with modest peaking of temperatures and
stresses, in particular for "conductive" tiles, including compliant layer.
-run away electron damage
-the overall Lifetime under normal cyclic heat flices, disruptions and neutron
damage.

Existing R&D:
R&D programs are in progress on some of these issues, and first results

were obtained, namely:
-prototypical models of the first wall were manufactured.Several prototype
stainless steel mock-ups of the first wall ~ 0.6 m long were produced by electron
beam welding,brazing and hot isostatic pressing and tested under representative
thermal loads with encouraging results. The conductively and radiatively cooled
first walls ( HIP manufactured) with graphite and CFC armour were tested with
heat fluxes of 0.2MW/m2 and 0.6MW/m2 up to lhour for 50-70 cycles. The
armour and substrates can endure a 0.2 MW/m , 20 minutes heat load for over
50 cycles. Modification requires on radiatively cooled first wall to satisfy the load
of0.6MW/m2.
-tests on brazed first wall indicate significant defects in steel/braze interface,
-first thermo-mechanical testing of simplified first wall models were carried
out.These tests show positive results and indicate the conservatism of present
design codes concerning fatigue We prediction.First wall welded design subjected
to about 1000 cycles without failure,
-thermal shock tests on bare stainless steel were performed with heat deposition
up to ~8MJ/m,
-0.5 m long, radiative first wall armour tiles were manufactured in three-
dimensional carbon-fiber-composites and graphite.
-simulation tests were performed on tritium-retention for carbon based
materials.lt was found out that trap density increase by a factor of 5-30 for
different graphites for a damage levels of 0.1 dpa

Additional R&D needs:
During the engineering design phase, the additional R&D required to

qualify the first wall design include:
-continue armour material ( C-based materials, Be, W) development including
development of Si or B doped carbon materials and plasma sprayed W and Be.
Study of armour materials erosion losses, thermal and mechanical responses and
tritium behaviour
-tritium retention and release behaviour for candidate armour materials before
and after irradiation
-outgassing behaviour for candidate armour materials
-disruption response (vaporization and melt layer losses along with thermal
shock) of candidate armour/surface materials by simulation experiments
including plasma facilities,
-compliant layers and elastic attachment features of conductive armour tiles
including irradiation effects,
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-disruption effects on the fatigue lifetime of a stainless steel first wall without and
with protective coatings,
-development in-situ repair methods such as plasma spray for candidate armour
materials
-demonstration industrial manufacturing feasibility of basic first wall panel
structure of small and medium size
-thermo-mechanical performance testing of small and medium scale first wall
mockups with C-tiles, W or Be coating.
-demonstration of the FW panel integration in the blanket by manufacture of a
model (half scale) of a FW-blanket segment box. Test of the thennomechanical
behaviour of this concept requires a test facility with both surface and bulk
heating in the 10 MW range (blanket test facility).
-characterization of prototypical welded and brazed joints including irradiation
effects,
-lifetime effects of likely defects b prototypical first wall designs that remain
undetected in non-destructive testing,
-testing in tokamaks to assess armour temperature limits,
-evaluate run-away electron damage for candidate armour/surface materials
from models and existing tokamaks.

Existing and required test facilities
Facilities for heat load testing of small and medium mockups exist in all

countries including E-beani, ion beam, radiation heater and plasma beam
facilities. Some of them need reasonable modification/upgrading, particularly the
plasma gun facilities.

For large mockup heat load tests, essential upgrading or modification of
existing facilities are needed.These facilities can be used for common first
wall/blanket testing.

V.2.4. Divertor plates

Concept and operations:
Three basic operational modes are considered as the ITER baseline for

the Physics and Technology Phases: ignition, long-pulse hybrid and steady-state
operation. Therefore a range of divertor plate requirements must be considered.
Because of extensive experience in tokamaks, the present divertor concept for the
ignition phase of ITER is uses C-based armour. Tungsten and beryllium are also
considered as alternate armo'ir materials. For Technology phase a tungsten
divertor plate armour is considered along with C-based due to prospects for
significantly lower sputtering erosion, lower tritium inventory, and a possibility of
in-situ repair of tungsten.

The operating conditions most critical to the concept definition and
performance are: temperature limits for the armour, peak heat loads under
normal and accident conditions (i.e. disruption), electromagnetic forces during
disruptions, burnout heat flux, erosion/re-deposition rates, disruption frequency,
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radiation effects and conditioning requirements. These conditions need further
validation to gain confidence in the performance of the proposed concept.

Critical database and design issues:
The main critical database and design issues concerning the present

divertor plate concept are:
-armour material properties; these include thermal conductivity under
irradiation, thermal shock, erosion resistance, and properties of the re-deposited
materials,
-disruption erosion resistance, including vapour shielding effects,
-tritium retention in co-deposited eroded carbon on the cool divertor plate
surface,
-radiation effects on properties of heat sink Mo, Nb or Cu based materials
-corrosion and hydrogen effects on Mo, Nb and Cu,
-thermal fatigue of the plates,
-run-away electron damage,
-critical heat flux,
-technology of the joint between armour and heat sink (also under irradiation)
including in-situ repair,
-manufacturing feasibility of prototypical mock-ups.

Existing R&D:
R&D programs are in progress on some of these issues, namely:

-optimization of the brazing of C on Cu or Mo-alloys is now resulting in the
manufacture of up to 0.6 m long divertor plate mock-ups for thermo-mechanical
testing,
-burn-out experiments in two laboratories have given the first basis for an
evaluation of the allowed divertor plate heat fluxes,
-improvement of the database for carbon materials, in particular concerning
tritium retention, erosion by disruption and thermal shock resistance,
-neutron irradiation of bonded W-Cu specimens was performed with subsequent
mechanical testing.
-pyrolitic graphite and carbon fibre composites (CX-2002U and MFC-1) were
tested under disruption simulating conditions ( 5 ms, 9 MJ/m ). Pyrolitic
graphite was broken into several pieces. No crack in carbon fibre composites
were found by macroscopic observation.
-shock resistance of Mo. Mo-Re, W, W-Re and Ta was studied with an energy
deposition of 12 MJ/m . Some cracks were observed on the surface of all
specimens except Ta. Addition of some percents of Re improves shock resistance
of Mo and W alloys
-physical and mechanical properties of the W , W-Cu, W-Re, Mo, Mo-Re, Mo-
Zr-C were investigated before and after irradiation up to neutron fluence of ~
lxl022n/cm2.
-CFC/OFHC copper divertor modules were tested with a power load up to 16
MW/m for 1-2 seconds which corresponds ~ 10-12.5 MW/m steady state load
(area 50x26 mm). After 1000 cycles several specimens are found to survive
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without cracks and failure , leading to the prospect for the divertor plates to
withstand a steady state heat flux of 10 MW/m2. CFOTZM mockups were also
tested.
-thermal cycling tests have been performed on an actively cooled mock-ups of W
on Cu; no significant damage occurred up to 8 MW/m. In the second series
W/Cu mockups were also tested at 10 MW/m for 10 seconds cycling. Visible
damages after 2*10 cycles have not been found.

Additional R&D needs:
During the engineering design phase additional R&D required to qualify

divertor plate design include:

-continue armour material (C-based materials, Be, W) development including
development of Si or B doped carbon materials. Study of armour materials
erosion losses, thermal and mechanical responses and tritium behaviour.
-tritium retention and release behaviour for candidate armour materials (basic
and co-deposited ),
-outgassing behaviour for candidate armour materials
-disruption response (vaporization and melt layer losses along with thermal
shock) of candidate armour materials by simulation experiments including
plasma facilities,
-develop in-situ repair methods such as plasma spray for candidate armour
materials
-performance of Cu-, Mo-, Nb-alloys including baseline mechanical properties,
aqueous corrosion, fabrication/welding characterization and irradiation tests,
-demonstrate industrial manufacturing feasibility of the divertor plate module
structure including support schemes and connection of coolant tube/manifolds,
-testing thermo-mechanicai performance of integrated divertor plates,
-evaluate mechanical integrity of divertor plates to the disruption electromagnetic
loads,
-prototypical experiments on critical heat flux limits with candidate heat transfer
enhancement methods,
-testing of high-Z divertor plates in tokamaks,
-testing of advanced divertor concepts elements.

Existing and required test facilities
Facilities for heat load testing of small and medium mockups exist in all

countries, same as for the first wall testing. Modifications appear to be necessary
to use plasma gun facility. Upgrading of existing facilities may be needed for
large mockup heat load testing.

Facility for disruption electromagnetic forces simulation exist for small
mockup testing. Upgraded or new facility will be required for large mockup
testing.

Erosion/redeposition test facility is needed to investigate mechanisms
under ITER relevant conditions.

137



V.2.5. Blanket and shield

Concept and operations:
Three options were considered for the "driver" blanket for ITER; solid-

breeder (SB) lithium ceramic, aqueous lithium salt (AS), and lithium-lead
eutectic (LiPb). All blanket options use low-temperature water (e.g. 100°C) as
the coolant and 316 austenitic steel as the structural material. In addition, the SB
and AS concepts incorporate beryllium as a neutron multiplier. The SB was
identified as the "first option" for more detailed study with a LiPb breeder
concept as an alternative.

Critical database and design issues:
Main critical database and design issues of the present blanket concepts

include:
-solid breeder tritium release characteristics and irradiation effects on solid
breeder, demonstration of adequate temperature control in the SB blanket
design,
-fabrication technology of beryllium,
-beryllium irradiation effects such as swelling, tritium retention and compatibility
with other materials.
-tritium permeation, thermomechanical behaviour and interactions with air and
water in the LiPb blanket,
-improved data base on aqueous stress corrosion and irradiation effects on low
temperature fracture toughness of 316 stainless steel for both base metal and
weldments. Additional data also required on the tensile and creep properties,
-characterization of ceramic insulator performance,
-mockup fabrication and out-of-pile integrated tests,
-in-pile irradiation testing of blanket modules.

Existing R&D:
R&D programs are in progress on some of these issues, namely:

-experiments have continued on stainless steels (mainly type 316) regarding low-
cycle fatigue tests of base and weld metals, irradiation hardening, and aqueous
stress corrosion. Further irradiations are planned to address fracture toughness
at temperatures < 300°C. Data (physical properties, mechanical properties,
fabrication, corrosion) has been obtained on reduced-activation, Mn-stabilized
steels.
-a number of irradiation and tritium release experiments on several solid breeder
materials are in progress. Experimental results on the vaporization characteristics
of lA^OfHrjO have been obtained. Experiments measuring the thermal
conductivity of sphere-pac beds have also been completed,
-compatibility of lithium oxide with 316 SS and beryllium were performed.
Results show a formation of corrosion products at temperatures over 650 and
750° C.
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-simulation experiments of water leakage into L^O packed bed show serious
damage by formation of lithium hydrooxide at temperature over 470° C.
-Aqueous stress corrosion tests in ITER water conditions indicate resistance of
base metal 316 steel to cracking, however, significant cracking was observed in
sensitized 304 steel. Some effects of crevice corrosion have also been observed in
316 steel.
-formation of corrosion products at temperatures over 600° C was found in a
compatibility study between 316 SS and beryllium.
-with regard to aqueous-lithium salt R&D, there now exists a reasonably
complete data base on physical and chemical properties of LiOH and LiNO,
aqueous-salt mixtures. Experiments so far show no susceptibility to localised
corrosion with LiOH at 95 C. Weight loss measurements at 65°C and 90°C have
shown no corrosion rates greater than a few microns per year. Tests in LiOH
solution indicate some general corrosion and slight intergrannular corrosion of
316 steel at 90 C. Radiolysis experiments on 5% LiOH solution have been
conducted.
-baseline physical, thermal and mechanical properties of lithium-lead eutectic
were measured for both solid and liquid states,
-experiments on the lithium-lead eutectic have addressed reaction kinetics with
water at 350-950°C, corrosion with steel at 400-500°C, and release of tritium
from irradiated material. Tests of thermomechanical interactions during solid-
liquid transitions generally show favourable results.
-preparation technology and handling requirements of the lithium-lead eutectic
were developed including effects of structural inhomogeneity.
-initial tests of tritium release from irradiated beryllium show that more than
90% of the tritium is released if the temperature of the Be is greater than 600 C.
At temperatures below 500 C only less then 2% of tritium was released.
Additional irradiation experiments for porous beryllium are in progress under
more relevant conditions.
-contact breeder/stainless steel resistivity were measured in the first mockups of
BIT blanket modules. The fabrication and instrumentation of medium scale
mockup is being performed for testing with electrical heaters.

Additional R&D needs:
During the engineering design phase, additional R&D required to

qualify the blanket design include:
-continue study of ceramic breeder performance including in- and out-of-pile
tests for tritium release, breeder irradiation effects and breeder fabrication
technology,
-determine tritium release characteristics of porous and dense beryllium, develop
fabrication technology and complete data on Be properties as a function of
fabrication forms,
-determine irradiation effects on physical, mechanical, and electrical properties
of ceramic insulators,
-complete lithium-lead breeder performance and material study,
-develop fabrication capability of individual blanket materials and fabrication
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methods of blanket models, fabricate mid-scale and full-scale models for out-of
reactor tests,
-perform thermohydraulic, thermomechanical, safety and integrity tests of
blanket components scale models, including temperature control tests.
-develop/modify out-of pile test facility for integrated thermomechanical tests,
-demonstrate integrated performance of full scale blanket models with first wall
under full power simulation and transients,
-design and construct in-reactor test facility for blanket module testing,
-perform integrated in-reactor testing of solid breeder sub-modules,
-perform large-scale tests of lithium-lead loops including tritium recovery,
thermalmechanical behaviour of lithium-lead blanket channels in transient and
accident simulation conditions
-perform tritium breeding and shielding experiments using prototypical
geometries with 14 Me V neutrons,
-complete detailed engineering data base for irradiated stainless steels and
welded structures, including fracture toughness, tensile/fatigue properties, and
aqueous stress corrosion cracking

Existing and required test facilities

Fabrication development would be done using existing industrial and
laboratory facilities. The in-reactor testing would be performed in existing test
fission reactors.

Special attention should be given to the availability of suitable fission test
reactors. Modification or creation of new facility is required for blanket module
in-reactor testing

New or modified facilities are required to perform out-of reactor
integrated testing of mid-scale and large-scale models . The latter facility has to
accommodate models with dimensions up to 5x1x1 m and provide up to 10 MW
of bulk and surface heating for integrated blanket/first wall tests.

V.2.6. Remote maintenance

Concept and operations:
In ITER, inspection, maintenance, replacement, assembly, and

disassembly will be performed remotely. Hands-on, or semi-remote maintenance
will be possible only for some peripheral components.

The maintenance of the divertor plates will be performed using the
articulated boom, or vehicle, through the equatorial ports. The maintenance of
the blanket will be performed using remote tools from the upper ports.

The in-vessel operations must be performed in a hostile environment
with radiation levels of 10 rads/h. Confinement flasks will be used to limit the
spread of contamination.

The ex-vessel operations will be performed using the main crane or
transporters. The transporters are equipped with manipulators and end-effectors
to perform the necessary operations.
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Critical database and design issues:
The main critical database and design issues concerning the present

remote handling concept are:
-development of a complete maintenance concept for the in-vessel components
including considerations of the layout of the basic machine and the necessary
access for equipment,
-capability of equipment to operate in the expected environment inside the vessel,
e.g. temperature and radiation levels,
-development of an articulated boom, > 10 m extension, with a lifting capacity of
a few tonnes,
-development of a vehicle to operate inside the vacuum vessel,
-adapting master slave manipulators to ITER needs,
-qualification of all elements (such as mechanical fasteners, connectors, etc.)
used on the basic machine together with the remote handling tools,
-development of an in-vessel viewing system.

Existing R&D:
R&D programs are in progress on some of these issues, namely:

-irradiation tests of "standard" components. Some components have been
irradiated and tested,
-full-size, articulated boom section. A prototype has been designed and
procurement has begun,
- a prototype in-vessel vehicle has been manufactured and successfully tested
-scale mock-up of a blanket handling device. The mock-up design is nearing
completion and the test hall is being prepared,
-qualification of operations. Mock-ups of the vacuum vessel joint and the remote
handling tools have been made; testing for feasibility will be done.

Additional R&D needs:
During the engineering design phase, the following major remote

maintenance tools and operations will be tested to qualify the maintenance
concept:
-maintenance and removal/replacement of a full-size divertor plate and blanket
segment,
-in-vessel viewing and inspection system,
-prototype of in-vessel transporters (boom and/or vehicle),
-advanced manipulator arms, end-effectors, and control systems.

Existing and required test facilities
Facilities for the testing and qualification of the equipment generally

exist. If needed, a facility for integrated testing with a sector of the machine could
be made available by modification of existing facilities.
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V.2.7. Current drive and heating

Concept and Operations:
The heating and current drive system must accomplish the following

tasks on ITER: plasma formation and current initiation, non-inductive current
ramp-up, assist, heating to ignition, current profile control, bulk current drive and
burn control.

The reference option consists of Neutral Beam Injectors (D/H beams at
1.3 MeV); Lower Hybrid Waves 5 GHz and 120 GHz Electron Cyclotron Waves.
Alternative options include the use of Ion Cyclotron Waves tunable in the range
of 15 to 80 MHz.

Critical Database and Design Issues:
The main issues concerning the present design concept of the current

drive and heating systems are:

NB injection:
-the development of negative ion source (D7H~) with adequate output, control
of electrons, and lifetime,
-the development of DC accelerators for 1.3 MeV,
-the development of DC power supplies with fast switch-off time and low stored
energy, delivering approximately 20 A at 1.3 MeV.

LH waves:
-the development of a launcher (grill) which, operating in a nuclear environment,
satisfies the physics requirements of wave-to-plasma coupling and withstands
thermomechanical stresses (e.g. disruption) and plasma-wall interaction
(erosion),
-the development of an rf source with the frequency range 5 GHz, CW, with
phase control, high power/unit (>0.7 MW) at high efficiency ( >0.5).

EC waves:
-the development of an rf source at high frequency (>120 GHz), CW, high
power/unit (1 MW) at high efficiency (0.35)
-the development of a vacuum window.

IC waves:
-the development of an in-blanket antenna which, working in a nuclear
environment, satisfies the physics requirements for fast-wave current drive and
withstands the forces and thermal stresses due to plasma disruptions.

Existing R&D
R&D programs are in progress on some of these issues; examples of

progress are:
NB injection:
-a peak current of 10 A from a cesiated ion source with hydrogen for 0.1 s at
75 keV was demonstrated;
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-a cesiated hollow cathode with a total current of 3 A was run for several minutes
and of 1A for 7 hours per day for a week;
- acceleration of negative ions to the energy 200 keV in a single aperture
accelerator (42 mA, 0.2 s, H") was demonstrated.

LH waves:
-8 GHz gyrotron was developed and tested (1 MW, 1 s, not controlled in phase).

EC waves:
-a 140 GHz gyrotron was developed and tested up to 940 kW, 0.3 s;
-single longitudinal mode operation was shown possible with 100 GHz quasi-
optical gyrotron.

IC waves:
-progress was made on the design of an in-blanket antenna for fast-wave current
drive..

Additional R&D needs
During the Engineering Design Phase, additional R&D required to

qualify the design concept of the CD&H systems which will be selected for use in
ITER include:
NB injection:
-develop supporting technology for a scalable model negative ion beamiine which
includes: dc ion sources, advanced neutralize^ an accelerator power suppy
concept, an accelerator protection system, an ion dump for high energy particles,
and the demonstration of proof-of-principle for the electrostatic and electrostatic
quadrapole accelerator concepts.
-develop and demonstrate components and a gyrotron rated at 1.3 MW, 2 A, DC,
°

EC waves:
-develop and demonstate components and gyrotron rated at 1 MW, CW, and
120 GHz for the electron cyclotron system.
-develop and demonstrate a scalable model negative ion beamline rated at
140 GHz for the electron cyclotron system (supplementary system to be reviewed
by Physics).

LI-J waves:
-develop the elements necessary for a fixed frequency (5 GHz), CW, klystron or
gyroklystron system and a launcher module for the LH system.

IC waves:
-develop and validate insulators and antenna for the ion cyclotron sytem.

Existing and required test facilities
Facilities for testing elements of the NBI either exist or can be adapted

from existing facilities. The scalable model beamline will require significant
effort.
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V.2.8. Fuel Cycle

Concept and operations:
The main elements of the fuel cycle system are:

-torus fuelling by gas puffing and pellet injection,
-torus vacuum pumping by compound cryopumps and turbomolecular pumps,
-processing of plasma exhaust via complementary approaches: cryosorption of
impurities on molecular sieve, oxidation and water reduction, and permeation
membrane, followed by reactions on catalysts or metal-beds to crack the
impurities and reduce water vapour,
-additional processes required for management and storage of fuel gases, and
treatment of gaseous, liquid and solid tritiated wastes.

Critical database and design issues:
The main critical data base and design issues of the fuel cycle systems

are:
-pellet injectors capable of continuous, reliable, high velocity operation,
-cryopanel performance, lifetime and tolerance to tritium, impurities and dust,
-regeneration valve size, reliability
-tritium compatible turbopumps for helium with speed 15-25 m /s,
-data base for plasma exhaust and tritiated waste processing,
-minimization of inventories.

Existing R&D:
R and D is in progress on some of these issues, namely:

-progress hi development of high velocity pellets; 2 km/s pellets have been
achieved with arc discharge. A successful proof-of-principle experiment has been
performed with electron beam accelerated pellets. A driving system for saboted
pellets (3.8 km/s) has been demonstrated on a test stand.
-He + DT co-pumping has been demonstrated on a single absorber surface,
-250 cryosorbent-substrate combinations have been tested to 100 deep
thermocycles and promising combination identified, Preliminary pumping speed
and capacity tests have been carried out with the most favourable
adsorber/substrate compositions.
-a small ceramic-rotor turbopump and matching backing pump has been tested,
-cryogenic backing pumps for helium separation and compression have been
demonstrated,
-all essential process steps for fuel purification with permeation/catalytic
cracking option have been proved in hydrogen,
-thermal properties of La, Ni, Mn getter bed material for fuel storage have been
determined.

Additional R&D needs:
During the engineering design phase, to qualify the fuel cycle design it

will be necessary to:
-Develop fast-acting valves used for gas puffing to be tritium compatible and
radiation "hardened",
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-Develop continuous, reliable DT pellet extruder with fast, high-flow propellent
operation for pellet fuelling beyond the scrape-off layer,
-Develop deep fuelling by sabot-protected pellets accelerated in two-stage light
gas guns or by alternative fuelling methods,
-Develop high vacuum compound cryo-pumps, the associated large isolation-
regeneration valves and the low inventory cryogenic backing pumps,
-Develop oil-free and magnetic field tolerant turbomolecular pumps, with dust-
proof bearings, and low inventory mechanical backing pumps,
-Develop a catalytic reactor fuel process consisting of a permeation membrane,
water-gas shift, and catalytic cracker
-Develop a cryogenic molecular sieve electrolyzer fuel process consisting of the
cryogenic molecular sieve/an oxidizer/ a cold-trap/ and electrolysis cells with
alternative high temperature isotope exchange and intermetallic beds impurity
treatment processes,
-Develop and demonstrate a ceramic breeder tritium recovery process that allows
tritium recovery without oxidation,
-Develop and demonstrate the ability to recover tritium from the LiPb eutectic
with acceptable tritium inventories and losses.
-Develop technology and demonstrate the ability to perform plant intervention
after release of high concentrations of HT or HTO, and high passive conversion
ofHT,
-Demonstrate acceptable processing of solid, liquid and gaseous waste streams,
and
-Demonstrate acceptable separation, storage, and management of hydrogen
isotopes.

Test Facility Requirements
All development and testing R&D can be accomplished in laboratories

existing or under construction in the four parties. Integrated testing is required
for vacuum pumping and exhaust processing, as component trains are involved.
Tritium testing of pellet fuelling and ceramic breeder tritium extraction will
require large-scale isotopic separation capability on-site.
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VI. COST AND SCHEDULE

The Terms of Reference for the ITER Conceptual Design Activities
(CDA) require, inter alia, cost, manpower and schedule estimates for the
realization of ITER1. During the CDA, a cost analysis was completed based
upon the conceptual design of the entire facility and outline plans for
procurement, construction and operation. Estimates were made of the costs that
the Parties would incur if they agree to continue their cooperation through
engineering design and then decide to procure, construct and operate ITER.

In 1989 the ITER Council asked the ITER Management Committee
(IMC) to make a preliminary estimate of the capital cost of the ITER facility.
These results have been reported previously^ In order to provide information to
the Parties for use in discussions of the Engineering Design Activities (EDA), the
Council subsequently asked the IMC to make preliminary estimates of the cost
and schedule for all project phases. The results are presented in this Chapter.
The components of the estimated overall costs of ITER, from the start of the
EDA through to the end of operation are summarized, together with the
corresponding project schedule. These estimates are sensitive to the assumed
boundary conditions and will be refined during the EDA.

VI.I. OUTLINE ASSUMPTIONS

The basic assumption underlying the estimate is that there will be a
Central Team throughout the Engineering Design Activities (5 years),
Construction Phase Activities (8 years) and Operation Phase Activities
(18 years). This team will have overall responsibility for ITER design,
construction and operation. Throughout these phases, there will be "Home
Support" organizations run by each of the Parties to conduct specific design and
R&D, assigned by the Central Team, in home reasearch institutions and industry.

The Central Team will be sufficiently strong to carry out detailed design,
draw up specifications, guide R&D, handle procurement, monitor manufacture,
assemble the tokamak with industrial assistance, perform commissioning and
operate the device. Wherever possible, bearing in mind the need to guarantee

r INTERNATIONAL ATOMIC ENERGY AGENCY, Establishment
of ITER: Relevant Documents, ITER Documentation Series, No.l, IAEA,
Vienna (1988).

^INTERNATIONAL ATOMIC ENERGY AGENCY, ITER
Conceptual Design: Interim Report, ITER Documentation Series, No.7, IAEA,
Vienna (1990).
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the multinational nature of the project, contracts will be awarded by this Team to
the lowest-price technically acceptable tenderer.

During the Operation Phase Activities, the Central Team will supervise
experiments and run the machine. They will be assisted by additional staff from
the scientific and technical instititutions of the Parties. The cost of development,
installation and operation of test diagnostics have been estimated.

It is presently envisaged that the host Party will wish to decommission
the plant. Although decommissioning will be an important factor in plant design
no attempt has been made to estimate decommissioning costs at this stage. This
will be done during the EDA. Transport and permanent disposal of wastes
arising during operation are considered to be the host responsibility, after the
project has paid for such waste to be suitably packaged.

All costs have been estimated in January 1989 US$.

VI.2. PROJECT SCHEDULES

A possible project schedule for the Engineering Design Activities
leading on to the start of construction is given in Figure VI-1. After a decision to
proceed with the Engineering Design, 5 years will be needed to carry out the
design and complete the necessary R&D to provide the Parties with well-
documented and technically convincing information for making a decision on
construction and siting. The construction phase can then begin, building up
through design finalization to approval to construct lJ/2 years later, assuming
1 year to expedite formal licensing. A further 6*/2 years later the first tokamak
shot should take place. This overall timescale is shown in Figure VI-2.

The costs have been derived assuming that the Engineering Design
Activities start at the beginning of 1991, and would have to be reassessed should
there be a significant delay, for example of more than two years.

IV.3. COSTS DURING ENGINEERING DESIGN ACTIVITIES

The aim of the Engineering Design Activities is to produce;

a complete description of the device, specifying auxiliary systems and
facilities, performance and objectives, detailed component design,
assembly procedures, maintenance, decommissioning, and operating
plans;
the supporting physics, technology and engineering database;
a safety analysis and environmental impact statement;
an assessment of the implications of choosing particular sites;
cost and manpower projections for the project;
specifications for long lead items;
procurement procedures and the work breakdown.
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To do this requires a Central Team for design and R&D co-ordination
and Home Support by each Party, both for design and R&D.

The professional manpower needed to carry out the design activities
during the EDA amounts to about 1200 professional man-years (pmy). This
work will be conducted at a central site by a team whose strength would rise to
about 180 professionals, and by the home teams. The cost of this design work,
including full overhead and support personnel, is estimated to be about $250 M.
It should be emphasized that labour costs differ somewhat from country to
country around the nominal average values employed here.

The R&D in support of the design includes physics R&D, "Engineering"
R&D and "Scalable Model" R&D.

The R&D in physics will need to include:
power and particle exhaust physics;
disruption control and operational limits;
confinement;
heating and fuelling physics;
long-pulse operation and optimization of discharge startup and
rundown;
physics of burning plasmas.

Costs of the physics R&D are not included in ITER costs since they are integral
to the world fusion programme and cannot be separately estimated.

The Engineering R&D validates the basic engineering database used in
the design: this is done by studying the properties and behaviour of basic
component elements (e.g. superconducting cable), measuring basic processes
(e.g. tritium release/retention), characterizing the manufacturing processes, and
investigating properties of irradiated materials. The research areas covered are:

magnet;
containment structures;
assembly and maintenance;
current drive and heating;
plasma facing components;
blanket and structural materials;
fuel cycle;
plasma diagnostics.

For the Engineering R&D the foreseen expenditure is $385 M including
R&D to provide alternatives or backup options to the primary choice. The cost
of developing DEMO-relevant blanket modules, to be tested on ITER, is not
included, since this work is assumed to be part of the long-term home R&D
programmes.

The Scalable Model R&D includes tests of prototypes and their test
facilities, and is estimated at $397 M.
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VIA COSTS DURING CONSTRUCTION PHASE ACTIVITIES

Based on the current level of design, preliminary estimates of the various
components and systems making up the ITER device and its supporting plant
and services have been made. In mor t cases these estimates are based on scaling
from similar systems using the main cost driving parameters (e.g. mass, power,
etc.). Wherever possible industrial experience has been used to produce such
estimates.

The costs include facilities for manufacture and testing on- or off-site, all
manufacturers costs (e.g. R&D, prototype/samples) from the finalization of
design specifications up to and iii Juding acceptance testing and installation
(where appropriate) on site, and facilities potentially provided by the host,
e.g. roads, cafeterias, offices. It does not include purchase and clearing of the
site, test blankets and services, plasma diagnostics not needed for control and
plasma optimisation, taxes and insurance. Within the cost estimates there is an
implicit contingency to cover missing items and present system unknowns. An
explicit contingency is then added to cover uncertainties in both unit costs and
driving parameters in the current estimates.

The construction cost of ITER has been estimated to be about $4900 M
(i.e. Tokamak $1700 M, Tokamak Auxiliaries $1400 M, Buildings and Plant
Auxiliaries $800 M, Costing contingency $700 M, Assembly and Transport
$300 M).

The professional manpower needed during the Construction Phase has
been estimated to be about 2900 pmy and it will be provided primarily at the
construction site. The staffing level at the construction site will rise over the early
years from the 180 professionals of the EDA to the level of 300 professionals.
The cost of this professional labor, associated technical support staff, project
coordination, and other central site activities is estimated at $800 M.

During the construction phase there will be the need for technology
R&D (estimated to cost about $300 M). As in the EDA, the cost of physics
R&D directly attributable to ITER cannot be separated from the world fusion
programme expenditure.

VI.5. OPERATING COSTS

Operating costs for ITER include personnel and their ovei heads, energy
costs, spare parts, waste packaging and temporary storage, insurance, taxes and
fees, and fuel. They do not include decommissioning. They also do not include
plasma diagnostics for specialised experiments, and blanket test modules and
their services, although space is already included in the construction costs to
accommodate these items.

A typical physics and technology testing programme would lead to an
eventual first wall mean fluence of 1 MWa/m2 over a period of 18 years
(including 4 years contingency, compared to initial test programme estimates, to
cover unforeseen testing delays). During the early years, shot frequency and
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availability are likely to be low, but in later years more continuous operation may
be necessary. It is assumed that the machine will breed about two-thirds of the
tritium it consumes. The resulting preliminary operating cost estimates amount
to about $270 M/y (Personnel $90 M/y, Energy $40 M/y, Spares $120 M/y, Fuel
$10 M/y, Other items $10 M/y).

VI.6. EXPERIMENTAL TESTING COSTS

Experimental testing costs are those associated with test diagnostics and
test blankets. The Central Team of 300 professionals on ITER includes physicists
and engineers to operate the machine and supervise the testing programme, but
is not sufficient to fully interpret the results of the analysis, nor to handle special
tests.

For the physics testing programme, it is envisaged that at the peak of the
physics phase about 150-300 additional professionals per annum will be needed.
The hardware cost of the test diagnostics themselves and their connection to site
services are currently estimated at up to twice that already included in the direct
cost estimate for control and optimisation diagnostics. For the blanket testing
programme, roughly 50-100 professionals at the peak of the technology phase,
will be brought on site to conduct specific experiments with their test sectors, or
to analyse blankets removed to the hot cells. Unlike test diagnostics, the design
and development costs for the test modules are assumed to be borne by the
existing programmes of the Parties, with any necessary interfacing carried out by
the Central Team. For the test blanket hardware, costs can be estimated using
the driver blanket as a guide, and assuming the roughly double replacement of
test blankets during the technology phase. Averaged over the operating phase of
ITER, the physics and blanket test programmes including test modules amount
to about $120 M/y, excluding the cost of post-irradiation examination.

VI.7 CONCLUDING REMARK

All the above information is sensitive to the assumptions and will be
updated as the technical and organizational issues are resolved further. For
example, at the time of the writing of this report, the Parties have been
considering the practical issues involved in carrying out the EDA, particularly the
start-up problems of the first year. Thus the EDA may take several more months
to complete than indicated by the "technically-based" schedule presented above.
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VII. ITER DESIGN PARAMETERS

The major parameters for the present ITER design are given in Table
VII-1. More detailed information about the design in specific areas may be
obtained in the corresponding chapters or sections.

TABLE VII-1. ITER DESIGN PARAMETERS

BASIC DESIGN PARAMETERS

Major Radius, R, (m)
Minor Radius, a, (m)
Aspect Ratio
Plasma Current, (MA)
Elongation, k,(95%)
Triangular i ty, 8, (95%)
Safety Factor, q ^ , (95%)
Toroidal Field orf Axis. (T)
Plasma Volume, (m3)
Pulse duration, (s)

6.0
2.15
2.8
22 (nominal)
- 2
.0.4
-3.0

4.85
.1100
>200

steady-state(ultimate goal)
Wall Loading, (MW/m2)
Fusion Power, (MH)
Total Fluence, (MWa/m2)

-1.0
-1000
1.0

SYSTEM PARAMETERS

TOROIDAL FIELD COILS

Number
Conductor
Stabi l izer
Maximum f i e l d , (T)
Bore height, (ra)
Bore width, (m)
Average cable current
density, (MA/mZ)

Inner leg overall current
density, (MA/m2)

16
NbjSn, force-cooled
Cu
11.2
14.8
7.1

35.1

14
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TABLE VII-1. ITER DESIGN PARAMETERS (cont'd.)

POLOIDAL FIELD SYSTEM

Total volt seconds
available. (V-s)

Conductor:
inner coils
outer coils

Maximum field at coil:
inner coils, (T)
outer coils, (T)

Available one turn voltage, (V)
Maximum allowable error

field at break-down, (T)

325

Nb^Sn,force-cooled
Nb3Sn or NbTi.
force-cooled

13.5 (at prebias)
7.9 (PF5. during
disruptions-others in
the range of 5-6)
25

<10"3

CURRENT DRIVE AND HEATING
(reference system^

Total injected power, (MW)
NB:

Number of ports
Beam energy, (MeV)
Power, (MW)

LH:
Number of launchers
Frequency, (GHz)
Power, (MW)

EC-
Number of ports
Frequency, (GHz)
Power. (MW)

IC (Alternate):
Number of ports
Frequency (MHz)
Power (MW)

>

145

3
1.3
75

2
5
50

1
120
20

7
15-80
130
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TABLE VII-1. ITER DESIGN PARAMETERS (cont'd.)

IMPURITY AND PARTICLE CONTROL

Mode of impurity control

Mode of fueling

FIRST WALL

Material
Coolant
Maximum tenperature of

structure, C
Protection

double/semi -
double nul l
poloidal divertor
gas puff ing, pellets

austenitic ss
H20, 50-150°C, 1.5 MPa

300
C-based, 20 urn

DIVERTOR PLATE

Surface material
physics phase C-based
technology phase W or C-based

Heat sink material Mo (Mo alloy), or
Cu(Cu alloy)

Coolant H20
Coolant temperature, (C) 50-150
Coolant pressure, (MPa) up to 3.5

SHIELD

Inboard material SS.H2O,B4CPb
Inboard thickness
( i n c l . blanket & v.v. & cryostat)(m) 0.84
Outboard material SS.H2O,B4C.Pb
Outboard thickness
(incl blanket S v.v. S cryostat),(m) 1.75
Coolant H?0
Maximum temperature of structure

for operation. (°C) 100
for baking, (°C) up to 150
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TABLE VIM. ITER DESIGN PARAMETERS (confd.)

TEST FACILITIES

Type

Location
Number of modules

physics phase
technology phase

modules(1.0x3.4 m2).
segments (1/48)
Outboard

3
5

TRITIUM FUELING SYSTEM

0-T flow rate (nbar.I/s)
Consumption

(at 25% avai labi l i ty), (kg/a)

400-500

~12kg/a

TRITIUM-BREEDING BLANKET

Number of segments
inboard
outboard

Structural material
Coolant
Coolant temperature

( inlet .out let) . (°C)
Thickness ( inc l . f i r s t wall)

inboard, (m)
outboard, (m)

Tritium breeding ratio
Tritium breeding material

32
48
SS
H20

60/100

0.11-0.185
0.276-0.842
0.8-0.9
Lithium ceramic

VACUUM SYSTEM

Vacuum boundary material SS
Plasma chamber exhaust composition;

0-T in molecular form, (%) >94
He, (%) >3%
Other, (%) 1-3

Initial base pressure, (mbar) 4x10
Pre-shot base pressure, (mbar) 4x10

Nominal pumping speed at entrance
of divertor chamber pumping duct
for He and D-T during burn, (m3/s) 700
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TABLE VIM. ITER DESIGN PARAMETERS (cont'd.)

CRYOGENIC REQUIREMENTS

He refrigeration requirement, at 4k, (kW):
Magnets w/o sweeping 85
Additional due to sweeping 25
Other (NBI, Cryopump etc.) 20

Total 130

MAJOR DIAGNOSTIC SYSTEMS

Magnetic diagnostics
Fusion product diagnostics
Interferometry and polarimetry
Bolometer arrays
ECE diagnostics
Thomson scattering system
Collective Thomson scattering system
Microwave reflectometry
Visible and crystal spectoscopy
CHERS
Motional Stark effect
Neutral partitie analysis
Langmuir and calorimeter probes
Tile markers
Infrared and visible inspection periscopes
IR thermometers
Plasma facing component thermocouples
Pressure gauges and residual gas analyzers

PLASMA DISRUPTION. AND VERTICAL DISPLACEMENT EVENTS
(Tentative characterization)

Number of disruptions:
Physics Phase, (% of shots) 5
Technology Phase, (% of shots) 1
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TABLE VII-1. ITER DESIGN PARAMETERS (cont'd.)

PLASMA DISRUPTION AND VERTICAL DISPLACEMENT EVENTS
(Tentative characterization)

Thermal quench during disruption:
time, (ms)
energy deposition

-first wall,(HJ)
peak heat load, (MJ/mZ)

-divertor,
peak load on
inclined plane, (MJ/m)

Current quench during disruption:

0.1-1.0

250
2

250 (cover also 500)

12

time, (ms)
energy deposition

-first wall(radiation), (MJ)
peak load,(MJ/ro2):

-divertor plate,(HJ):
-runaway electrons:

particle energy, (HeV):
total energy, (MJ):
peak load, (HJ/m2)

poloidal currents
through first wall elements
due to plasma motion

Vertical displacement events (combined
thermal and current quench due to loss
of vertical position control):

-time (ms)
-energy deposition, (HJ)
-runaway electrons:
-poloidal currents
through first wall elements
due to plasma motion

20 to

300 -
3
up to

up to
100
30

up to

several 100

500

200

300

0.2 Ip

20-several 100
1000
same as regular current quench

up to 0.2 Ip
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vin. ITER REACTOR RELEVANCE

Some system studies have been performed on the reactor relevance of
the ITER concept. Preliminary results are summarized in Table VIII-1

The first two columns describe the ITER parameters for operation
during the Physics Phase (ignition mode) an 1 the Technology Phase (steady-state
mode).

Assuming progress in current drive and power exhaust systems, a
machine of the size of ITER would reach the performance shown in the third and
fourth columns. Shielding thic'iness has been adjusted to keep the same TF coil
dose and neutron fluence as in the present FTER design, thus decreasing the size
of the plasma, but keeping the same semi-permanent parts of the basic machine.
All other engineering and plasma limits are maintained at ITER values. This
ITER-sized machine would produce about two gigawatts of fusion power and
demonstrate the ability to produce a few hundred megawatts of electricity.

Scoping studies of power reactors have been conducted starting from the
ITER database and engineering approaches, but assume further improvements in
physics and technology. Assumptions include higher maximum toroidal coil field
(14 to 15 T), higher Troyon coefficient (g = 3 to 4), steady-state operation with
increased current drive efficiency (YQD = "*7 t o *)> a n ^ a n e n e rgy conversion
efficiency of about 0.4. Stresses in the TF coils were assumed to be up to 25%
higher than for ITER. The results (columns 5, 6, and 7) are power reactors with
different parameters and with about 3 GW of fusion power and net electricity
production of 1.2 GW. From these studies, some conclusions can be drawn:

-Plasma performance of ITER-sized machines, extrapolated with
assumptions in certain physics and technology areas, is close to that of
the Demo reactor.
-ITER-sized machines could demonstrate the net electricity production
at a few hundred megawatt level.
-A power reactor based on modest extrapolation of the ITER
assumptions would have almost the same size as ITER and deliver
1200 MW of net electrical power.
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TABLE Vm-1. COMPAPJSON OF ITER AND MODESTLY EXTRAPOLATED REACTOR PARAMETERS

Avge. peak toroidal coll field (T)
Plasm elongation (95%)
Beta scaling coefficient
Safety factor q-psi
Scrapeoff layer thickness (m)
Alpha fraction/Z.-,
Orive eff

Bootstrap fraction
CO -efficiency" (nIdrivenR/Pinjecte<1)

Major radius (m)
Minor radius (in)
Useful beta (%)/Total beta (%)
Plasm current (HA)
On-axis toroidal field (T)
Electron tenperature,n(keV),
Electron density (1020 m 3 ) ,
Kean neutron wall load (MW/nT)
Burn tine (s) ,
Lifetime fluence capability (HWy/nT)
nu '"Tin

"RL/HJ
Fusion power (Peak HW)
Therml conversion efficiency
Current drive power (HW)
Therml power (MM)
Circulating power (MM)
Net electric power (Htf)

ITER-Phys.

10.7
2.0
2.0
3.0
0.14

0.10/1.66
Inductive

0.14

6.0
2.15

3.03/4.20
22.0
4.85
10.0
1.22
1.0
400
3

1.9/2.1
2.1/1.9

1080

ITER-St.St.

<-
<-
3.0
3.4
<-
<-/3.81

Steady St.
0.28
0.42

<-
<-

3.07/5.70
19.8
<-
19.0
0.74
0.8
•

3
2.0/1.8
2.8/1.8

830

150

ITER-sized

<-
<-
<-
3.0
<-

<-/1.59
Inductive

0.26

<-
2.03

4.25/5.87
19.3
<-
10.0
1.69
2.0
600
18

1.9/1.8
1.7/1.7

1900
0.25

2000
270
230

Machines

<.
<_
3.5
<-
<-

<-/1.65
Steady St.

0.3^
0.75

<-
<-

4.62/6.85
<-
<-
15.0
1.24
2.1
m

18
1.6/1.6
1.3/1.3

2040
<-
130
2580
430
215

Power Reactors

14.0
2.0
3.3
3.1
0.1
/1.5

Steady St.
0.30
0.76

6.4
1.8

3.66/5.66
21.6
7.0

28.0
0.87
3.0
m

57
1.3/

/1.8

2905
0.4
111

1200

<-
<-
3.0
3.0
0.15

0.05/1.83
Steady St.

<-
0.99

6.0
1.6
/5.49

17.0
7.1

20.0
1.27
3.3
•
68

1.6/1.9
/1.9

2660
<•
92
3850
340
<-

Kit

14.9
2.25
4.0
2.9
<-
<-/1.54

Steady St.
0.50
0.70

5.3
1.4

5.10/7.62
16.6
6.22
<-
1.45
4.15
•

it,
1.4/1.4
1.4/1.5

3O5O
<-
91
3780
310
<-



ITER-sized machines extrapolated with assumptions of progress In current drive and power exhaust systems.

** Power reactors based on modest extrapolations of ITER assumptions.
Case 1 - "Projections for a Steady-State Tokamak Reactor Based on ITER", R.S. Oevoto. et al. UCID-21519 Rev 1.
Case 2 - "CAlcuiations of Power Tokaraak Reactor Characteristics on ITER Plasma Physics Data Base*, A.I. Mel'dtanov et al.. I.V.

Kurchatov Institute of Atomic Energy Report.
Case 3 - "A Reference Tokainak Reactor", P.I.H. Cooke, R. Hancox. H.R. Spears, Culham Report (in publication).
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