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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 high level of
international co-operation. Since early in its history, the International Atomic Energy Agency
has actively promoted the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls at summit level for expansion of
international co-operation in fusion energy development. 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 co-operation on the
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. The information produced within the CDA has
been made available for the ITER Parties and IAEA Member States to use either in their own
programmes or as part of an international collaboration.

After completing the CDA, the ITER Parties entered into a series of consultations on
how ITER should proceed further, resulting in the signing of the ITER EDA (Engineering
Design Activities) Agreement and Protocol 1 on July 21, 1992 in Washington by
representatives of the four Parties. The Agreement entered into force upon signature of the
Parties, with the EDA conducted under the auspices of the IAEA. Protocol 1 expired on March
21, 1994. On this very day representatives of the ITER Parties signed in Vienna Protocol 2,
which entered into force upon signature. This Protocol covers the remaining part of the EDA.

As part of its support of ITER, the TAEA is pleased to publish the documents
summarizing the results of the Engineering Design Activities.
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L0 Introduction

Six years of joint work under the ITER EDA agreement yielded, by July 1998, a mature
design for ITER as presented in the ITER Final Design Report, Cost Review and Safety
Analysis (FDR)! (the 1998 ITER design), supported by a body of scientific and technological
data which both validated that design and established an extensive knowledge base for
designs for a next step, reactor-oriented tokamak experiment. The 1998 ITER design fulfilled
the overall programmatic objective of ITER - to demonstrate the scientific and technological
feasibility of fusion energy for peaceful purposes - and complied with the detailed technical
objectives and technical approaches, and cost target adopted by the ITER Parties at the start
of the EDA.

When they accepted the FDR report, the ITER Parties, recognising the possibility that they
might be unable, for financial reasons, to proceed to the construction of the then foreseen
device, established a Special Working Group (SWG)?, and charged it with two tasks:

* to propose technical guidelines for possible changes to the detailed technical objectives
and overall technical margins, with a view to establishing option(s) of minimum cost still
satisfying the overall programmatic objective of the ITER EDA Agreement, and

» to provide information on broader concepts as a basis for its rationale for proposed
guidelines, and articulate likely impacts on the development path towards fusion energy.

In reporting on the first task, the SWG3 proposed revised guidelines for Performance and
Testing Requirements, Design Requirements, and Operation Requirements, noting that
“preliminary studies .... suggest that the direct capital costs of ITER can be reduced
significantly by targeting the less demanding performance objectives recommended...” and
expressing the view that “these less demanding performance objectives will satisfy the
overall programmatic objectives of the ITER Agreement even though these performance
objectives are necessarily less than those that could be achieved with the present [1998]
design.” Consequently, the ITER Council adopted the recommended revised guidelines and
asked the Director “fo continue efforts with high priority toward establishing option(s) of
minimum cost aimed at a target of approximately 50% of the direct capital cost of the present
design with reduced detailed technical objectives, which would still satisfy the overall
programmatic objective of ITER.™.

In addressing the second task, the SWG reviewed and compared two possible strategies for
meeting the programmatic objective of demonstrating the scientific and technological
feasibility of fusion, based on:

. an ITER-like machine, capable of addressing both scientific and technological issues
in an integrated fashion, and
. a number of complementary lower cost experiments each of which would specialise

on scientific/technological issues.

With regard to the second strategy, the SWG? found that the complex non-linear interactions
between a-—particle heating, confinement barriers and pressure and current profile control,

1 ITER Final Design Report, Cost Review and Safety Analysis, IC-13 ROD Attachment 6

21C-13 ROD Attachment 10

3 ITER Special Working Group Report to the ITER Council on Task #1 Results, EIC-1 ROD Attachment 1
4EIC-1ROD 3.1

> SWG report to the ITER Council on Task #2 Result, ITER Meeting 10-3-1999 ROM Attachment 5

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 0 Page 3
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and their compatibility with a divertor can be addressed only in an integrated
physics/technology experiment such as ITER, capable of providing long burn under
conditions in which a-particles are the dominant source of plasma heating. A satisfactory
understanding of these physics/plasma/technology interactions is essential to any reactor-
oriented fusion development programme. Moreover the SWG expressed the unanimous
opinion that the world programme is “scientifically and technically ready to take the
important ITER step.”

ITER Design Work

Given the instruction to address revised technical guidelines from the SWG Task 1 and
against the programmatic background of the SWG Task 2 conclusions, the main features of
ITER design activities since July 1998 have therefore been:

+ the study of options for cost reductions against the new, reduced, technical objectives by
reducing plasma performance and technical margins, using the advances in physics and
technology understandings, and tools arising out of the ITER collaboration to date, and

» the studied convergence towards a specific single design, following newly adopted
guidelines.

The revised performance specifications adopted by the ITER Council are set out in full in I.1

below. In summary they require:

* to achieve extended burn in inductive operation with Q = 10, not precluding ignition, with
an inductive burn duration between 300 and 500 s, a 14 MeV average neutron wall load
= 0.5 MW/m?, and a neutron fluence = 0.3 MWa/m?;

* to aim at demonstrating steady-state operation using non-inductive current drive with
Q=5;

» to use, as far as possible, technical solutions and concepts developed and qualified during
the EDA;

+ to target about 50% of the direct capital cost of the 1998 ITER design with particular
attention devoted to cash flow.

System Studies

As a first approach to identifying designs that might meet the revised objectives, system
codes were used which summarise in quantitative form the inter-relationships among the
main plasma parameters, physics design constraints and engineering features, and can be
combined with costing algorithms.

Such an analysis combines a detailed plasma power balance and boundaries for the plasma
operating window, providing the required range of Q for the DT burn, with engineering
concepts and limits. Four key parameters — aspect ratio, peak toroidal field, elongation, and
burn flux — are intimately linked, allowing options in the systems analysis to be
characterised principally by the aspect ratio (A), in addition to the device size, given by the
major radius R. Access to the plasma (e.g. for heating systems) and allowable elongation
(simultaneously constrained by plasma vertical position and shape control, and by the
necessary neutron shield thickness), are functions of aspect ratio.

On this basis the system studies indicated a domain of feasible design space, with aspect
ratios in the range 2.5 to 3.5 and a major radius around 6 m, able to meet the reduced

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 0 Page 4



G AORI 2 00-01-18 R1.0

requirements, with a shallow cost minimum across the range. The shallowness of the cost
curve and the inevitable approximate nature of the system studies made it clear that no
particular choice can be made on the optimal aspect ratio based on estimated costs alone. In
addition, there are other important aspects for which the cost or performance impact may not
be easily factored into a systems optimization.

Study of Representative Options

In order to provide a basis for rigorous exploration and quantification of the issues and
costings, representative options that span an appropriate range of aspect ratio and magnetic
field were selected for further elaboration and more comprehensive consideration, as reported
to the ITER meeting in Cadarache, March 19991,

The development of specific representative options provided a more tangible appreciation of

the key issues and a practical framework for the process of convergence was explored and

clarified in a joint JCT/Home Team “Concept Improvement Task Force” constituted in April

1999, following the guiding principles:

e to preserve as far as possible physics performance and margins against the revised targets,
and the scope for experimental flexibility, within the cost target and relevant engineering
constraints;

» to exploit the recent advances in understanding of key physics and engineering issues to
be drawn from the results of the ITER voluntary physics programme and the large
technology R&D projects;

e to maintain the priority given to safety and environmental characteristics, using the
principles, analyses and tools developed through ITER collaboration to date.

The Task Force recommendations, presented to the Programme Directors’ Meeting in
Grenoble (July 1999)2, were instrumental in developing consensus on the criteria and
rationale for the selection of major parameters and concepts as the precursor to converging
and integrating the various considerations into a single coherent outline design.

Following intensive joint work through an “Integration Task Force”, the JCT and Home
Teams have been able to converge to a single configuration, referred to as ITER-FEAT,
which represents an appropriate balance of the key technical factors and the use of the
conservative option for the energy confinement scaling. ITER-FEAT is now the focus for
ongoing design development, analysis and optimisation that has evolved to the point of an
Outline Design, the technical basis of which is presented in this report.

The report comprises two chapters. The first, “Overview”, presents the Plant Design
Specifications — the revised technical objectives, the Safety Principles and Environmental
Criteria, and the Site Requirements and Site Design Assumptions — which make up the
framework of external constraints for the design process. The following sections then outline
the key features of the ITER-FEAT design, including main physics parameters and
assessment, design overview and preliminary safety assessment, cost and schedule. The
second chapter, “Design Description and Analysis” presents in more detail the main
components/systems of the ITER-FEAT design. While the proposed designs rely mostly on

1 Study of options for the Reduced Technical Objectives/Reduced Cost (RTO/RC) ITER, (ROM 1999-03-10
Attachment 8)
2 Study of options for the RTO/RC ITER, Director’s Progress Report, Grenoble July 1999.
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technical solutions qualified for the 1998 ITER design, they require more analysis for
adaptation and therefore the level of information provided in this report is commensurate
with an outline design.

A valid cost estimate of ITER-FEAT will be obtained only after the engineering details have
been worked out to provide specifications for an industrial cost analysis to be undertaken by
firms of the Parties in the second half of 2000. Pending such analysis, only a rescaling from
the costs of the 1998 ITER design can be done, the result of which slightly exceeds the
specified target. However, this simple scaling cannot take into account the expected
improvements in the design and in the industrial fabrication process. The latter is now the
most important area of activity for reducing costs further towards the target.

With the assistance of the Home Teams, especially through the two Task Forces, the design
of ITER-FEAT is now ready to progress, subject to the views of the ITER Council and
Parties, into the detailed design process with a view to completing, before the end of the
ITER EDA extension, a “Final Design Report” that will provide the technical base for a
possible decision by the Parties to commit to the construction and operation of ITER.

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 0 Page 6
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L1.1 Programmatic Objective

According to the ITER EDA Agreement, "the overall programmatic objective of ITER is to
demonstrate the scientific and technological feasibility of fusion energy for peaceful
purposes."

L.1.2 Technical Objectives and their Interpretation

Following the recommendations of a Special Working Group (SWG) [see verbatim quote
from the report in the panel overleaf], the ITER Council asked the Director "to continue
efforts with high priority toward establishing, with the assistance of the JCT and Home
Teams, option(s) of minimum cost aimed at a target of approximately 50% of the direct
capital cost of the [1998 ITER] design with reduced detailed technical objectives, which
would still satisfy the overall programmatic objective of ITER. The work should follow the
adopted technical guidelines and make the most cost-effective use of existing design
solutions and their associated R&D."

L1.2.1 Interpretation
These technical objectives have been interpreted as follows:

. Maintainability features will be incorporated into the design in such a way as to
achieve the mission reliability, operational availability, and scheduled maintenance
requirements. In particular, remote handling (RH) features will be designed and
qualified that permit timely insertion and removal of in-vessel components, blanket
test modules and other test articles.

. The ITER design shall incorporate features that permit testing to:
- demonstrate the reliability of nuclear components;
- furnish data for comparing candidate concepts for nuclear components and to
provide a basis of extrapolation;
- demonstrate tritium breeding;
- provide fusion materials testing data.

. The existing physics database will require:
- H-mode scaling law as recommended by the Confinement Expert Group;
- normalized beta, By = BaB/I <2.5;
- normalized density, n/ngw = nma®/1 < 1.0;
- safety factor, qos~ 3;
- Zeff = 20,
- awell controlled, divertor plasma configuration.

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 1 Page 3
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Plasma Performance

The device should:

. achieve extended burn in inductively driven plasmas with the ratio of fusion power to auxiliary heating
power of at least 10 for a range of operating scenarios and with a duration sufficient to achieve
stationary conditions on the timescales characteristic of plasma processes.

. aim at demonstrating steady-state operation using non-inductive current drive with the ratio of fusion
power to input power for current drive of at least 5.

In addition, the possibility of controlled ignition should not be precluded.

Engineering Performance and Testing

The device should:

. demonstrate the availability and integration of technologies essential for a fusion reactor (such as
superconducting magnets and remote maintenance);

. test components for a future reactor (such as systems to exhaust power and particles from the plasma);

. Test tritium breeding module concepts that would lead in a future reactor to tritium self-sufficiency, the

extraction of high grade heat, and electricity production.

Design Requirements

. Engineering choices and design solutions should be adopted which implement the above performance
requirements and make maximum appropriate use of existing R&D database (technology and physics)
developed for ITER.

. The choice of machine parameters should be consistent with margins that give confidence in achieving
the required plasma and engineering performance in accordance with physics design rules documented
and agreed upon by the ITER Physics Expert Groups.

. The design should be capable of supporting advanced modes of plasma operation under investigation in
existing experiments, and should permit a wide operating parameter space to allow for optimising
plasma performance.

. The design should be confirmed by the scientific and technological database available at the end of the
EDA. )

. In order to satisfy the above plasma performance requirements an inductive flat-top capability during
burn of 300 to 500 s, under nominal operating conditions, should be provided.

. In order to limit the fatigue of components, operation should be limited to a few 10s of thousands of
pulses

. In view of the goal of demonstrating steady-state operation using non-inductive current drive in reactor-

relevant regimes, the machine design should be able to support eguilibria with high bootstrap current
Jraction and plasma heating dominated by alpha particles.
. To carry out nuclear and high heat flux component testing relevant to a future fusion reactor, the
engineering requirements are
Average neutron flux = 0.5 MW/m?

Average neutron fluence = 0.3 MWa/m?

. The option for later installation of a tritium breeding blanket on the outboard of the device should not be
precluded.
. The engineering design choices should be made with the objective of achieving the minimum cost device

that meets all the stated requirements.

Operation Requirements

The operation should address the issues of burning plasma, steady-state operation and improved modes
of confinement, and testing of blanket modules.

. Burning plasma experiments will address confinement, stability, exhaust of helium ash, and impurity
control in plasmas dominated by alpha particle heating.

. Steady-state experiments will address issues of non-inductive current drive and other means for profile
and burn control and for achieving improved modes of confinement and stability.

. Operating modes should be determined having sufficient reliability for nuclear testing. Provision should

be made for low-fluence functional tests of blanket modules to be conducted early in the experimental
programme. Higher fluence nuclear tests will be mainly dedicated to DEMO-relevant blanket modules in
the above flux and fluence conditions.

. In order to execute this program, the device is anticipated to operate over an approximately 20 year
period. Planning for operation must provide for an adequate tritium supply. It is assumed that there will
be an adequate supply from external sources throughout the operational life.

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 1 Page 4
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The mechanical design of the device shall withstand the expected temperatures,
pressures, electromagnetic fields, chemical environment, and radiation environment
under all projected operating conditions and assumed accident conditions.

Prior to site selection, structural evaluation shall be in accordance with specific codes
and standards which are agreed among the three Parties. If no such codes and
standards exist, standards or guidelines established by the JCT shall be surrogated.
The design must not preclude readily achievable modifications to incorporate
alternate codes and standards, which may be required by the Host Party.

The design shall facilitate decommissioning, and reduce occupational exposures, by:

- use of modular components for easy dismantling;

- segregating radioactive systems or components;

- designing to avoid contamination or to allow easy decontamination;

- selection of construction materials to reduce activation products in materials
subject to irradiation.

ITER shall have a waste management program that minimises waste. The treatment
systems for radioactive wastes generated in ITER shall be designed to minimize
dispersion of radioactive materials during all stages of handling. ITER systems shall
be designed to package radioactive waste in accordance with the requirements of the
Party that will ship, handle and intern the waste, so that no additional handling or
exposure is required by re-packaging.

ITER operation is divided into four phases. Before achieving fyll DT operation,
which itself is split into two phases, ITER is expected to go through two operation
phases, a hydrogen phase and a deuterium phase, for commissioning of the entire
plant.

The hydrogen phase is a non-nuclear phase, mainly planned for full commissioning of
the tokamak system in a non-nuclear environment where full remote handling is not
required.

The discharge scenario of the full DT phase reference operation such as plasma
current initiation, current ramp-up, formation of a divertor configuration and current

ramp-down can be developed or simulated in this phase. The semi-detached divertor
operation in DT plasma can be also checked since the peak heat flux onto the divertor

target will be of the same order of magnitude as for the full DT phase.

Characteristics of electromagnetic loads due to disruptions -or vertical displacement
events, and heat loads due to runaway electrons, will be basically the same as those of
the DT phase. Studies of the design-basis physics will significantly reduce the
uncertainties of the full DT operation. Mitigation of severe disruptions and VDEs or
better control of these events in later phases will become possible, leading to a more
efficient DT operational phase.

However, some important technical issues will not be fully tested in this phase
because of smaller plasma thermal energy content and lack of neutrons and energetic

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 1 Page 5
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alpha-particles. For example, evaporation of the divertor target surface expected at
the thermal quench phase of disruption, effects of neutron irradiation of the in-vessel
materials, and alpha-particle heating of the plasma, will not be tested.

The following studies can be carried out to prepare for the full DT phase:

(1) accessibility of the H-mode and other improved confinement modes
(confirmation of the adequacy of the heating power);

(2)  verification of operational compatibility with plasma density close to the

Greenwald limit, beta limit, 995~3, semi-detached divertor, low impurity level,
and sufficiently good confinement, which is required in the reference high Q
operation in the full DT phase; studies of high gn operation by stabilising
neoclassical modes with ECCD etc., high plasma density operation by
optimized fuelling etc., and further improved confinement modes; assessment
of the necessity to improve these capabilities;

3) steady-state operation with a negative or weak central magnetic shear and an
internal transport barrier; improvement of the beta limit by stabilising kink
modes and resistive wall modes; assessment of the necessity to improve
current drive capabilities and stability control.

If the hydrogen phase is substantial, the initial construction cost of ITER could be
significantly reduced by delaying the installation of some of the nuclear-related
facilities. The actual length of the hydrogen operation phase will depend on the merit
of this phase with regard to its impact on the later full DT operation. Operation in this
phase is subject to several uncertainties': how high the magnetic field can be without
the plasma density exceeding the Greenwald limit, and how high the plasma density
needs to be to access the H-mode, avoiding locked modes and beam shine-through,
and ensuring adequate divertor operation.

If the H-mode threshold power is higher than expected, it may be necessary to operate
with the magnetic field less than the half of the full field and with the safety factor
less than 3, i.e., ~ 2.6, to stretch the Greenwald plasma density limit. Additional
installation of the heating system may be needed to solve the problem.

In the deuterium phase, neutrons will be produced, and tritium will be produced from
DD reactions. Part of this tritium will then be burnt in DT reactions. Although the
fusion power is low, the activation level inside the vacuum vessel will not allow
human access after several deuterium discharges with powerful heating. However,
the capacity of the heat transfer system (except for the divertor and heating devices)
could be minimal, and demand for the tritium processing system would be very small.

Characteristics of deuterium plasma behaviour are very similar to those of DT plasma
except for the amount of alpha heating. Therefore, the reference DT operational
scenarios, i.e., high O, inductive operation and non-inductive steady-state operation,
can be simulated in this phase. Since tritium already exists in the plasma, addition of

"G AORI 1 99-02-12 W0.2, Study of RTO/RC ITER Options, section 1.3.2.2.1
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a small amount of tritium from an external source will not significantly change the

activation level of the machine. Fusion power production at a significant power level

for a short period of time without fully implementing cooling and tritium-recycle

systems which would be required in the subsequent full DT phase could therefore also

be demonstrated. By using limited amounts of tritium in a deuterium plasma, the

integrated commissioning of the device is possible. In particular, the shielding

performance can be checked. The major achievements in the D phase should be as

follows:

- replacement of H by D, clean D plasma;

- confirmation of L-H threshold power and confinement scalings;

- establishment of a reference plasma (current, heating power, density,
detached/semi-detached divertor, ELMy H-mode, etc.);

- particle control (fuel/ash/impurity/fuelling/pumping);

- steady-state operation with full heating power;

- finalisation of nuclear commissioning with a limited amount of tritium,;

- demonstration of high fusion power comparable to the nominal value for the
full DT burn, for a short time.

Following these two phases the ITER plant will have been almost fully
commissioned. Most of the plasma operational and control techniques necessary to
achieve the technical goals of the DT phase will have been mastered by then. DT
operation can be divided into two phases predominantly oriented towards physics and
engineering goals respectively

During the first phase the fusion power and burn pulse length will be gradually
increased until the inductive operational goal is reached. Non-inductive, steady-state
operation will also be developed. The DEMO-relevant test blanket modules will also
be tested whenever significant neutron fluxes are available, and a reference mode of
operation for that testing will be established.

The second phase of full DT operation will emphasise improvement of the overall
performance and the testing of components and materials with higher neutron
fluences. This phase should address the issues of higher availability of operation and
further improved modes of plasma operation. Implementation of this phase should be
decided following a review of the results from the preceding three operational phases
and assessment of the merits and priorities of programmatic proposals.

A decision on incorporating tritium breeding during the course of the second DT
phase will be decided on the basis of the availability of tritium from external sources,
the results of breeder blanket testing, and experience with plasma and machine
performance. Such a decision will depend on the R&D completed during the first
phase indicating the viability of a tritium breeding blanket, almost certainly within the
same space envelope as the shielding blanket, able to maintain a low tritium inventory
with bakeout at 240°C.

In all operating phases, ITER shall provide facilities for the receipt, storage,
processing /recycling and utilisation of hydrogen isotopes for the tokamak. Apart
from the H phase, this will include tritium, and the recycling capability shall include
the possibility to recover tritium from plasma-facing materials.

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 1 Page 7
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. ITER shall have a duty factor'capability of about 25%.

. Comprehensive plasma diagnostic information shall allow attainment and monitoring

of reliable modes of operation. In the final part of the twenty year operation, pulse
reliability” shall be greater than 90%. In the final part of the twenty year operation,
ITER will also be required to operate at very high availability® for periods lasting 1-2
weeks.

. The following principles shall be adhered to in the design:

- simplicity;

- fail-safe and fault-tolerant design;
- redundancy;

- diversity;

- independence;

- testability.

. ITER will follow a “staged” approach to maximize the opportunities for deferring cost

and reducing the peak demand for funding in any single year. This will also allow
early experimental results to better quantify the technical requirements of
successively installed equipment. In particular, the ability to study steady-state
operation will, if necessary, be provided through additional investment.

o Delivery of components, systems and structures will be just in time to fulfil the needs

of the experimental programme subject to the following limitations:

- the initial design and construction must anticipate the requirements for all stages
and include those features which are impractical or extremely costly to add at a
later time;

- deferral of a component, system or structure shall not increase the cost of other
components, systems or structures greater than the amount of the cost saved by
deferral.

! the ratio of plasma burn to total pulse length (including both electrical-on and dwell times)

2 defined as the probability of:

< the necessary subset of data for achieving the goal of a given pulse being successfully acquired and
archived, and

«  no failure during the pulse which would preclude the initiation of the next pulse.

> the ratio of the product of the actual number of pulses and their average duration in an operation plan period in

which the device is operational at its acceptable or planned performance level, to the product of the number of

pulses and their average duration which could be achieved during that run period in the absence of component

failures and software errors.
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L1.2.2

Scope of the EDA

The scope of the EDA is described in the adjacent panel from the ITER EDA Agreement.

The Parties shall conduct the following EDA:

(@

(b)
(©
@

(¢

to establish the engineering design of ITER including

(i) a complete description of the tokamak and its auxiliary systems and facilities,

(ii) detailed designs with specifications, calculations and drawings of the
components of ITER with specific regard to their interfaces,

(iii)  a planning schedule for the various stages of supply, construction, assembly,
tests and commissioning of ITER together with corresponding plan for human
and financial resource requirements,

(iv)  specifications allowing [timely] calls for tender for the supply of items needed
for the start-up of the construction of ITER if and when so decided;

to establish the site requirements for ITER, and perform the necessary safety,

environmental and economic analyses;

to establish both the proposed program and the cost, manpower and schedule

estimates for the operation, exploitation and decommissioning of ITER;

to carry out validating research and development work required for performing the

activities described above, including development, manufacturing and testing of

scalable models to ensure engineering feasibility;

to develop proposals on approaches to joint implementation for decisions by the

Parties on future construction, operation, exploitation and decommissioning of ITER.

For the EDA extension this is interpreted as in the following.

(a) (ii) shall apply only for components critical to the construction decision during the
EDA. For the remainder, the design should be scoped to ensure that it can be
developed in time within the constraints produced by the detailed design of the critical
components.

Site specific activities shall include design adaptations and their cost estimates, and
safety analysis and technical support for the preparation of license applications.

ITER shall maintain a current estimate of the construction costs, as design progresses.
The JCT shall be responsible for developing adaptations of the design and cost
estimates to candidate sites which the Parties have proposed. A final cost estimate
may be developed for the site selected with the assistance of the site host.

Project schedules shall be developed by the JCT relevant to the ITER Project and
siting decisions reached by the Parties.

A cost estimate and schedule for deferred components, systems or structures shall be
developed so that they may be procured, constructed and commissioned prior to the
stage in which they are required.

The JCT shall maintain current estimates of the R&D costs as the design progresses
and shall justify deviations from the construction costs given above.
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1.1.2.3 Design Principles

Based on all the foregoing, the ITER design philosophy adopted during the EDA is based on
the following design principles:

. optimise the design for the objectives of the first phase of active operation and ensure
flexibility and capability to accommodate the goals and constraints of following
phases;

. within the given resources, maximise the development of the basic tokamak machine
and defer that of external systems that can be changed or added later;

. use advanced but proven technologies, but keep the flexibility to introduce new
technologies when proven;

. avoid irrevocable choices today if they may be made later when better information is
available;

. for systems to be developed and designed later, reserve the maximum space available;

. avoid on-site production and testing as much as possible;

. never compromise safety of the machine operation to improve performance or
decrease cost;

. plasma facing components should be excluded from safety functions;

. emphasise passive safety in the design.

L1.3 Safety Principles and Criteria

This section provides:

° the safety objectives, principles and criteria that are the high level requirements which
should be maintained independently from any design,

. generic elements for the implementation of the safety approach so that each Party can

describe how the implementation will satisfy national laws and regulations; or
possibly so that the ITER Parties can agree on a common safety approach for an
international realisation of ‘a first of a kind’ machine like ITER.

This section deals with the safety and environmental issues from the design point of view.
Safety requirements for the operation phase will be developed at a later stage in the project.

In the following, the word 'shall' is used to denote a firm requirement, the word 'should' to
denote a desirable option and the word 'may' to denote permission, i.e. neither a requirement
nor a desirable option.

L1.3.1 Safety Objectives

A main goal of ITER is to demonstrate from the viewpoint of safety the attractiveness of
fusion and thereby provide a good precedent for the safety of future fusion power reactors.
However, it is necessary to account for the experimental nature of the ITER facility, the
related design and material choices, and the fact that not all of them are suited for future
fusion power reactors. To accomplish this, ITER safety needs to address the full range of
hazards and minimise exposure to these, and to permit siting by any Party.
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The following safety objectives are taken into account:

. General safety: to protect individuals, society and the environment; to ensure in
normal operation that exposure to hazards within the premises and due to any release
of hazardous material from the premises is controlled and kept below prescribed
limits; to prevent accidents with high confidence, to ensure that the consequences of
more frequent events, if any, are minor; to ensure that the consequences of accidents
are bounded and the likelihood is small.

. No evacuation: to demonstrate that the favourable safety characteristics of fusion and
appropriate safety approaches limit the hazards from internal accidents such that there
is, for some countries, technical justification for not needing evacuation of the public.

. Waste reduction: to reduce radioactive waste hazards and volumes.

ITER shall be developed in such a way that it can be sited by any participant in the ITER
EDA Agreement with minor design modifications.

I.1.3.2 Safety Design Principles

The following principles shall be considered in the safety approach. These safety principles
not only provide direction to guide the design, but also include on-going, independent review
and assessment to ensure the design will meet safety objectives.

1.1.3.2.1 Deployment of Fusion’s Safety Characteristics

The safety approach shall be driven by a deployment of fusion's favourable safety
characteristics to the maximum extent feasible. Relevant characteristics are:

d the fuel inventory in the plasma is always below 1 g so that the fusion energy content
is small;

. plasma burn is terminated inherently when fuelling is stopped due to the limited
confinement by the plasma of energy and particles;

. plasma burn is self-limiting with regard to power excursions;

. plasma burn is passively terminated by the ingress of impurities under abnormal
conditions (e.g. by evaporation or gas release or by coolant leakage);

. the energy and power densities are low;

. the energy inventories are relatively low;

. large heat transfer surfaces and of big masses exist and are available as heat sinks;

. confinement barriers exist and must be leak-tight for operational reasons.

L1.3.2.2 Passive Safety

Passive safety shall be given special attention. It is based on natural laws, properties of
materials, and internally stored energy. Passive features, in particular, help assure ultimate
safety margins.

1.1.323 Defence-in-Depth

The ITER safety approach incorporates 'defence-in-depth', the recognised basis for safety
technology: All activities are subject to overlapping levels of safety provisions so that a
failure at one level would be compensated by other provisions.
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Three sequential levels of defence are established which, in priority order, are 'prevention',
'protection’, and 'mitigation'. Defence-in-depth, is repeated at each of the three fundamental
levels. All elements of defence-in-depth must be available at all times during normal power
operation and appropriate elements must be available when power is off (shutdown,
maintenance, repair, decommissioning). The existence of several but not all elements is no
justification for start or continuation of power operation.

Prevention

Accident prevention shall be the first priority. Prevention is implemented, for example, by
minimisation of hazardous inventories, provision of primary confinement, use of passive
safety features, conservative design, quality assurance and surveillance, well established
practices (‘safety culture’), and qualified staff.

Protection

Protection is implemented, for example, by control of the operation including the detection of
faults, response to any indication of failures, and redundant and diverse engineered safety
systems.

Mitigation
Mitigation is provided, for example, by adding confinement barriers to the primary one, and
protection systems to prevent the evolution of failures and human errors into accidents.

1.1.3.24 Consideration of the Experimental Nature

A robust safety envelope shall be provided to enable flexible experimental usage. Since
ITER is the first experimental fusion device on a reactor scale, it will be equipped with a
number of ‘experimental components’, in particular inside the vacuum vessel. In view of
uncertain plasma physics and lack of operational experience, the experimental components
will be designed considering the expected loads from plasma transients so as to reduce the
demands on systems which are required for safety. In particular, a safety function will not be
assigned to experimental components.

Nevertheless, faults in experimental components that can affect safety will be subject to
safety assessments. On this basis, related measures will be incorporated in the design as
appropriate.

The experimental programs will be developed in such a way that design modifications will
take account of experience from preceding operations and will stay within the safety
envelope of the design.

1.1.3.2.5 Re\;iew and Assessment

Safety assessments shall be an integral part of the design process and results will be available
to assist in the preparation of safety documentation for regulatory approval. These analyses
shall comprise normal operation, all categories of accidents, and waste management and
disposal.

An assessment shall be made of potential effluents from the ITER site throughout its lifetime.
All effluents (airborne and waterborne) shall be identified and their quantity and
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characteristics estimated. Effluent assessment shall address normal operation and
maintenance (Category I) and shall include, as a minimum, radioactive materials, toxic
materials, direct radiation, magnetic fields, and thermal emissions. Releases of radioactive
materials shall be assessed as part of a demonstration that such releases are ALARA.

A plant safety assessment shall be made, including a systematic review of the ways in which
components might fail and identifying the consequences of such failures. The objective of the
plant level sequence analysis is to support the choice of the sequences analysed in the
reference accident analysis and in the ultimate safety margins analysis, and to demonstrate,
for a comprehensive set of event sequences, that the consequences of each sequence will be
below the release limits established for the category to which the sequence belongs. Further,
the plant level analysis supports the Safety Importance Classification of the components (see
Table 1.1.3-3). To approach completeness as far as possible, a comprehensive identification
procedure shall be applied: Postulated initiating events (PIEs) should be identified by a
systematic ‘bottom-up’ method like the Failure Modes and Effects Analysis (FMEA) as well
as by a ‘top-down’ approach like Global Event Trees or Master Logic Diagrams.

A combined deterministic and probabilistic approach may be used to develop a set of
‘reference accidents’ (limited in number) which shall encompass the entire spectrum of
events in Category I, III and IV (see Table I.1.3-1). Analysis of reference accidents shall
also address loss of power and aggravating failures in safety systems.

Hypothetical sequences should be used to investigate the ultimate safety margins. The intent
is to demonstrate the robustness of the safety .case with.regard to the project’s objectives and
radiological requirements.

An assessment of waste arising during operations and decommissioning shall be made to
provide a detailed characterisation.

I.1.3.3 Safety and Environmental Criteria

Regulatory approval is required before the construction of ITER and preparations for the
future application for approval shall be included in the design process. Before site selection,
the design will follow international recommendations, in particular technology-independent
ones. Limits on doses to the public and staff from radioactivity and related releases shall be
met by design, construction, operation and decommissioning. These project limits shall
follow the recommendations by the ICRP and the IAEA. Following site selection, Host
Country regulations will apply.

An important element of the safety analyses is the assessment of consequences. Doses and
releases to the public shall be limited to the guidelines established by the project in Table
I.1.3-1. In addition, there should be margins between calculated values and the project
guidelines.

Using IAEA recommendations, the no-evacuation objective implies the need to limit doses to
the local population to approximately 50 mSv/event early dose.
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Table 1.1.3-1
Event Classification and Project Guidelines for Doses to the Public

1 1 111 1v
EVENT OPERATIONAL LIKELY UNLIKELY EXTREMELY
SEQUENCE EVENTS SEQUENCES SEQUENCES UNLIKELY
CATEGORY SEQUENCES
Category Description | Events and plant Event sequences not | Event sequences Event sequences not
conditions planned | planned but likely | not likely to occur | likely to occur
and required for to occur one or during the life of during the life of the
ITER normal more times during | the plant. plant with a very
operation, including | the life of the plant large margin.
some faults and but not including
events which can Category I events.
occur as a result of
the ITER
experimental
nature.
Typical Annual List of operational ) -4
Expected Occurrence | events to be defined | £ . 19-2/5 10 {2 > 1 10 fg > 1
Rate explicitly. >10""/a >107"/a
ITER Avoid any Avoid potential for
Objectives ALARA. Avoid releases. potential need for | public evacuation.
any public counter-
measures.
Meet appropriate national criteria.
Dose Guidelines (a) | 0.1 mSv/a chronic | 0.1 mSv/event 5 mSv/event 5-50 mSv /event
dose (all pathways); | chronic dose chronic dose dose (c).
and ALARA. (without ingestion) | (without ingestion).
and 0.1 mSv/a
chronic dose
integrated over all
Category II events;
and (b).
Release Guideline for HTO (tritiated water) (d) (e)
Elevated -1g T/a(f) 1.5 g T/event 80 g T/event 150 g T/event
{100 m)
Ground level 0.1 g/a (f) 0.1 g T/event 5 g T/event 10 g T/event
Release Guideline for Divertor-First Wall Activation Products (AP) (d)
Elevated 10 g metal/a (f) 5 g metal /event 300 g metal/event | 2500 g metal/event
(100 m)
Ground level 1 g metal/a (f) 1 g metal/event 50 g metal/event 300 g metal/event
Release Guideline for Activated Corrosion Products (ACP) (d)
Elevated 50 g/a (f) 5 g/event 300 g/event 30 000 g/event
(100 m)
Ground level S5gla(f) 1 g/event 50 g/event 2000 g/event

(a) The type of dose is chosen to be an appropriate technical measure corresponding to the ITER objectives for that
Category. Where dose criteria are "per year," average annual weather is assumed. Where dose criteria are "per event",
‘conservative weather’ is used.

(b) The summation of Category I and Category II events must be < 0.2 mSv/a.

(c) The range for Category IV results from significant variations among how national dose criteria are expressed, e.g., the
type of dose. For design purposes, an appropriate dose limit is used to derive release limits that will meet national dose
criteria. 10 mSv/event early dose is used for this purpose.

(d) Release guidelines have been conservatively set to ensure dose guidelines will not be exceeded with margins to
accommodate actual site conditions and host country dose calculation procedures.

(e) For tritium in the HT form, use 10 times the values shown here.

(f) Category I release guideline have been conservatively set at ~ 1/ 10" allowable release to ensure that summation over all
exposure pathways and releases will not exceed the Category I dose guideline, and as part of ALARA.
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ITER shall comply with the ICRP recommendations regarding public and occupational
exposures (see Table 1.1.3-2 for guidelines established by the project). The radiation
protection practices shall be consistent with the JAEA and ICRP recommendations and
should make use of best practices. In particular, efforts shall be made to design such that
exposures during operation, maintenance, modification and decommissioning are ALARA,
economic and social factors being taken into account.

Activated materials are considered long-term waste if criteria for unconditional clearance
following IAEA recommendations are not met after a decay period of 100 years.

Table 1.1.3-2
Limits and Project Guidelines for Doses from Occupational Exposure

Dose Limits

ICRP recommended limit for annual individual worker >0 mSv

doses 20 mSv averaged over 5 years
Project Guidelines

Project guideline for annual individual worker doses 5 mSv

Project guideline for individual dose per shift 0.5 mSv/shift

Collective annual worker dose target averaged over life time 0.5 man-Sv

of plant

ALARA threshold for dose rates 100 uSv/h

ALARA threshold for collective worker dose to operate and 30 pers-mSv

maintain a system for a year

ALARA threshold for collective worker dose for a task 30 pers-mSv

performed less often than annually

(a) An ‘ALARA threshold’ is a level that triggers a formal ALARA assessment during the ITER design
phase. This does not imply that ALARA reviews will not be performed when the design is below the
thresholds.

1.1.3.4 Generic Elements of the Safety Approach

There can be a number of acceptable safety approaches to meet safety objectives. The
following sections provide generic elements of a safety approach implementing the ITER
safety principles.

The safety approach shall cover both public and occupational safety for both normal
operation and accidents. The approach shall use a combination of design features and
administrative controls to protect the site staff and the public from hazards and to control
releases of radionuclides and hazardous materials from the facility. The level of protection
required depends on the level of the hazard present in the facility.

1.1.3.4.1 Confinement

Confinement of radioactive and toxic materials is a fundamental safety requirement.
Confinement is defined here as all types of physical and functional barriers which provide
protection against the spread and release of radioactive material. Containment is a special
type of confinement which can accommodate significant pressurisation. Releases would
most significantly occur upon breach of barriers, hence confinement shall be protected by
appropriate measures such as heat removal, control of energies and monitoring.
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113411 Confinement of Radioactive and Toxic Materials

The barriers shall be of sufficient number, strength and performance (in terms of leak
tightness, retention factors, reliability, etc.) so that releases of radioactive and/or toxic
materials during normal operation and for accidents do not exceed the project release
guidelines listed in Table I.1.3-1.

The design of confinement barriers may be graded. Significant, vulnerable, radioactive
and/or toxic inventories will require highly reliable barriers, whereas moderate and small
inventories will require less reliable barriers.

The design basis for the confinement barriers shall take into account all events, ranging from
the initiating events to consequential accidents, loads and environmental conditions as
identified by the safety assessments.

The design of confinement barriers shall implement the principles of redundancy, diversity
and independence. Specifically, in the case of multiple barriers, failure of one barrier shall
not result in the failure of another barrier.

After pressurisation due to an accident, confinement volumes shall be returned to below
atmospheric pressure within a specified period following the accident and a filtered,
monitored pathway shall be provided to maintain the pressure inside the volume to below
atmospheric pressure.

Consideration should also be given to the mitigation of consequences from confinement
degradation by accidents beyond Category I through IV, i.e. by hypothetical sequences.

11.34.1.2 Protection of the Confinement

Heat removal

To protect the confinement against phenomena, such as breach, evaporation and melting, the
design shall provide reliable means to remove the heat generated during normal operation as
well as the decay heat of activation products and the heat from potential chemical reactions.
Their reliability shall be commensurate with the consequences from losses of decay heat
removal and the subsequent impact on the confinement. Passive means for decay heat
removal shall be provided as a last resort.

Control of coolant enthalpy

To ensure confinement is not threatened, the design shall provide means to accommodate the
accidental release of coolants used, in particular, for in-vessel components, vacuum vessel
and superconducting magnets. For the magnets, due consideration shall be given to the fact
that cryogenic fluids can absorb large amounts of energy from the ambient so that
phenomena such as underpressure and overpressure can be generated.

Control of chemical energy

The design shall be such that chemical energy inventories are controlled to avoid energy and
pressurisation threats to confinement. ITER shall be designed, in particular, to minimise
hydrogen production during accidents, to avoid explosive mixtures of hydrogen with
air/oxygen and to minimise the release of chemical energy as heat. Excessive chemical
reactions between beryllium and steam shall be limited by avoiding elevated temperatures.
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Control of magnetic energy
The magnet systems shall be designed in such a way that failures in the systems will not

damage safety functions by mechanical impact, pressure loads or electric arcs leading to a
release of radioactivity exceeding the project guidelines specified in Table 1.1.3-1.

Monitoring and control

The design shall provide means for monitoring and controlling radioactive or toxic releases
from ITER as well as dose rates to the public around the site and in areas accessible to site
staff.

The design shall provide systems for assuring reliable information on all operational events
and accidents, and for monitoring the performance of the confinement and its protection
during accidents.

[.1.3.4.2 Component Classification

The importance to safety of structures, systems and components (termed ‘components’ in the
following) is not uniform. Therefore, graded requirements should be used in the safety
design. This is achieved by classifying components according to their importance to safety.

A Safety Importance Classification (SIC) may be used for determining which codes and
standards to apply, levels of quality assurance, inspection requirements, etc. Each component
is classified according to its importance to safety as in Table 1.1.3-3. A design objective is to
have no SIC-1 components in ITER.

The quality level required for components should be commensurate with the SIC and the
required reliability.

The SIC of components shall be determined by using a plant level analysis (I.1.3.2.4) that
establishes for each component the functions to which the component contributes or has an
effect, and assesses how the component failure would influence the functions. If a
component is associated with more than one function, the procedure shall be applied for each
function and the highest SIC obtained for the component shall be assigned.

1.1.34.3 Earthquake

Components required to perform a safety function shall be designed such that the capabilities
are maintained during or after a design basis earthquake.

Before the ITER site is decided, an assumption for design and safety analysis purposes is to
consider three levels (SL-2, SL-1, SL-0) of ground motion. These are specified in
[.1.4.1I1.A.5. SIC-1, -2, and -3 components shall be divided into three seismic classes (2A,
2B, 1) in terms of their importance to safety in the event of an earthquake (see Table 1.1.3-4).
Components with the most important safety role will be designed with adequate structural
margins against the SL-2 earthquake by applying graded performance requirements, whereas
the components with a less important safety role will be designed to withstand the more
frequent SL-1 earthquake without damage.
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The assignment of a component to seismic classes (2A, 2B, 1) shall be based on functional
requirements to assure safety. According to their different functions, parts of the same
system may belong to different classes. Leak-tightness, degree of damage (crack, tear, etc.),
mechanical or electrical functional capability, maximum displacement, degree of permanent
distortion and preservation of geometrical dimensions are examples of aspects which shall be

considered.
Table 1.1.3-3
Safety Importance Classification
Safety
Importance Classification Rules
Class
SIC-1 Components are classified in SIC-1 if the following rule applies:

Rule 1: The component implements a safety function? that is needed in normal
operation or after occurrence of Category II (Likely) events and the failure of that
safety function under such conditions leads to a release that exceeds the Category
IV (Extremely Unlikely) limits.

SIC-2 Components are classified in SIC-2 if the following rule applies:

Rule 2: The component implements a safety function? that is needed after occurrence
of Category HI (Unlikely) or Category IV (Extremely Unlikely) events and the
failure of that safety function under such conditions leads to a release that exceeds
the Category IV (Extremely Unlikely) limits.

If the same safety function can be accomplished by another independent system,

different from the one the component belongs to, then the component may be

declassified to SIC-3. ]
SIC-3 Components are classified in SIC-3 if any of the following rules apply:

Rule 3-1: The component implements a safety function® whose failure could lead to a
release that exceeds the Category II (Likely) limits but is lower than the Category
IV (Extremely Unlikely) limits.

Rule 3-2: The component implements a safety function needed to protect the facility

personnel from radiological hazards.?

Rule 3-3: The component is needed for radiological monitoring of accidental releases

to the environment when they exceed the Category II limits. |
SIC-4 Not safety classified

Notes:

a  Auxiliary services that provide essential support to a SIC component (such as cooling, lubrication, and
energy supply) forming part of a system important to safety shall be regarded as part of that
component. Their reliability, redundancy, diversity, independence, and provision of features for
isolation and for testing of functional capability shall be commensurate with the reliability of the SIC
component that is supported. Other non-essential support services shall be designed so that a failure
does not degrade the safety function below an acceptable level.

b The component implements a safety function whose malfunction could lead to an unplanned
occupational exposure in excess of the project guideline for exposure per vear (1.1.3.3).

When, as the result of an earthquake, the collapse, falling, dislodgement or any other spatial
response of a component is expected to occur and could jeopardise the functioning of
components in a higher category:

such components shall be classified in the same category as the endangered
components, or

for the respective earthquakes, the continued safety function of the lower class
components shall be demonstrated, or

the endangered components shall be suitably protected so they are not jeopardised.
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As a conservative measure, it is recommended that Seismic Classes 2A and 2B include those
SIC-2 components which are designed to mitigate the consequences of Category III
(Unlikely) and Category IV (Extremely Unlikely) events which may be postulated to occur,
despite the fact that components were designed to withstand earthquake loads.

Loads from earthquakes shall be combined with loading events as follows:

. for Seismic Class 2A and 2B items, Category I and II loading events should be
combined with SL-2 loads;

. for Seismic Class 1, Category I and II loading events should be combined with SL-1
loads.

Table 1.1.3-4
Project Guidelines for Seismic Classification

Seismic Seismic Level Definition and Functional Requirements of Components
Class
2A ’ SL-2 » SIC-2 or SIC-3 components which must satisfy the following illustrative

functional requirements in the event of an SL-2 earthquake:

- leak tightness to the degree assumed in safety analyses;

- no through-wall crack;

- performance of active safety functions;

- displacement must not affect the safety function of another SIC-2 or a
group of SIC-3 components.

2B SL-2 » SIC-2 or SIC-3 components which must satisfy the following illustrative

functional requirements in the event of an SL-2 earthquake:

- fluid boundary maintains leak tightness and flow passage, although these
functions are somewhat degraded;

- a crack should not propagate to cause dimensional instability;

- no requirement to perform active safety functions;

- support of the components remains functional;

- no collapse, falling, or dislodgement of the components that may
damage another SIC-2 or a group of SIC-3 components.

1 SL-1 » SIC-3 components, not included in Seismic Class 2A or 2B.
Note: Component may be classified from the point of view of investment protection rather than from its
safety importance. ‘

1.1.3.4.4 Environmental Qualification

Components which perform safety functions shall be designed to withstand the
environmental conditions created by an accident (such as pressure, temperature, radiation,
flooding) under which they are expected to function.

I.1.3.4.5 Fire

ITER shall be designed to assure that the:

. required safety functions are maintained in case of fire, through a combination of fire
prevention, fire detection and suppression, and mitigation of adverse effects on
components important to safety;

. propagation of fire consequences that may impair safety functions are limited by
spatial separation, redundancy, diversity, etc.

L1.3.4.6 Decommissioning and Waste

The design shall support decommissioning as appropriate for an experimental device by:
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. use of modular components to simplify dismantling and reduce waste;
. use of remote handling equipment and procedures developed for normal operation;
. shielding to reduce induced activation of ex-vessel components during operation.

The design shall reduce the quantities of radioactive liquid waste.

The design shall further incorporate means to reduce the volumes and radiotoxicity of
materials which may remain as long-term waste after decommissioning by:

. limiting impurities in the materials to allow their clearance as early as practical;

° re-use of components to the extent practical.

1.1.3.4.7 Effluents

The design shall:

. prove that the effluents comply with the project guidelines in Table 1.1.3-1;
° reduce radioactivity such that effluents are ALARA;

. monitor the effluents.

1.1.3.4.8 Radiation Protection

ITER shall implement design and administrative measures to protect on-site staff against
exposure to radiological hazards.

To assure that the radiological requirements are met, through the entire life cycle of ITER, a
radiation protection program (RPP) shall be developed and implemented. The scope of the
RPP includes programs and processes required for the safety of staff during normal operation
and maintenance work. The objectives of the RPP are to:

. prevent acute over-exposures;

° prevent occupational doses over legal limits;
. maintain staff doses ALARA;

o minimise spread of contamination.

The work to be performed during operation, maintenance, and repair shall be assessed to
determine the accessibility and the estimated exposures for activities, against the radiological
requirements in Table 1.1.3-2 and against recognised limits of exposure to conventional (non-
nuclear) hazards.

The design shall provide the means to ensure that the spread of contamination and
occupational exposures to radiological hazards are kept ALARA during operation,
maintenance and repair. This should include, but not be limited to, access control and zoning,
the provision of remote handling, shielding, contamination control, and decontamination
equipment as appropriate.

Access Control and Zoning
All areas of the ITER plant shall be zoned depending on the anticipated radiological hazard

and conditions during short-term maintenance. During activities/events that cause prohibitive
radiation levels (e.g. plasma burn phase, in-vessel transport activities, etc.), areas that are
otherwise accessible may be designated as ‘Restricted’ for the duration of the activity, and
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physical access should be prevented. Such locations shall be returned to accessible only after
a formal change control.

Table 1.1.3-5 lists the Radiation Access Zones, personnel access limitations, and defines the
conditions acceptable in these zones. For contamination control, monitoring is required when
crossing from a higher to a lower contamination hazard area, and ventilated air flow shall not
move from a higher to a lower contamination hazard area.

Table 1.1.3-5
Area Classifications and Radiation Access Zones

Acoess Zone Access Limitations Airborne / Total Dose Rate /
(Area Classification) Area Contamination Characteristics
Zone A Unlimited Access. . No airborne contamination. Dose rate < 0.5 uSv/h;
. *  WHITE contamination control zones only: No
(Non-Supervised surface or airborne contamination and no reasonable
Area) possibility of cross-contamination.
Zone B Limited Access for NRW. ® Total dose rate (internal + external) < 10 pSv/h;
Unlimited Access for RW. @ GREEN contamination control zones acceptable: No
(Supervised Area) loose contamination tolerated. May be subject to
temporary surface or airborne cross-contamination,
airborne should not exceed 1 DAC.
Zone C Limited Access for all J <100 DAC and < 1 mSv/h;
workers. *  AMBER contamination control zones acceptable:
(Controlled Area) | Access requires planning Airborne and loose surface contamination tolerated
and an appropriate level of but must be identified and controlled. Contamination
approval for the hazards and levels shall be maintained ALARA taking into
the class of personnel account the risk of exposure, capability of available
requiring access. protective equipment, possibility of contamination
spread, and cost. Airborne contamination in AMBER
zones should not exceed 100 DAC.
Zone D These are restricted access . Airborne >100 DAC or external dose rate > 1 mSv/h;
areas, entry occurs only J RED contamination control zones are only tolerated
(Controlled / with a high level of in Zone D. These areas have permanent or higher
Restricted Area) | approval from both an than AMBER levels of contamination.
operational and a
radiological safety view.
These areas shall have
physical barriers to prevent
inadvertent personnel entry.

® Personnel performing work requiring exposure to radiological hazards will be designated as Radiation
Workers (RW). All other personnel, including non-designated visitors, will be treated as Non-Radiation
Workers (NRW).
Notes: DAC = Derived Air Concentration: unprotected exposure to 1 DAC = 10 pSv/h
1 DAC HTO = 3.1x105 Bg/m3 = 8.4x1076 Ci/m3
For internal dose rate, hazard defined in DAC of airborne contamination
For external dose rate, hazard defined as uSv/h

1.1.3.4.9 Hazardous Materials

Handling, storage and treatment of hazardous materials (such as intermediately stored
radioactive waste, and chemically toxic or reactive materials) shall be designed to:

. limit exposure of site staff during all operations;

. limit the spread of contamination during all operations;

. ensure compatibility with other materials and the surrounding environment;
. prevent chemical reactions during normal operation and accidents.
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Beryllium
The project guidelines for beryllium concentrations given in Table 1.1.3-6 are one tenth of the

occupational exposure limits recognised internationally.

Table 1.1.3-6
Project Guidelines for Exposure to Beryllium

Source Beryllium Concentration
Airborne (Occupational Exposure Limit) | 2 ug/m3

Surface contamination 10 pg/m?

1.1.3.4.10 Conventional Hazards
Conventional hazards shall be controlled by standard industrial measures. Such hazards

include electromagnetic fields, toxic material, asphyxiation, electrocution, cryogenic
materials, vacuum, crane loads, and rotating machinery.

Magnetic Field Hazards
The project guidelines for exposure to magnetic fields are listed in Table 1.1.3-7.

Table 1.1.3-7
Project Guidelines for Exposure to Magnetic Fields B (T)

Uncontrolled access B<10mT
Daily exposure B x time = 60 mT-h
Restricted access B> 100 mT

[L1.34.11 Security and Proliferation

The design shall provide measures to prevent unauthorised entry to the. site and its premises
to preclude theft or unauthorised removal of nuclear materials and sabotage.

Design provisions, operational surveillance and administrative measures shall be provided to
comply with the international agreements on tritium, lithium-6 and related sensitive
technologies with regard to proliferation control.

I.1.4 Site Requirements & Assumptions

This following text is reproduced verbatim from the ITER Site Requirements and ITER Site
Design Assumptions (N CL RI 3 99-10-19 W 0.2) updated October 1999.

Introduction

The objective of this document is to define a set of requirements that are compulsory for the
ITER site, supplemented by assumptions about the ITER site which are used for design and
cost estimates until the actual ITER site is known. Part I of this document contains the
principles for the development of the site requirements and site design assumptions. Part II
of this document contains the compulsory requirements which are derived from the ITER
design and the demands it makes on any site. Part III of this document contains site design
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assumptions which are characteristics of the site assumed to exist so that designers can design
buildings, structures and equipment that are site sensitive.

Both the Site Requirements and the Site Design Assumptions are organized in the following
categories:

* Land

* Heat Sink

* Energy and Electrical Power

* Transport and Shipping

* External Hazards and Accident Initiators
* Infrastructure

* Regulations and Decommissioning

Each of the categories is subdivided into related elements. Some of the categories are
broadly defined. For instance, Infrastructure includes personnel, scientific and engineering
resources, manufacturing capacity and materials for construction and operation.
Requirements and assumptions for the various elements are justified in the Bases statements.
These statements explain the rationale for their inclusion and provide a perspective in which
they may be used.

|

Principles for Site Requirements and Site Design Assumptions

The compulsory site requirements are based on the ITER site layout and plant design.
These requirements are firm in the sense that reasonable reconfiguration of the plant
design will not result in a less demanding set of requirements. Some of the
requirements are based in part on how the plant and some of its major components,
such as the vacuum vessel and the magnet coils, will be fabricated and installed.

This document also addresses the assumptions that have been made to carry out the
ITER design until a decision on siting is reached. These site design assumptions form
some of the bases for the ITER construction cost estimate and schedule. The
assumptions are not compulsory site requirements, but are guidelines for designers to
follow until the actual site is known.

The requirements for public safety and environmental considerations are, by their
nature, site sensitive. Also, the regulatory requirements for siting, constructing,
operating and decommissioning ITER are likely to be somewhat different for each
potential host country. Therefore, the Safety Contact Persons, designated by each
potential Host Country, will help the Project Team to consider any particular
requirements that siting in their own country would impose. Until that time, the ITER
Plant will be designed to a set of safety and environmental assumptions contained in
the ITER Plant Specifications [see 1.1.3], which are expected to approximate the
actual requirements. Site sensitive considerations during operation such as the
shipment of radioactive materials including tritium to the site, the temporary storage
of wastes on the site, the shipment of wastes from the site and of the effluents from
ITER during normal and off-normal operation, are addressed with the design analysis.
Accordingly, a Generic Site Safety Report ("Non-Site-Specific Safety Report™) will
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be available as a firm basis on which the Site Safety Report will later be established to
satisfy the licensing authorities of the Host Country.

The decommissioning phase of the ITER Plant deserves special attention. In the
absence of firm guidance and without prejudice to future negotiations of the Parties, it
is assumed that the organization in charge of operating ITER will have a final
responsibility to "deactivate" the plant. In this context, "deactivation” is the first
phase of decommissioning and includes all actions to shut down the ITER plant and
place it in a safe, stable condition. The dismantling phase of decommissioning, which
might take place decades after the "deactivation" phase, is assumed to become the
responsibility of a new organization within the host country. A technical report on the
strategy of deactivation and dismantling will be described inside the design report
documentation.

In conclusion, the site design assumptions are very important, because without them
progress is very limited for the site sensitive designs of buildings, power supplies, site
layout and safety/environmental studies. These assumptions were selected so that the
design would not be significantly invalidated by actual site deviations from the
assumptions. Deviations from the site design assumptions by the actual ITER site may
require design and/or construction modifications, but these modifications are expected
to be feasible. The modifications may revise the cost estimate and the construction
schedule.

Site Requirements
Land

Land Area

Requirement The ITER Site shall be up to 40 hectares in area enclosed within a perimeter.

Bases

2.

All structures and improvements within the perimeter are the responsibility of
the ITER project. Land within the perimeter must be committed to ITER use
for a period of at least 30 years.

The minimum area for the ITER Site is predicated on sufficient area for the
buildings, structures and equipment with allowances for expansion of certain
buildings if required for extension of the ITER programme.

The time period is specified to cover the construction (~ 10 years) and
operations (~ 20 years) phases. Beyond that, the requirements for any

decommissioning will be the responsibility of the Host Country.

Geotechnical Characteristics

Requirement The ITER Site shall have foundation soil-bearing capacity adequate for

building loads of at least 25 t/m? at locations where buildings are to be built.
Nevertheless, it is expected that it will be possible to provide at the specific
location of the Tokamak Building means to support the average load of
65 t/m? at a depth of 25 m. The soil (to a depth of 25 m) shall not have
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Bases

3.

Requirement

Bases

4.

Requirement

Bases

B.

Requirement

Bases

unstable surrounding ground features. The building sites shall not be
susceptible to significant subsidence and differential settlement.

The ITER tokamak is composed of large, massive components that must
ultimately be supported by the basemat of the structures that house them.
Therefore soil-bearing capacity and stability under loads are critical
requirements for an acceptable site. The Tokamak Building is composed of
three independent halls on separate basemats, but served by the same set of
large, overhead bridge cranes. Crane operation would be adversely affected
by significant subsidence and differential settlement.

Water Supply

The ITER Site host shall provide a continuous fresh water supply of 0.2
m>/minute average and 3 m3/minute peak consumption rates. The average
daily consumption is estimated to be about 200 m3. This water supply shall
require no treatment or processing for uses such as potable water and water
makeup to the plant de-mineralised water system and other systems with low
losses.

The ITER plant and its support facilities will require a reliable source of high
quality water. The peak rate of 3 m3/minute is specified to deal with
conditions such as leakage or fires. This water supply is not used for the
cooling towers or other uses which may be satisfied by lower quality, "raw"
water.

Sanitary and Industrial Sewage

The ITER Site host shall provide sanitary waste capacity for a peak ITER site
population of 1000. The host shall also provide industrial sewage capacity for
an average of 200 m3/day.

The ITER project will provide sewer lines to the site perimeter for connection
to the sewer service provided by the host. The peak industrial sewage rate is
expected to be adequate to deal with conditions such as leaks and drainage of
industrial sewage stored in tanks until it can be analyzed for release.
Rainwater runoff is not included in industrial sewage.

Heat Sink

The ITER Site shall have the capability to dissipate, on average, 450 MW
(thermal) energy to the environment.

ITER and its associated equipment may develop heat loads as high as
1200 MW (thermal) for pulse periods of the order of 500 s. The capability to
dissipate 1200 MW should be possible for steady-state operation which is
assumed to be continuous full power for one hour. Duty Cycle requirements
for the heat sink at peak loads will not exceed 30%. The average heat load
would be no more than 450 MW for periods of 3 to 6 days.
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Energy and Electrical Power

ITER Plant Steady State Electrical Loads

Requirement The ITER Site shall have the capability to draw from the grid 120 MW of

Bases

continuous electrical power. Power should not be interrupted because of
connection maintenance. At least two connections should be provided from
the supply grid to the site.

The ITER Plant has a number of systems which require a steady-state supply
of electrical power to operate the plant. It is not acceptable to interrupt this
power supply for the maintenance of transmission lines, therefore the offsite
transmission lines must be arranged such that scheduled line maintenance will
not cause interruption of service. This requirement is based on the operational
needs of the ITER Plant.

Maintenance loads are considerably lower than the peak value because heavy
loads such as the tokamak heat transfer and heat rejection systems will operate
only during preparations for and actual pulsed operation of the tokamak.

Transport and Shipping

Maximum Size of Components to be shipped

Requirement The ITER Site shall be capable of receiving shipments for components having

Bases

maximum dimensions (not simultaneously) of about:
* Width - 9 m
° Height - 8 m
* Length - 15 m

In order to fabricate the maximum number of components, such as magnet
coils and large transformers, off site, the ITER site must have the capability
of receiving large shipments. For the reference case, it is assumed that only
the Poloidal Field Coils will be manufactured on site, unless the possibility of
transporting and shipping these large coils is proven feasible. For the same
reason, it is also assumed that the CS will be assembled on site from six
modules, unless it proves feasible that the Assembly may be supplied as one
large and complete unit. The cryostat will be assembled on site from smaller
delivered parts. The width is the most critical maximum dimension and it is
set by the Toroidal Field Coils which are about 9 m wide. The height is the
next most critical dimension which is set by the 40° Vacuum Vessel Sector. A
length of 15 m is required for the TF coils. The following table shows the
largest (~ 100 t or more) ITER components to be shipped:
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Largest ITER Components to be Shipped

Component | Pkgs| Width (m) Length (m) Height (m) Weight (t)
Each Pkg.
TF Coils 18 14.3 3.8 280
Vac. Vessel 40°| 9 12 8 575
Sector
CS Modules 4.2 4.2 1.9 100
Large HV 3 4 12 S 250
Transformer
Crane Trolley | 2 (14) (18) (6) (600)
Structure*
* Crane dimensions and weight are preliminary estimates.
PF Coils and CS Assembly**
Component | Pkgs| Width (m) Length (m) Height (m) Weight ()
Each Pkg.
PF1 1 9.5 9.5 2.4 200
PE2 1 18.5 18.5 1.9 200
PF3 1 25.5 25.5 1.2 300
PF4 1 26.0 26.0 1.2 450
PF5 1 18.2 18.2 2.4 350
PF6 1 10.8 10.8 2.4 300
CS Assembly 1 4.2 18.8 4.2 850
k Note that transportation and shipping of the PF Coils and of the CS Assembly are not requirements, but

could be considered an advantage.
Note, too, that the PF Coils dimensions are for the coil and connection box envelope, and that for each
coil there are vertical protrusions of ~ 1.5 — 1.8 m for the terminals.

2. Maximum Weight of Shipments

Requirement The ITER Site shall be capable of receiving about a dozen components
(packages) having a maximum weight of 600 t and approximately 100
packages with weight between 100 and 600 t each.

Bases In order to fabricate the maximum number of components, including magnet
coils, off site, the ITER site must have the capability of receiving very heavy
shipments. The single heaviest component (Vacuum Vessel Sector) is not
expected to exceed 600 t. All other components are expected to weigh less.

E. External Hazards and Accident Initiators

No Compulsory Requirements.
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Infrastructure
No Compulsory Requirements

Regulations and Decommissioning

Details of the regulatory framework for ITER will depend on the Host
Country. At a minimum, the Host’s regulatory system must provide a
practicable licensing framework to permit ITER to be built and to operate,
taking into account, in particular, the following off-site matters:

1. the transport of kilograms of tritium during the course of ITER
operations;
2. the acceptance and safe storage of activated material in the order of

thousands of tonnes, arising from operation and decommissioning,.

The agreement with the Host should provide for the issue of the liability for
matters beyond the capacity of the project that may arise from ITER
construction, operation and decommissioning.

Site Design Assumptions

The following assumptions have been made concerning the ITER site. These site design
assumptions are uniformly applied to all design work until the actual ITER Site is selected.

A.

Assumption

Bases

2.

Assumption

Land
Land Area

During the construction it will be necessary to have temporary use of an
additional 30 hectares of land adjacent to or reasonably close to the
compulsory land area. It is assumed this land is available for construction
laydown, field engineering, pre-assembly, concrete batch plant, excavation
spoils and other construction activities.

During operating phases, this land should be available for interim waste
storage, heavy equipment storage and activities related to the maintenance or
improvement of the ITER Plant.

The assumptions made for the cost and schedule estimates are based on
construction experience which uses an additional area of 25 hectares. Only a
very limited amount of vehicle parking space (5 hectares) is allocated to the
compulsory area, whereas a similar amount will be required to satisfy
temporary needs during construction.

Topography

The ITER site is assumed to be a topographically "balanced" site. This means
that the volumes of soil cuts and fills are approximately equal over the
compulsory land area in Requirement A.1. The maximum elevation change
for the "balanced" site is less than 10 m about the mean elevation over the land
area in the compulsory requirement. '
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3.

Assumption

4.

Assumption

5.

Assumption

Bases

Geotechnical Characteristics

The soil surface layer at the ITER Site is thick enough not to require removal
of underlying hard rock, if present, for building excavations, except in the area
under the Tokamak Building itself, at an excavation of about 25 m.

Hydrological Characteristics

Ground water is assumed to be present at 10 m below nominal grade, well
above the tokamak building embedment of up to 25 m below nominal grade.
This assumption will require engineered ground water control during the
construction of the tokamak building pit.

Seismic Characteristics

The ITER seismic design specifications for the applicable Safety Importance
Class (SIC) are based on an assumed seismic hazard curve. Using the IAEA
seismic classification levels of SL-2, SL-1, and SL-0 and the assumed seismic
hazard curves, the following seismic specifications are derived:

SIC TAEA level Return Period  Peak**
(years) Ground Acc.

1* SL-2S 85% tile 10* 0.4
2.3 SL-2 50% tile 10* 0.2
3 SL-1 50% tile 10° 0.05
4k SL-0 short 0.05

* No ITER components in this class

wok Peak Ground Acceleration is for both horizontal and vertical
components in units of the gravitational acceleration, g.

*#%  SIC 4 components, the seismic specifications are not derived
probabilistically - local (uniform) building codes are applied to this class. A
peak value of 0.05 g is assumed equal to the SL-1 peak value.

Safety assessments of external accident initiators for facilities, particularly
when framed in a probabilistic risk approach, may be dominated by seismic
events. Assumed seismic hazard curves are used in a probabilistic approach
which is consistent with JAEA recommendations for classification as a
function of return period. The selection of the assumed seismic hazard curve is
relevant to regions of low to moderate seismic activity. Prior to site selection,
specification of the peak horizontal and vertical ground acceleration provide
the ITER designers guidelines according to the methodology to be used for
seismic analysis, which will rely on a specified Ground Motion Design
Response Spectrum and a superposition of modal responses of the structures
(according to NRC recommendations). After site selection the actual seismic
specifications will be used to adjust the design, in particular by adding seismic
isolation, if necessary.
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6. Meteorological Characteristics

Assumption A general set of meteorological conditions are assumed for design of

buildings, civil structures and outdoor equipment, as follows:

» Maximum Steady, Horizontal Wind < 140 km/h (at 10 m elevation)

e Maximum Air Temperature < 35 °C (24 hr average < 30 °C)

» Minimum Air Temperature = -25 °C (24 hr average = -15 °C)

* Maximum Rel. Humidity (24 hr average) = 95% (corresponding vapour
pressure < 22 mbar)

* Maximum Rel. Humidity (30 day average) = 90% (corresponding vapour
pressure < 18 mbar)

» Barometric Pressure - Sea Level to 500 m

* Maximum Snow Load - 150 kg/m?

* Maximum Icing - 10 mm

* Maximum 24 hr Rainfall - 20 cm

e Maximum 1 hr Rainfall - 5 cm

* Heavy Air Pollution (Level 3 according to IEC 71-2)

Bases The assumed meteorological data are used as design inputs. These data do not
comprise a complete set, but rather the extremes which are likely to define
structural or equipment limits. If intermediate meteorological data are
required, the designer estimates these data based on the extremes listed above.
Steady winds apply a static load on all buildings and outdoor equipment.

B. Heat Sink: Water Supply for the Heat Rejection System

Assumption The JCT has selected forced draft (mechanical) cooling towers as a design
solution until the ITER site is selected. At 30% pulse duty cycle (450 MW
average heat rejection) the total fresh ("raw") water requirement is about
16 m*/minute. This water makes up evaporative losses and provides
replacement for blowdown used to reduce the accumulation of dissolved and
particulate contaminants in the circulating water system. During periods of no
pulsing the water requirement would drop to about 5 m*/minute.

Each blowdown action will lead to a peak industrial sewage rate of 3000
m>/day.

Bases The actual ITER Site could use a number of different methods to provide the
heat sink for ITER, but for the purposes of the site non-specific design, the
induced draft (mechanical) cooling towers have been assumed. These cooling
towers require significant quantities of fresh water ("raw") for their operation.
For 450 MW average dissipation, approximately 16 m>/minute of the water is
lost by evaporation and drift of water droplets entrained in the air plume, and
by blowdown. This water also supplies make up to the storage tanks for the
fire protection system after the initial water inventory is depleted. Cooling
towers may not be suitable for an ITER site on a seacoast or near a large, cool
body of fresh water. Therefore open cycle cooling will be considered as a
design option.
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C.
1.

Assumption

Bases

2.

Assumption

Bases

Energy and Electrical Power
Electrical Power Reliability during Operation

The grid supply to the Steady State and to the Pulsed switchyards is assumed
to have the following characteristics with respect to reliability:

Single Phase Faults - a few tens/year 80%:t<1s
- afew/year 20%:1s<t<5min
where t = duration of fault

Three Phase Faults - a few/year

ITER power supplies have a direct bearing on equipment availability which is
required for tokamak operation. If operation of support systems such as the
cryoplant, TF coil supplies and other key equipment are interrupted by
frequent or extended power outages, the time required to recover to normal
operating conditions is so lengthy that availability goals for the tokamak may
not be achieved. Emergency power supplies are based on these power
reliability and operational assumptions.

ITER Plant Pulsed Electrical Supply

A high voltage line supplies the ITER "pulsed loads". The following table
shows the "pulsed load" parameters for the ITER Site:

Characteristic Values

Peak Active Power* * 500 MW
Peak Reactive Power 400 MV Ar
Power Derivative* 200 MW/s
Power Steps* 60 MW
Fault Level 10-25 GVA
Pulse Repetition time 1800 s
Pulsed Power Duration** 1000 s

from which up to 400 MW is a quasi-steady-state load during the sustained

burn phase, while the remaining 80 — 120 MW has essentially pulse

character for plasma shape control with a maximum pulse duration of

5 — 10 s and an energy content in the range of 250 — 500 MJ.

* These power parameters are to be considered both positive and negative.
Positive refers to power from the grid, while negative refers to power to the
grid. Power variations will remain within the limits given above for the
maximum power and for the power derivatives.

** The capability to increase the pulse power duration to 3600 s is also
assumed, in which case the repetition time would increase accordingly to
maintain the same duty factor.

The peak active power, the peak reactive power and the power steps quoted
above are evaluated from scenarios under study. Occasional power steps are
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present in the power waveform. The supply line for pulsed operation will
demand a very "stiff" node on the grid to meet the assumption.

D. Transport and Shipping

Bases Several modes of transport and shipping are assumed for ITER because the

diversity of these modes provides protection against disruptions for timely
delivery of materials and equipment needed by the project. The assumptions
for transport and shipping are based on some general considerations which are
common for all modes.
When the assumptions describe the site as having "access" to a mode of
transport or shipping, it means that the site is not so far away from the
transport that the assumed mode would be impractical. Air transport is a good
example, because if the airport is not within reasonable commuting time, the
time advantage of this mode would be lost (i.e. it would become impractical).

1. Highway Transport

Assumption The ITER Site is accessible by a major highway which connects to major ports
of entry and other centers of commerce.

2. Air Transport

Assumption The ITER Site is located within reasonable commuting time from an airport
with connections to international air service.

3. Rail and Waterway Transport

Assumption It is assumed the ITER site will have rail and waterway access. The railway is
assumed to connect to major manufacturing centres and ports of entry.

E. External Hazards and Accident Initiators

1 External Hazards

Assumption It is assumed the ITER Site is not subject to significant industrial and other
man-made hazards.

Bases External hazards, if present at the ITER site, must be recognised in safety,
operational and environmental analyses. If these hazards present a significant
risk, mitigating actions must be taken to ensure acceptable levels of public
safety and financial risk.

2. External (Natural) Accident Initiators

Assumption It is assumed the ITER Site is not subject to horizontal winds greater than
140 km/hr (at an elevation of 10 m) or tornadic winds greater than 200 km/hr.
The ITER Site is not subject to flooding from streams, rivers, sea water
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Bases

Bases

1.

Assumption

inundation, or sudden runoff from heavy rainfall or snow/ice melting (flash
flood). All other external accident initiators except seismic events are
assumed below regulatory consideration.

The wind speeds specified in this requirement are typical of a low to moderate
risk site. Tornadic winds apply dynamic loads of short duration to buildings
and outdoor equipment by propelling objects at high speeds creating an impact
instead of a steady load. The design engineer uses the tornadic wind speed in
modeling a design basis projectile which is assumed to be propelled by the
tornado. This design basis is important for buildings and structures that must
contain hazardous or radioactive materials or must protect equipment with a
critical safety function.

ITER is an electrically intensive plant, which would complicate recovery from
flooded conditions. This assumption does not address heavy rainfall or water
accumulation that can be diverted by typical storm water mitigation systems.
For the purposes of this assumption, accidents involving fire, flooding and
other initiators originating within the ITER plant or its support facilities are
not considered external accident initiators.

Infrastructure

The ITER Project is sufficiently large and extended in duration that
infrastructure will have a significant impact on the outcome. Industrial,
workforce and socioeconomic infrastructure assumptions are not
quantitatively stated because there are a variety of ways these needs can be
met. The assumptions are fulfilled if the actual ITER site and its surrounding
region already meets the infrastructure needs for a plant with similar technical,
material and schedule needs as ITER requires.

Industrial

It is assumed the ITER Site has access to the industrial infrastructure that
would typically be required to build and operate a large, complex industrial
plant. Industrial infrastructure includes scientific and engineering resources,
manufacturing capacity and materials for construction. It is assumed the ITER
Site location does not adversely impact the construction cost and time period
nor does it slow down operation. The following are examples of the specific
infrastructure items assumed to be available in the region of the site:

* Unskilled and skilled construction labour

» Facilities or space for temporary construction labour

+ Fire Protection Station to supplement on-site fire brigade
Medical facilities for emergency and health care
Contractors for site engineering and scientific services
Bulk concrete materials (cement, sand, aggregate)
Bulk steel (rebar, beams, trusses)
Materials for concrete forms
* Construction heavy equipment
Off-site hazardous waste storage and disposal facilities
* Industrial solid waste disposal facilities
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Assumption

» Off-site laboratories for non-radioactive sample analysis

Efficiency during construction and operation of a large, complex industrial
facility varies significantly depending on the relative accessibility of industrial
infrastructure. Accessibility to infrastructure can be demonstrated by
comparable plants operating in the general region of the site.

Workforce

It is assumed that a competent operating and scientific workforce for the ITER
Plant can be recruited from neighbouring communities or the workforce can
be recruited elsewhere and relocated to the neighbouring communities.

It is also assumed that ITER has the capability for conducting experiments
from remote locations elsewhere in the world. These remote locations would
enable "real-time" interaction in the conduct of the experiments, while
retaining machine control and safety responsibilities at the ITER Site Control
Facility.

The workforce to operate, maintain and support ITER will require several
hundred workers. The scientific workforce to conduct the ITER experimental
program will also require several hundred scientists and engineers. The
assumption that these workers and scientist/engineers come from
neighbouring communities is consistent with the site layout plans which have
no provisions for on-site dormitories or other housing for plant personnel.

A significant scientific workforce must be located at the ITER Site as
indicated in the Assumptions. However, this staff can be greatly augmented
and the experimental value of ITER can be significantly enhanced if remote
experimental capability is provided. The result of the remote experiment is
that scientific staffs around the world could participate in the scientific
exploitation of ITER without the necessity of relocation to the ITER Site.
Remote experimental capability is judged to be feasible by the time of ITER
operation because of advances in the speed and volume of electronic data
transfers that are foreseen in the near future.

Socioeconomic Infrastructure

The ITER Site is assumed to have neighbouring communities which provide
socioeconomic infrastructure. Neighbouring communities are assumed to be
not greater than 50 km from the site, or one hour travel. Examples of
socioeconomic infrastructure are described in the following list:

* Dwellings (Homes, Apartments, Dormitories)

« International Schools from Kindergarten to Secondary School

» Hospitals and Clinics

* Job Opportunities for Spouses and other Relatlves of ITER workers

* Cultural life in a cosmopolitan environment
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Assumption

Over the life of the ITER plant, thousands of workers, scientists, engineers and
their families will relocate temporarily or permanently to the communities
surrounding the ITER site. These people could comprise all the nationalities
represented by the Parties. This "world" community will present special
challenges and opportunities to the host site communities.

To attract a competent international workforce, international schools should be
provided. Teaching should be partially in the mother tongue following
programmes which are compatible with schools in each student's country of
origin. All parties should assist with the international schools serving these
students.

The list of examples is not intended to be complete but it does illustrate the
features considered most important. The assumed 50 km distance should
maintain reasonable commuting times less than one hour for workers and their
relatives.

Regulations and Decommissioning
General Decommissioning

During the first phase of decommissioning, the ITER operations organization
places the plant in a safe, stable condition. Dismantling may take place
decades after the "deactivation" phase. Dismantling of ITER is assumed to be
the responsibility of a new organization within the host country. The ITER
operations organization will provide the new organization all records, "as-built
prints", information and equipment pertinent to decommissioning. Plant
characterization will also be provided for dismantling purposes after
"deactivation".

Experience and international guidelines (JAEA Safety Series No. 74, 1986,
“Safety in Decommissioning of Research Reactors™) stress the importance of
good record keeping by the operations organization as a key to
decommissioning success.

ITER Plant "Deactivation” Scope of Work

The ITER operations organization will develop a plan to put the plant in a
safe, stable condition while it awaits dismantling.

Residual tritium present at the end of ITER operations will be stabilised or
recovered to secure storage and/or shipping containers.

Residual mobile activation products and hazardous materials present at the end
of ITER operations will be stabilised or recovered to secure storage and/or
shipping containers such that they can be shipped to a repository as soon as
practical.

ITER deactivation will include the removal of in-vessel components and their
packaging in view of long-term storage. This removal from the vacuum vessel
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I.1.5.

will be done by personnel and remote handling tools, trained for maintenance
during the previous normal operation.

Liquids used in ITER systems may contain activation products, which must be
removed before they can be released to the environment or solidified as waste.
It is assumed that all liquids will be rendered to a safe, stable form during the
"deactivation" phase, and afterwards no more cooling will be necessary

ITER "deactivation" will provide corrosion protection for components which
are vulnerable to corrosion during the storage and dismantling period, if such
corrosion would lead to spread of contamination or present unacceptable
hazards to the public or workers.

It is recommended (IAEA Safety Series No. 74, 1986) that all radioactive
materials be rendered into a safe and stable condition as soon as practical
after the cessation of operations.

Construction Phase

General requirements for the construction phase (except land) are very
dependent on local practice. However, water, sewage and power supplies
need to be provided at the site for a construction workforce of up to 3000

people.

General Definitions

The following tables define terms used for ITER.

Table 1.1.5-1 Remote Handling Classes

Remote Handling Class Title
RH Class 1 Components that require scheduled remote maintenance or replacement.
RH Class 2 Components that do not require scheduled remote maintenance but are
likely to require unscheduled or very infrequent remote maintenance.
RH Class 3 Components not expected to require remote maintenance during the
lifetime of ITER.
RH Class 4 Components that do not require remote maintenance.

Table 1.1.5-2 Steady-State Power Classes

Class Title
Class I Uninterruptible DC
Class I Uninterruptible AC
Class IIT Temporarily interruptible AC
Class IV Indefinitely interruptible AC
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Table 1.1.5-3 Loading Conditions for Component Design

Loading
Event Frequency of Loading Events
Category

Category I: For each representative loading event, assign number of times planned and required for

Operational normal operation in the life of component.

Loading Should include some faults which need to be considered in the life of the component,

Events which can occur because of experimental nature.
Loading events with similar loading histograms should be counted within the number of
the representative loading events.

Category II: For each representative loading event, assign number of times not planned but required to

Likely be considered during the life of the component not including Category I (Operational

Loading Loading Events).

Events Loading events with similar loading histograms should be counted within the number of
the representative loading events.

Category III: Select one loading event from the Category II (Likely Loading Events) that represents

Unlikely the most demanding design conditions for the component, and either superimpose other

Loading relevant loading events or assume the most conservative operational parameters to

Events provide adequate global structural margins against unforeseen loading conditions.
Assume to occur once (one time) in the life of the component.
If the loading histograms are very different, additional loading events can be identified
assuming each of them to occur once in the life of component.

Category IV: Select one design basis loading event, in principle, in the life of the component that needs

Extremely to be postulated because its consequences would include a potential for the release of

Unlikely significant amounts of radioactive material.

Loading Superimpose other relevant loading events, if necessary, to provide adequate

Events conservatism for the design basis loading event that represents the most demanding
loading conditions necessary to assure ultimate structural integrity.

Test Loading Assign number of times for tests anticipated in the life of the component.
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Table 1.1.5-4 Damage Limits in Plant and Component Level
This table gives a guideline for allocation of design margins,
such as safety factors specified in structural design codes, to individual loading events.

Damage Damage Limits to Component Level Damage Limits in Plant Level and
Limits Recovery of the Plant
(Plant Operational Condition)
The component should maintain » Within specified operational limit.
Normal specified service function. » No special inspection will be required other than
routine maintenance and minor adjustment.
The component must withstand these + After minor adjustment, or replacement of the
Upset loadings without significant damage faulty component, the plant can be brought back
requiring special inspection or repair. to normal operation.
No effect on other components that may call for
special inspection or repair.
Large deformations in areas of The plant may require decontamination, major
Emergency structural discontinuity, such as at replacement of damaged component or major
nozzles, which may necessitate repair work.
removal of the component from In addition to the damaged component,
service for inspection or repair. inspection may reveal localized large
Insignificant general permanent deformation in other components, which may
deformation that may affect safety call for the repair of the affected components.
function of the component Nevertheless, the plant maintains the specified
concerned. General strains should be minimum safety function during and after the
within elastic limits. events.
Active components should be
functional at least after transient.
Gross general deformations with Gross damage to the affected system or
Faulted some consequent loss of dimensional component. No loss of safety function which
stability and damage requiring could lead to doses in excess of the limits
repair, which may require removal of established for Category IV Extremely Unlikely
component from service. Event.
Nevertheless deformation should not No design consideration will be given for
lead to structural collapse which recovery. The recovery of the plant may be
could damage other components. judged from the severity of damage.
The fluid boundary maintains This level of accident state is not expected to
degraded but reasonable leak occur, but is postulated because its
tightness and flow passage. consequences would include the potential for
Active components may not be the release of significant amounts of radioactive
functional after transient. material.
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Table 1.1.5-5 Damage Limits for Loading Conditions

Category I: | CategoryIl: | Category IIl: | Category I'V:
Loading Event Operational Likely Unlikely Extremely Test Loading
Category Loading Loading Loading Unlikely
Loading
Plant Level Normal Upset Emergency Faulted Normal
Component | SIC-2 | Normal Upset Emergency Faulted Normal
(note 1)
Level SIC-3 | Normal Upset Emergency Faulted Normal
(note 1)
SIC-4 | Normal Upset (note 2) (note 2) Normal
Notes:
1) Faulted for passive components with no deformation limits. Emergency for active components and
some passive components in which general deformations should be limited.
2) Events need not be considered from the safety point of view, only for investment protection.

Table 1.1.5-6 Plant States

LT™M Construction/long term maintenance
STM Short term maintenance

TCS Test and conditioning operation
STS Short term standby

POS Plasma operation
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Table 1.1.5-7 General Acronyms

Acronym Definition
ALARA As Low As Reasonably Achievable
CODAC Command Control and Data Acquisition, Communication
CS Central Solenoid
DDD Design Description Document
EC Electron Cyclotron
Fw First Wall
H&CD Heating and Current Drive
HRS Heat Rejection System
HV High Voltage
HVAC Heating, Ventilation, and Air Conditioning
ICRP International Commission on Radiological Protection
1C Ion Cyclotron
LH Lower Hybrid
LOCA Loss of Coolant Accident
LOFA Loss of Flow Accident
LOPA Loss of Site Power Accident
LOVA Loss of Vacuum Accident
NB Neutral Beam
PF Poloidal Field
PEC Plasma-Facing Component
PHTS Primary Heat Transfer System
RF Radio Frequency
RH Remote Handling
TCWS Tokamak Cooling Water System
TF Toroidal Field
VDE Vertical Displacement Event
WA Vacuum Vessel
WBS Work Breakdown Structure
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L1.6

ITER Design Documentation

The main features of the ITER documentation are as follows (see Figure I.1-1):

A top level Plant Design Specification (PDS) document, where externally imposed,
essentially design-independent requirements at the highest level are defined, including
safety principles and criteria.

Design Requirements and Guidelines Level 1 (DRG1) deals with the requirements
and specifications above the system' level. This includes not only system-wide
requirements but also interfaces or specifications affecting the design of more than
one single system. More detailed "Design Background" documents are annexed.
Design Requirements and Guidelines Level 2 (DRG2) defines in one document the
boundaries of each system and deals in more detail with the functions, requirements
and specifications at the system level. The system division is identical to that of the
DDDs.

Design Description Documents (DDDs) are one per system.

The Plant Description Document (PDD) is the global plant description. It summarises
the design based on the details in the DDDs, gives an overview of major plant
processes’ which usually involve more than one system, summarises plant level
assessments, and overall planning. The latter items are described in more detail in
"Plant Assessment" document annexes.

! defined here to mean a set of functionally related elements
? defined here to mean the dynamic behaviour of one or more systems
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Remote Handling Manual «
Assembly Requirements o
Load Specifications ¢
Safety Requirements ©
Cost Guidelines *
Materials Properties Handbook ¢
Structural Design Criteria *
Vacuum Design Handbook ¢
Radiation Hardness Manual
Physics Basis ¢

Quality Assurance Manual »
CAD Manual ¢

Site Specification Document ®

* Plasma Performance Analysis
¢ Plasma Operation Analysis
* Control System Design & Assessment

¢ Plant Operation Plan

* Construction & Commissioning Plan
* Decommissioning Procedure & Plan
¢ Assembly Procedures

DRG1 g . PDD ¢ Remote Handling Procedures

» Tokamak Structural Assessment

* Seismic Analysis Report

* Nuclear Analysis Report

* Materials Assessment Report

‘ * Cost Analysis Report

* Plant Reliability Report

° Electrical Power Supply Plant Dynamics
o Integrated Cryoplant Operation

¢ Plant Thermohydraulic Assessment

¢ Fuel Cycle Assessment

e Additional H&CD Assessment

* (Generic) Site Safety Report

Control Documents*

1.1 Magnet
- 1.5 Vacuum Vessel
- > 1.6 Blanket
- 1.7 Divertor
DRG2 : e DDD 2.3 Remote Handling Equipment
e i 3.1 Vacuum Pumping & Fuelling
e 3.2 Tritium Plant & Detritiation
- ————— 2.4 Cryostat
2.7 Thermal Shields
3.4 Cryoplant & Cryodistribution
2.6 Cooling Water

4.1 Pulsed & Steady State Power Supplies
5.1 Jon Cyclotron H&CD

5.2 Electron Cyclotron H&CD

54 Lower Hybrid H&CD

5.3 Neutral Beam H&CD

5.5 Diagnostics

6.2 Buildings & Layout

6.4 Radiological & Environmental Monitoring
6.5 Liquid & Gas Distribution

6.3 Hot Cells & Waste Processing

* 5.6 Test Blanket

Procurement Package
Specifications

= Description Documents

Figure 1.1-1 Outline of ITER Documentation
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L.21 Introduction
The principal physics goals (see I.1) of ITER-FEAT are:

(1) to achieve extended burn in inductively-driven plasmas with the ratio of fusion power
to auxiliary heating power (Q) of at least 10 for a range of operating scenarios and with
a duration sufficient to achieve stationary conditions on the timescales characteristic of
plasma processes;

(ii) to aim at demonstrating steady-state operation using non-inductive current drive with a
ratio of fusion power to input power for current drive of at least 5.

In addition, the possibility of higher Q operation will be explored if favourable confinement
conditions can be achieved. The reference operating scenario for ITER-FEAT inductive
operation is the ELMy H mode, and the rules and methodologies for projection of plasma
performance to the ITER scale are those established in the ITER Physics Basis (IPB)!, which
has been developed from broadly-based experimental and modelling activities within the
magnetic fusion programmes of the ITER Parties.

The key physics issues relating to plasma performance in the ELMy H-mode regime are the
maintenance of H-mode quality confinement at sufficiently high density, the achievement of
adequate plasma f3 to produce the requisite fusion power, and hence Q value, the provision of
satisfactory power and particle exhaust to ensure acceptable levels of helium and plasma
impurities, and the demonstration of efficient transfer of a-particle power to the thermal
plasma (while limiting anomalous o-particle losses via TF ripple or collective instabilities, to
prevent damage to the plasma-facing components). At the same time, global
magnetohydrodynamic (mhd) stability and plasma control capability must be such that the
thermal and electromagnetic loads as well as runaway electron currents, arising from
disruptions, are within acceptable bounds.

H-mode operation at high plasma density is favoured by the choice of a high plasma
triangularity and the exploitation of high-field-side (‘inside’) fuel pellet launch, while the
overall choice of design parameters allows considerable headroom for Q = 10 operation well
below the Greenwald density. Plasma performance predictions show that Q = 10 operation
can be achieved at modest values of B (~ 1.5). However, in the event that the 3 threshold
for the onset of neoclassical tearing modes (NTMs) scales unfavourably to ITER-FEAT,
stabilization of the modes by localized electron cyclotron current drive (ECCD) is foreseen
(see I1.7.2.2). The extensive divertor model validation and analysis activities performed so
far during the EDA give confidence that the proposed divertor design allows adequate power
dissipation to be achieved, with peak power loads below the acceptable level of 10 MWm™,
and that the planned fuelling throughput of 200 Pam’s™ will limit the core helium
concentration below 6%. While the detailed evaluation of a-particle loss processes is still in
progress, it is expected that the losses via TF ripple can be brought within acceptable limits
by reducing the residual TF ripple level via ferromagnetic inserts in the vacuum vessel. In
many respects, ITER-FEAT represents a key experimental step in the evaluation of a-particle
losses due to collective effects at the reactor scale. Nevertheless, on the basis of studies
carried out in support of the 1998 ITER design, it appears unlikely that the excitation of

LITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis
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collective mhd instabilities, such as Alfvén eigenmodes, will limit plasma performance in
ITER-FEAT inductive scenarios.

The development of plasma operation scenarios that exploit active profile control to access
enhanced confinement regimes, which has occurred in the course of the EDA, has allowed
greater emphasis to be placed on the use of such scenarios in ITER-FEAT. In particular,
these regimes offer the prospect of establishing reactor-relevant, steady-state operation in
which a significant fraction of the plasma current is generated via the bootstrap effect.
Flexibility in the ITER-FEAT design through plasma shaping, a mixture of heating and
current drive systems, and mhd stability control techniques for NTMs and resistive wall
modes (RWMs), favours the exploitation of plasma scenarios with either shallow monotonic
or negative central shear. Although the precise conditions for the development of internal
transport barriers (ITBs) are uncertain, the aim has been to provide ITER-FEAT with the
necessary plasma control tools to facilitate access to such modes of operation. Sophisticated
diagnostics of key profiles such as q, pressure, and rotation will be required to operate with a
high level of reliability from the first phase of plasma experiments, and this has been
acknowledged in assigning measurement priorities. The question of a-particle losses via TF
ripple losses or collective instabilities, is anticipated to be particularly acute in these regimes,
and the design of the ferromagnetic inserts will reflect this consideration. Predictions of
steady-state operation in ITER-FEAT, therefore, build upon these recent developments and
reflect the expectation that considerable further progress can be achieved in the fusion
programme in the future to.resolve remaining uncertainties.

L.2.2 Physics Basis and Selection of Plasma Parameters

It can be shown' that the linear size and volume of a tokamak designed to achieve a given
value of Q can be estimated from a small number of parameters. These parameters arise from
simple considerations of energy confinement scaling, mhd stability (essentially current
limits), plasma-shaping capability (i.e. the elongation, triangularity, and aspect ratio which
are desired and which can be achieved, choice of single versus double null divertor
geometry), and desired plasma pulse length, together with basic engineering constraints, such
as the maximum stress in the toroidal field coil and the shielding thickness required to ensure
that the vacuum vessel can be rewelded in case of repair. However, to realize a specific, self-
consistent design, a more detailed analysis is required. Such an analysis combines a detailed
plasma power balance and boundaries for the plasma operating window with considerations
of such engineering constraints as superconducting coil current and field limits, material
stress limits, and access to the plasma (e.g. for heating systems). Not surprisingly, the
interaction of these various factors constrains the allowable parameter sets, so that, for
example, peak magnetic field at the TF coil, aspect ratio, elongation, and available burn flux
(i.e. pulse duration) are not independent.

The reference plasma scenario for inductive Q = 10 operation, the ELMy H-mode, is a
reproducible and robust mode of tokamak operation with a demonstrated, long-pulse
capability. The essential physics which enters into the prediction of plasma performance in
ITER-FEAT therefore derives from the two principal ELMy H-mode scalings, i.e. the
H-mode power threshold scaling, which defines the lower boundary of the device operating
window in terms of fusion power, and the energy confinement time scaling!. The
recommended form for the former scaling is,

TITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chaps. 2, 3, 4

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 2 Page 3

(L0



L\

G AORI2 00-01-18 R1.0

P g = 2.84M 'BY8250-38R1.00,081 (rms err. 0.268) (1.2.2-1)

in (MW, AMU, T, 1029 m-3, m), with M the effective isotopic mass of the plasma fuel. This
scaling expression is based on the latest version of the threshold database (DB3) extended
with results from recent, dedicated, H-mode threshold experiments in Alcator C-Mod and in
JT-60U1, the latter using the new ‘W’ shaped divertor. For ITER-like devices, this scaling
yields an H-mode power threshold prediction which is approximately a factor of 2 lower than
that predicted by an earlier version IPB98(5)? with the 95% (i.e. 20) confidence interval of
P1y(1.7,0.6). There is, however, evidence from JET and JT-60U that the heating power
should be 1.3-1.5 times higher than the H-mode threshold to obtain a good H-mode
confinement. Therefore, a boundary corresponding to 1.3xPy will also be shown in some of
the figures of 1.2.3.

Thermal energy confinement in the ELMy H-mode is described by the IPB98(y,2) scaling,

rg’lt?ii(yﬂ) - 0.056213‘93B%15P‘°'69n2'41M°'19R1'9780581(2'78 ( rms err. 0.145) (1.2.2-2)

where the units are (s, MA, T, MW, 101 m-3, AMU, m) and the elongation K, is defined as
Ka = So/(ma?) with S, the plasma cross-sectional area. A comparison of the H-mode thermal
confinement times with the scaling of eq. (1.2.2-2) for a subset of ELMy data in the ITER
H-mode database is shown in Figure 1.2.2-1. The 2¢ log-linear or the 1o log non-linear
interval for this scaling is approximately + 20%. In the IPB report?, five empirical log-linear
(power law) scaling expressions for the energy confinement time are presented, which are
derived from different subsets of the H-mode global confinement database containing data
from 13 tokamak devices. The expressions fall into two distinct groups, of which two
expressions, IPB98(y) and IPB98(y,1), include the H-mode data from small tokamaks and
predict ~ 20 % higher confinement for an ITER-like machine than three others, IPB98(y,2) to
IPB98(y,4), which exclude these data. In the IPB, it is concluded that the available physical
and empirical evidence is not strong enough to justify a preferential recommendation
amongst these log-linear scalings. IPB98(y,2) has therefore been selected as a conservative
option.

Although extensive development of numerical physics-based codes for predicting local
transport properties has been undertaken during the EDA, these codes are not yet regarded as
accurate enough to provide the principal basis for extrapolation to ITER. For example, the
accuracy with which 11 such codes predict the plasma transport in existing tokamak plasmas
has been investigated using plasma profiles obtained from a range of experiments*. Basing
the assessment on several figures of merit (e.g. the ‘incremental’ stored energy above that
contained in the H mode edge pedestal), these studies showed that while each model
performed well under specific circumstances, the overall rms error was significantly greater

1 The International H-mode Threshold Database Working Group, presented by J.A. Snipes, to be published in
Plasma Phys. Control. Fusion

2 ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chap. 2
Sect. 4.3

3 ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999) ), ITER Physics Basis, Chap. 2

Sect. 6.4

4 ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chap. 2 Sect. 8
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than that of the ITER confinement database.

Moreover, as an interesting complement to the standard and probabilistic performance
assessment outlined in this document, a different methodology!, which strengthens the
confidence in ITER-FEAT to achieve its goals, has been introduced in 1.2.3.4. This procedure
utilizes the H mode database by means of a similarity approach, where every shot is
extrapolated to a machine with the ITER-FEAT performance requirements through the use of
the system code.
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Figure 1.2.2-1 Comparison of ELMy H-mode Thermal Energy Confinement Times
with the Scaling Expression in Eq. (I.2.2-1). Also shown is the IPE98(y,2) scaling
prediction for the energy confinement time in a nominal ITER-FEAT Q = 10 discharge

The principal mhd stability constraints which contribute to the definition of the device
performance relate to the plasma current, elongation, plasma density, and plasma pressure.
There is now an extensive energy confinement database for plasmas with qos ~ 3, and proven
experience in operation with low disruption frequency. A quantitative analysis of disruption
frequency on several tokamaks has shown that ITER’s goal of achieving an initial disruption
frequency of 10% has been attained in existing devices, with no specific problems? due to the

1.G 73 MD 25 00-01-12 W0.1 Dimensional scaling approach for ITER sizing with sytem code
ZR. Yoshino et al, Fusion Energy Proc. 17th Int. Conf, (Yokohama, 1998) paper IAEA-F1-CN-69/ITERP1/14
to be published (1999)
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proximity to q¢s = 3. Although recent experiments! found no significant degradation of
confinement with decreasing qos over the range 2.3 < qo¢s < 4, selection of a lower qos
operating point would reduce performance margins (particularly for higher Q operation) and
might also impair steady-state capability. Therefore, qos = 3 has been retained as an
acceptable compromise between good energy confinement and satisfactory mhd stability
properties, although flexibility to accommodate discharges with higher currents (qos ~ 2.7) at
reduced pulse length is under study.

Plasma-shaping capability (elongation and triangularity) derives from a consideration of
axisymmetric plasma stability and power required to maintain the plasma vertical position,
equilibrium control requirements (particularly if a true single null X-point equilibrium is to
be retained) including inner divertor leg length, limits to the acceptable vacuum vessel forces
during a vertical displacement event, and the advantages in confinement which may accrue,
both from a higher current capability and from direct dependencies of energy confinement on
shaping parameters. The range of issues involved in determining the optimum shaping
capability has motivated a reassessment of the shaping parameters for ITER-FEAT.

An examination of the H-mode global confinement database confirms that the confinement
times from JET and DIII-D are consistent with the IPB98(y,2) scaling up to the highest
available values of K95 (~ 1.8 at qos = 3.5). On the other hand, vertical stability studies in
ITER-FEAT-like devices have shown that beyond an elongation of ko5 =~ 1.7, vertical position
control cannot be maintained within an acceptable range of PF circuit power and coil voltage
if only the passive stabilization of the vacuum vessel and the active stabilization action of
external poloidal field coils are employed. As a result, an elongation of k95 = 1.7 (kx = 1.84)
has been selected as the reference.

Although there is no explicit dependence of energy confinement time on triangularity, the
“high” triangularity of the ITER-FEAT design (095 = 0.33 or dx = 0.45) reflects several
potential advantages. Firstly, the current-carrying capability of the device, and hence
confinement capability, is linked to triangularity through qos. In addition, recent results from
JET?, demonstrate that operation at higher triangularity allows high confinement to be
maintained at densities close to the Greenwald value, a result which has been confirmed in
ASDEX Upgrade®. Finally, in steady-state scenarios, where the pressure and current profiles
are closely linked, it has been predicted* that the 3 limit should benefit from higher
triangularity. One possible disadvantage is that the type I ELM frequency is known to
decrease with increasing triangularity (increasing edge shear)® and the resultant increase in
the amplitude of heat pulses which may be produced by lower frequency ELMs is likely to
lead to increased erosion of the divertor target.

Since, for a given Q value, cost analyses show® that the device cost has a very shallow
minimum versus aspect ratio over the range 2.8 < R/a < 3.5, selection of the design value

11.. D. Horton et al, Nucl. Fusion 39 993 (1999)

2 G. Saibene et al, Nucl. Fusion 39 1133 (1999)

3 J. Stober et al, Proc. 26th EPS Conf. on Controlled Fusion and Plasma Physics (Maastricht, 1999) to be
published

4 e.g. A. Bondeson, Controlled Fusion and Plasma Physics Proc. 20th Euro. Conf. (Lisbon, 1993) vol 17C part
IV (Geneva: European Physical Society) 1339 (1993)

5 JET TEAM, “Effect of divertor configuration on plasma performance in JET”, in Fusion Energy 1996

(Proceedings 16th IAEA Conference, Montreal 1996), IAEA Vienna (1997) Vol.1, 371-383

6 G AORI 199-02-12 W0.2 Study of RTO/RC ITER Options Chapter 1.2
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must be based on additional considerations. A lower aspect ratio design has a lower toroidal
field, higher plasma current, and turns out to have a greater margin relative to the H-mode
power threshold. A device with higher aspect ratio typically operates at higher magnetic field
and lower major radius, therefore plasma density can be higher (ngw o« B/R), that is
favourable for semi-detached divertor operation (and hence exhaust power dissipation). In
addition, since it can achieve a higher bootstrap current fraction for a given fy, a higher

aspect ratio device has advantages in steady-state operation: for a given Q value, it should be
able to operate at lower (3 and H factor (desirable in view of the ITER-FEAT goals). On the

other hand, at the ITER-FEAT scale, increasing aspect ratio leads to problems in
accessibility, in particular for heating systems (due to the TF coil build), and in maintaining
acceptable margins for equilibrium and vertical stability control. The ITER-FEAT design,
with an aspect ratio of 3.1, while aiming to increase the potential for steady-state operation
via increased aspect ratio, represents a compromise between these conflicting constraints.

As is well recognized, the (?B* dependence of fusion power motivates operation at the
highest attainable 3. However, in recent years, neoclassical tearing modes (NTMs) have
been shown to limit the achievable By (= B(%)/[L,(MA)/a(m)B(T)]), in ELMy H-mode
plasmas, to values below the ideal limit, By ~ 3.5, and this instability might occur in the
ITER-FEAT target range of iy ~ 1.5-2.5, leading to a degradation of confinement (or
disruptions). A stabilization technique for NTMs based on ECCD is, however, yielding
promising results on present experiments! and its application is foreseen in ITER-FEAT to
allow control of such modes, if necessary. Nevertheless, the assumption By = 2.5 has been
taken as a pragmatic limit for calculations of the ITER-FEAT operating window.

The maximum density at which high confinement can be sustained is a critical issue, not only
for ITER-FEAT, but for tokamak power plants, since optimum use of the plasma pressure for
fusion power production implies that densities in the vicinity of (and, in power plants,

perhaps beyond) the Greenwald density (ﬁGW(IOZOm_3) = Ip(MA)/Jtaz(m)) be attained.

Although it has traditionally been difficult to maintain H-mode confinement at densities close
to the Greenwald value, experiments at higher triangularity in JET? have obtained H-mode
quality confinement at 80% of the Greenwald density. In addition, experiments with inside
pellet launch in ASDEX Upgrade? and recent experiments in DIII-D with pumping at both
the inboard and outboard divertor strike points* have sustained H-mode level confinement at
densities beyond the Greenwald value. On the basis of these results, the conservative
assumption A, <ngy is used to limit the density range foreseen for the ITER-FEAT

reference regime. In addition, as is shown in [.2.3, ITER-FEAT can achieve its mission of Q
= 10 at a normalized density of n/ngw ~ 0.6, and inside pellet launch will be available to
facilitate high density operation.

Several other physics considerations constrain the operating window of the chosen device. In
particular, it has been decided to retain a single-null diverted equilibrium, since the scaling of
the H-mode threshold power is more favourable in single null, as opposed to double null,

1'H. Zohm et al, Proc. 26th EPS Conf. on Controlled Fusion and Plasma Physics (Maastricht, 1999) to be
published "

2 G. Saibene et al, 25" EPS Conference on Controlled Fusion and Plasma Physics, Praha (1998)

3 P. T. Lang et al, Phys. Rev. Lett. 79 1487 (1997)

4T. Osborne et al, “Discharges with High Density and Good Energy Confinement on DIII-D”, presented at 10th
Workshop of ITER Confinement Database and Modelling Expert Group, unpublished (1999)
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plasmas. Moreover, the difficulty of maintaining a double-null equilibrium which is fully up-
down symmetric with respect to power handling is likely to impose unrealistic requirements
on the accuracy of plasma vertical position control.

Scrape-off layer (SOL) and divertor behaviour influences plasma performance in several
ways, but the principal issues for ITER-FEAT performance projections are the peak power to
the divertor target, plasma helium fraction, and core plasma impurity content. Assumptions
about the latter are derived from the 1998 ITER design basis, which was supported by
extensive experimental and modelling studies. The ITER-FEAT plasma is characterized by a
beryllium content of 2%, together with a mixture of sputtered carbon and a seeded noble gas,
such as argon, to provide SOL/divertor radiation enhancement. There is substantial
experimental evidence that helium exhaust rates are determined by the divertor throughput,

rather than by helium transport rates in the bulk plasma, and that ‘C;e /tg ~5 can be
achieved under relevant plasma conditions with the projected throughput of 200 Pam’s™.
This would limit helium fractions in ITER-FEAT to acceptable levels, generally below 6%.

Based on the physics constraints outlined above, and with the major dimensionless
geometrical parameters determined, it is possible to identify major radius and plasma current
on the basis of the requirement that Q = 10 be achieved, that acceptable performance margins
can be maintained, and that the projected cost of the device falls within the required range.
Three machines of differing major radius and plasma current were investigated, spanning the
range R = 5.95-6.4 m, and I, = 13-17 MA. The smallest device is the most attractive from
cost considerations. However, its confinement margin for Q = 10 operation is small, it has
little likelihood of achieving Q > 10 and it offers little flexibility. The largest machine
readily achieves Q = 10 and has a large operation space for Q > 10, but at high cost relative
to the cost target. The reference parameter set, having a plasma major radius of 6.2 m and
plasma current of 15 MA, was selected as it offers a satisfactory margin for Q = 10 operation,
has adequate flexibility and its cost satisfies the target.

As discussed in detail in 1.2.3, performance calculations using the physics guidelines outlined
here yield a substantial operating window for Q = 10 inductive operation for the selected
parameter set. Operational flexibility is, nevertheless, desirable to enhance the capability of
the ITER-FEAT device, for example to accommodate uncertainties in physics predictions, to
allow optimization of the plasma performance, to permit the development of a range of
scenarios for fusion power plants, including potential steady-state plasma regimes with
internal transport barriers, and to provide for the introduction of more advanced features.
Therefore, the design must be capable not only of studying the standard operating regime, but
should have the flexibility and extended capability to achieve enhanced performance within
the cost constraint. Several aspects of the design address this issue. For example, the
inclusion of inside pellet launch opens the route towards operation at high density.
Moreover, a variety of active feedback control techniques are provided for the stabilization of
mhd instabilities. Active current profile control techniques could also provide an additional
tool for the control of mhd activity. To extend the achievable range of Q values (and to
counteract any unforeseen degradation of confinement), the possibility of operating the
device with plasma currents up to ~ 17.4 MA (qos ~ 2.7) is being explored, albeit at reduced
pulse length (> 100 s). Finally, the capability of operation at fusion powers up to 40% higher
than the reference value (though under the assumption of no increase in total neutron fluence)
is included in the design to enhance the possibility of ignited operation and to accommodate
the possibility that (3 values higher than assumed are achieved.

Technical Basis for the ITER-FEAT Outline Design Chapter 1 Section 2 Page 8
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L.23 Projection of ITER-FEAT Plasma Performance
1.2.3.1 Inductive Operation

A simple global power balance using the scalings discussed in 1.2.2, together with
appropriate rules on helium and impurity content and radiation losses, is incorporated in
systems codes used to explore the range of design options satisfying the requirement that
Q = 10 plasmas can be sustained for several hundred seconds. The impurities treated are
helium, from fusion reactions, beryllium sputtered from the torus first wall, carbon sputtered
from the divertor target, and argon, which is injected to increase radiation so that the peak
power flux at the divertor target remains below 10 MWm™. The combination of impurities
used, generally results in a Zg in the range 1.6-1.9, yielding a DT fuel concentration ranging
from 70% to 80% of the electron density.

On this basis, operating domains at specified levels of fusion performance (either Q or fusion
power) can be mapped out within the defined operation limits. In addition, more accurate
calculations of plasma performance are obtained from the PRETOR! and ASTRA? 1.5-D
transport codes, which treat effects such as fuel dilution by impurities, radiation losses, and
(in PRETOR) divertor plasma behaviour more accurately, and use transport coefficients
normalized to yield the predicted global energy confinement.

Parameters of two representative plasmas in ITER-FEAT are listed in Table 1.2.3.1-1. The
first column shows a reference Q = 10 discharge with the nominal plasma current of 15 MA
and a fusion power of 400 MW, while the second column tabulates parameters for a regime
with higher current, I, = 17.4 MA, that has the potential for a higher Q of ~ 25 and higher
fusion power of ~ 600 MW, although with potentially higher risk of plasma disruption3. In
these simulations, Ar injection was controlled by a feedback loop used to limit the total
power exhausted to the divertor target below 30 MW.

Plasma profiles typical of ITER-FEAT operating conditions are illustrated in Figure 1.2.3.1-1
for three values of the auxiliary heating power (i.e. 10, 39 and 80 MW). The temperature
profiles would correspond to those expected near the end of a sawtooth period (or persisting
during the saturated phase for sawtooth periods which are long compared to the energy
confinement time). While the precise shapes of the temperature and density profiles are
determined by the form of the transport model in the PRETOR (or ASTRA) code, the
electron density profile is virtually flat and therefore has a conservative (though realistic)
influence on fusion performance. Moreover, for a given energy confinement time (or 3), less
peaked temperature profiles would, in fact, be beneficial for fusion performance. The
temperature profiles at different heating powers are similar, with the electron temperature in
the plasma core typically ~ 20% higher than the ion temperature,

To illustrate the range of performance which can be achieved in ITER-FEAT, Figures
1.2.3.1-2 and 1.2.3.1-3 show values of Ps,s and Q as functions of the auxiliary heating power

1 D. Boucher, Proc. IAEA Tech. Committee Meeting on Advances in Simulation and Modelling of
Thermonuclear Plasmas (Montréal, 1992), Vol. 1 (Vienna: IAEA) p 142 (1992)

2 G. Pereverzev, et al., 1997 Report IPP 5/42, Max-Planck-Institut fur Plasmaphysik, Garching

3 ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chap. 3

Sect. 3.4.1.6
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Table I.2.3.1-1 Nominal Parameters of ITER-FEAT in Inductive Operation

Parameter| Units Rgfe:elri)ce }Iﬁ lg%hP?u; Parameter | Units Rgfe:elrt)ce }Iﬁ lg%th(s;
R/a m/m | 6.2/2.00 | 6.2/2.00 | |Paux MW 40 23
Volume m’ 837 837 | |Pohm MW 1.3 1.7
Surface m? 678 678 | [P MW 123 144
Sep.length] m 18.4 18.4 Phrem MW 21 29
S cross-sect. m’ 21.9 219 | |Pga MW 8 10
Bt T 5.3 5.3 Piine MW 19 20
I, MA 15.0 17.4 | |Psa MW 48 59
K/ Ox 1.86/0.5 | 1.86/0.5 | |Pss MW 410 600
Kos/os 1.7/0.35 | 1.7/0.35 | |Psp/PLz  |MW/MW | 75/48 84/53
Ti(3) 0.86 0.78 |0 10 24
Vioop mV 89 98 T8 s 3.7 4.1
Qos 3.0 2.7 W MJ 325 408
Bn 1.77 1.93 | |Wh M1 25 33
<ng> 10°m> | 10.14 11.56 | |Huppos.) 1.0 1.0
n/new 0.85 0.84 ||, le 5.0 5.0
<T> keV 8.1 9.1 Zest 1.65 1.69
<T> keV 8.9 9.9 FHe axis % 4.1 5.9
<Br> % 2.5 3.2 FBe axis % 2.0 2.0
Bo 0.67 0.62 | |fc.axis % 0.0 0.0
P, MW 82 120 | [faraxis % 0.12 0.11

for discharges with I, = 13.1, 15.1 and 17.4 MA in which an operating point
having Hy peoy.2)= 1 and n/ngw= 0.85 is selected. These results are obtained assuming an
impurity content of 2% Be and 1.2% C, with no Ar injection, while the ratio of T"g/tg is
approximately constant at 5 above 40 MW and decreases slightly at lower power. The
minimum fusion power at 15.1 and 13.1 MA is limited by the L-H back transition, taken as
1.3xPLy where Pry is given by eq. (I.2.2-1). Not surprisingly, one can see a strong increase
in Q and Pg, with the plasma current, and a strong increase in Q with reducing the auxiliary
heating power. This emphasizes the fact that the operation space is multidimensional and
that plasma parameters can be adjusted to optimize the fusion performance according to
whether high Q or high fusion power (e.g. to maximize the neutron wall loading) is required.

As expected, achievable Q values are reduced if plasma dilution and radiative losses
associated with plasma impurities increase. Figure 1.2.3.1-4 shows the Q value as a function
of the core helium fraction, ngo/ne, for I = 15.1 MA and P.x = 40 MW. The central He
fraction for these conditions (H 94, 21= 1, n/ngw= 0.85, 2% Be, 1.2% C, no particle pinch)
is higher than the edge fraction (by an increment of 1.3%). It is clear that a significant
increase in the He fraction, from 4% to 6.6%, reduces the Q value from 10 to 8 only.
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Similarly, Figure 1.2.3.1-5 shows the Q value as a function of Z for these conditions, where
the change in Zgr results from a variation of the carbon impurity fraction between 0% and
2.4%.

4.5 5 55 6 65 7 7.5 8
Major radius (m)

Figure 1.2.3.1-1  Temperature and Density Profiles at Nominal
Plasma Current I, = 15.1 MA and P, =10, 40 and 80 MW
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Figure 1.2.3.1-2 Psys as a Function Figure 1.2.3.1-3 Q as a Function of
of P,y for 1=13.1, 15.1 and 17.4 MA Paux for 1=13.1, 15.1 and 17.4 MA at
at HH-]I’B9(y,2) =1 and Il/ll(;w= 0.85 HH-IPB9(y,2) =1 and n/n(;w= 0.85

A more complete view of the range of plasma parameters at which Q = 10 operation is
possible can be gained from an analysis of the operational domain in terms of fusion power
and confinement enhancement factor, in which the various operational boundaries
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(Pyoss = 1.3Pp 1, n = ngyy, and By = 2.5) can also be traced, as shown in Figure 1.2.3.1-6 and
Figure 1.2.3.1-7. These figures (as well as the subsequent figures in this section) are

calculated using a 0-D code and include impurity contributions from He (r}‘{e /tg = 5),Be
(2%) and C (1.2%), with no Ar injection.
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Figure 1.2.3.1-4  Q as a Function of Figure 1.2.3.1-5 Q as a Function of

Core He fraction for I, =15.1 MA, L for I, =15.1 MA, Pau= 39 MW at

Paux= 39 MW at HH[98y,2] =1 and H H[98y.,2] =1 and n/nGW =(.85

n/ngw = 0.85
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Figure 1.2.3.1-6 Q =10 Domain Figure 1.2.3.1-7 Q =10 Domain

(shaded) for Ip = 15.1 MA (gos = 3.0) (shaded) for Ip = 17.4 MA (gos = 2.6)

From the above, the following points are evident.

e For operation at qos = 3 the fusion output power from the ITER-FEAT design is in the
region of 200-600 MW (at HH[98y,2] = 1), corresponding to a mean separatrix neutron
flux (‘mean neutron wall loading”) of 0.29-0.86 MWm™, so that the device retains a
significant capability for technology studies, such as tests of tritium breeding blanket
modules.

» The margin in H-mode threshold power (at HH[98y,2] = 1) is significantly greater than
the predicted uncertainty derived from the scaling of eq. (1.2.2-1).

+ The device has a capability for Q = 10 operation at n/ngy ~ 0.6 and By ~ 1.5 (when

Hppogy2;= 1)- Although operation at higher current (qos = 2.6), would entail a shorter

burn duration (though still in excess of 100 s), the results illustrate the flexibility of the
design, its capacity for responding to factors which may degrade confinement while
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maintaining its goal of extended burn Q = 10 operation, and, by implication, its ability to
explore higher Q operation as long as energy confinement times consistent with the
confinement scaling are maintained.

Figures 1.2.3.1-8 (I = 15.1 MA) and 1.2.3.1-9 (I, = 17.4 MA) illustrate the window for higher
Q operation (Q = 50, representative of ‘controlled ignition”) in ITER-FEAT, showing that
controlled ignition is not precluded: operation at a range of Q values is possible and values as
high as 50 can be attained if Hypgg, o7~ 1.2 is achieved in an improved confinement mode
e.g. reversed-shear or shallow-shear mode with internal transport barrier, or high density
operation can be extended beyond the Greenwald value, or operation at lower qgo5 (~ 2.6) can

be sustained without confinement degradation.

ITER-FEAT (Ip=15.1MA, Q=50) ITER-FEAT (Ip=17.4MA, Q=50
1000 . —— R . 1000 r :
o~ ‘l \\ﬂNQQ
i <2s i
E 800 | % l 240 g 800 5
s = s ER
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& “p G “
5 400 [ : 5 400
2 S
B 200 - <200 |
0 1 i i s 0 I
07 08 09 10 11 12 13 07 08 09 10 11 12 13
Hyyy,2) HHi.2)
Figure 1.2.3.1-8 Q =50 Domain for  Figure 1.2.3.1-9 Q =50 Domain for
I, =15.1 MA (qos=3.0) I, =17.4 MA (qo5=2.6)

The temperature dependence of the fusion cross-section means that plasma fusion
performance is sensitive to the form of the temperature profile at fixed 3 or vg. Figures
[.2.3.1-10 and 1.2.3.1-11 illustrate how this sensitivity affects the operational domain at
Q=10 and Q = 50 respectively for the 15.1 MA reference scenarios. The 0-D calculations,
from which the operational domains discussed here are derived, assume temperature profiles
of the form T(x) = T(0)(1-x*)*", with AT an arbitrary parameter. For the analyses shown in
previous figures, AT = 2 was assumed (corresponding to a ratio of T(0)/<T> = 3), while for
the analyses in the figures below, AT = 1.0. In both figures it can be seen that the Greenwald
density represents less of a constraint on the operational domain in the sense that the constant
density contours become more vertical, opening a larger confinement margin at high fusion
power.
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ITER-FEAT (Ip=15.1MA, Q=10, AT=1.0) ITER-FEAT (Ip=15.1MA, Q=50, AT=1.0)
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Figure 1.2.3.1-10  Q =10 Domain for Figure 1.2.3.1-11  Q =50 Domain for
I, = 15.1 MA (qos= 3.0). I, =15.1 MA (qos=3.0).
Here, T(x) = T(0)(1-x*)*" is assumed, Here, T(x) = T(0)(1-x>)*" is assumed,
with AT =1 with AT =1
1.2.3.2 Steady-state and Hybrid Operation

A complete scenario for steady-state operation with Q = 5 in which energy confinement,
plasma profiles, current drive requirements, divertor performance and plasma equilibrium are
treated self-consistently and satisfy all relevant constraints, is yet to be developed (and will,
in fact, require considerable further analysis). Nevertheless, in ITER it is likely that a variety
of candidate steady-state modes of operation will be investigated, and it is therefore essential
that the requisite tools for the control of plasma geometry and profiles are available: on-axis
and off-axis current drive capabilities to enable plasmas with shallow- or reversed-shear
configurations to be sustained, in the latter regime simultaneously maintaining the central
safety factor well above unity, while the minimum safety factor is held above two, a poloidal
field system capable of controlling the more highly shaped plasmas characteristic of high 3,
operation, and methods to allow reliable long pulse operation at high £, including techniques
for the stabilization of neoclassical tearing modes and resistive wall modes.

The capability of the ITER-FEAT designs for steady-state operation with Q = 5 are being
studied numerically within the limitations of current assumptions. Two operational scenarios
are under consideration for steady-state operation: high current (12 MA) with monotonic q or
shallow shear, and modest current (8§ MA) with negative shear. The high current, steady-state
operation requires all the current drive power (100 MW) available for ITER-FEAT, but the
requirements on confinement (Hg~ 1.2) and beta (By ~ 3) are modest. On the other hand,
the low current, steady-state operation requires more challenging values of confinement
improvement Hg~ 1.5 and beta (Bx ~ 3.2-3.5). Performance predictions for this mode of
operation are much less certain than for inductive operation and high current, steady-state
operation. In addition, the potential performance of hybrid modes of operation, in which a
substantial fraction of the plasma current is driven by external heating and the bootstrap
effect, leading to a substantial extension of the burn duration, is being evaluated as a
promising route towards the establishment of true steady-state modes of operation. This form
of hybrid operation would be well suited to systems engineering tests.
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An operation space, in terms of fusion power versus confinement enhancement factor, and
showing the transition from hybrid to true steady-state operation is illustrated in
Figure 1.2.3.2-1 for I, = 12 MA and Pcp= 100 MW. Contours of constant n/ngy, and By are
indicated, as is the threshold for Q = 5 operation. Note that it is assumed that the plasma
minor radius is reduced by shifting the magnetic axis outward. For a given value of fusion
power (and hence Q), as the confinement enhancement factor, Hpypog, 4, increases
(simultaneously decreasing plasma density and increasing (), the plasma loop voltage falls
towards zero. For example, operation with Vi, = 0.02 V and I, = 12 MA, which
corresponds to a flat-top length of 2,500 s, is expected at Hyjogy.) = 1, Q =35, n/ngw = 0.7,
and By = 2.5. True steady-state operation at Q = 5 can be achieved with Hyipogy0) = 1.2 and
Bn = 2.8. This analysis indicates that a long pulse mode of operation is accessible in ITER-
FEAT.
R/ a/ k95/ AT/ AN= 6.35/ 1.85/ 1.74/ 1.5/ 0.
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Figure 1.2.3.2-1 Operation Space for ITER-FEAT for Hybrid (long pulse)
and Steady-state Operation.
Here, I, =12 MA and Pcp = 100 MW

[.2.3.2.1 Potential Parameters for Steady-state Operation with Full Minor Radius

The plasma parameters required for steady-state operation in full bore plasmas have been
surveyed by using simple 0-D calculations. Figure 1.2.3.2-2 shows how confinement
enhancement (Hyog, 57), P, and current drive power (Pcp) can be traded off against one
another while satisfying the requirement for steady-state, Q = 5 operation (at n¢/ngw = 0.8).
The current drive power rapidly increases with B, while Hyypogy,2) decreases with increasing
Bn. This allows some selection in parameters, depending on whether enhanced confinement
or high P operation turns out to be the more difficult to access. From this analysis it can be
concluded that if the available current drive power is assumed to be Pcp = 100 MW, the
required Hypogy 5y is ~ 1.3. A further constraint might arise from the product of
P x Hypogy o) In current experiments, especially for long pulses, this product is found to be
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limited, with BxHpogy ) = 4 when t 2 10tg. With such a restriction, the operation region

would be very small (see Figure 1.2.3.2-2a). However, this product has been improved to
BnHpyposy, 21 < 6 in the most recent experiments and, if this more relaxed constraint is

applied, the restriction on the accessible range of BnHyjogy o) With Pep =< 100 MW can be

Q=5, n,/n =08

removed.
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Temperature (T.), and Bootstrap Current Fraction (fgs) as a Function of By for the

Calculated Points Shown in (a)

For completeness, Figure 1.2.3.2-3 shows Hpypogy,2}» current drive power (Pcp), electron
density (ne), plasma current (Ip), electron temperature (Te), and bootstrap current fraction
(fss) as a function of Py for a fusion gain Q = 5 and ne/ngw = 0.6, illustrating how the
requirements for steady-state operation change as the normalized plasma density is varied.
Similar trends are seen, with the most significant difference being an increased requirement

on BNHH[98}’, 2] at Jow values of PCD.
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Potential Steady-state Operation Space with Reduced Minor Radius
atI=12 MA

It is expected that plasmas having a higher aspect ratio have better potential, steady-state
performance due to the larger bootstrap current contribution. Such plasmas can, in principle,
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be established by shifting the plasma magnetic axis outward, and the potential benefits of
such an approach are illustrated in Figure 1.2.3.2-4. The figure shows the Q = 5 steady-state
operation space with R = 6.35 m and a = 1.85 m for a plasma current of 12 MA and a slightly
increased plasma elongation (ko5 = 1.74). For these calculations the density profile was taken
to be flat. Typical values of current drive efficiency obtained are y20 ~ 0.30 AW 'm™ in (a)
and ~ 0.36 AW"'m™ in (b) (defined as 20 = nzo [x10” m”] R[m] I[A}P[W]).

(@ (b)
R/a/k=6.35m/1.85m/1.74 (Steady-state, Ip=12MA, AT=1.7) R/a/k=6.35m/1.85m/1.74 (Steady-state, Ip=12MA, AT=1.
1000 1000
§ 800 § 800 |-
s s
i -
% 600 %’ 600 |
[ [
5 400 5 400 +
2 &
R 200 B 200
0 0
07 0.8 09 10 1.1 12 13 14 15 07 08 09 10 1.1 1.2 13 14 15
Hyy) Hri2)

Figure 1.2.3.2-4  Steady-state Operation Space for ITER-FEAT with Reduced Minor
Radius at I, =12 MA, « = 1.74 and Temperature Profiles of the Form
T(x) = T(0)(1-x*)*": (a) AT=1.7, (b) AT =1.
Here, f(Be) = 2%, f(Ar) = 0.17% and no carbon is assumed. Operation limits defining
the shaded area in each plot are given by Q = 5 and P¢p < 100 MW

Under the assumptions used here, the higher aspect ratio plasma exhibits a larger operation
space for Q = 5 operation than the full bore plasma, with a particularly significant gain for the
case with a more peaked temperature. Nevertheless, the minimum requirement for Hyogy 2y
is ~ 1.1, which is the same as for the full bore plasma. The requirement on electron density
is, however, larger than that of the full bore plasma, which is favourable for divertor
performance. Note that if Hygg, 51 = 1.3 can be achieved, steady-state operation would be

possible with Pcp= 60 MW, while Hypog, 51 = 1.5 would be required for the full bore plasma.

The conclusions of this initial study are that steady-state operation would be favoured by a
broader temperature profile, due to the higher fusion power (and hence gain) achieved for the
same plasma energy and higher current drive efficiency which results. A preliminary 1.5-D
transport analysis of such cases, however, yielded a profile peaking factor of 2.5 (equivalent
to AT = 1.5). Considerable further analyses and experimental developments are therefore
required to establish self-consistent plasma conditions for steady-state regimes.

1.2.3.2.3 1.5-D Simulation of Steady-state Operation

Since it is probable that steady-state operation will require some form of profile control, and
since this will inevitably influence the achievable fusion performance in such regimes,
studies of non-inductive operation with 1.5-D transport codes have been initiated. Table
1.2.3.2-1 shows parameters for a range of potential Q = 5, steady-state scenarios for ITER-
FEAT developed in the course of this analysis: cases 1-3 and 5 were studied with ASTRA,
while case 4 was analyzed with PRETOR. Cases 1 and 2 have reversed shear with gmin = 2.5
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and 2.0 respectively, a small minor radius, outward shifted radial position and high
elongation. These scenarios are characterized by high By (3.17-3.48) and high bootstrap
current fractions (~ 50%). Plasma profiles for case 1 are shown in Figure 1.2.3.2-5. The
minimum ¢ position is located at r ~ 0.75, and inside this radius the ion heat conductivity is
reduced to the neoclassical level. However, the density profile is almost flat, except at the
plasma edge. Although substantial off-axis heating is required in these cases, if the plasma
temperature and density profiles were appropriately controlled, external current drive in the
outer region (e.g. r = 0.7) would not be needed. Case 3 has positive shear with the nominal
ITER-FEAT plasma size and shaping, and requiring a more modest i of 3.0, while case 4
has shallow shear with higher plasma current (11 MA), for which the required Py is 2.56.

Table 1.2.3.2-1 Potential Scenarios for Q = 5 Steady-state Operation

1 2 3 4 5
RS RS Positive | Shallow | Weak RS
shear shear
R/a (m)(m) | 66/1.6 | 66/1.6 | 6220 | 62/2.0 |6.15/1.85
B 1) +98 4.98 53 5.3 5.34
195 / Osep 2.0/05 | Y% 1 1.86/0.5 | 1.74/0.5 | 1.74/0.5
I, MA) "8 i 10.0 11.2 12
<ne> (1019m-3) 7.8 8.65 60 7.2 77
n/ng; 083 08 0.8 0.8 0.72
<T; > (keV) 106 12.1 12.9 11.6 14.1
<T> ke¥) 128 142 14.5 14.4 14.6
B 3.17 3.48 2.98 2.56 3.04
Prus MW) 508 7 352 387 503
P (MW) 7 63 60 45 100
P o (3% 08 0.23 61.8
Prc MW) 05 05 10 32 0
P, (LH or NB) (MW) 52 &
Q = Pgs/ P 5.2 >78 5.0 5.0 5.0
Ploss / P s Lt 9 387 3.26 3.04
T © =0 26 2.44 2.98 1.93
£, %) 30 33 3.6 3.6
Zess 1.66 1.67 1.68 1.84 1.8
Prad (MW) 18.9 24.8 22.4 45 29
1 (3) 0.49 01 1.05 1.0 0.83
Iep /1, C) a0 73 71.8 73.1 74.8
Is / I, o) >0 >2 28.2 26.9 25.2
Qos i 33 4.6 4.3 3.4
Hiy) 4 4 1.47 1.5 1.2
T,/ >0 >0 5.0 4.6 5.0

Cases 1-4 indicate that a substantial improvement over standard H-mode confinement (i.e.
Hypogy 2 = 1.4-1.5) is required to achieve a steady-state with Q =35. However, case 5 uses

high power NB (100 MW) for current drive, which reduces the confinement requirement to
Hyosy 21 ~ 1.2, illustrating again that the requirement for confinement improvement becomes
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more modest with increasing current drive power. On the expectation that comparable
current drive efficiencies can be achieved with NB, EC and IC auxiliary power, case 5 is
probably feasible with the current drive capability available for ITER-FEAT, i.e. a total of
100 MW current drive power using a combination of NB and RF.
2
Tiea(keV) qg; Xij(m%/s)
25 = -I,le T T M T T 5 T I T T

20,

151
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Figure 1.2.3.2-5 Radial Profiles for the Potential Reversed Shear ITER-FEAT Steady-
state Regime with Strong Off-axis H&CD (r/a ~ 0.7)
(NB or LH: CD efficiency ~ y20 = 0.3 AW m'z): P(off-axis) = 52 MW; Png(on-axis AZ =
0.3 m) =7 MW; Pgcrr(on-axis) = 0.5 MW; I, = 7.8 MA; Hygy,2) = 1.49;
Qmin > 2.5; wide RS region
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1.2.3.3 Probabilistic Performance Assessment

A full and rigorous assessment of the probability of an ITER-class device achieving a
predetermined level of performance is a complex undertaking. It involves not only an
assessment of experimental uncertainties in the ability to extrapolate the interaction of
complex physical processes (e.g. transport losses, mhd stability, helium exhaust, impurity
production) to the ITER scale, and in particular close to plasma operating limits, but also an
analysis of the certainty with which the performance of key engineering systems (ranging
from superconducting coils to pellet injection technology) can be predicted. The latter task
could probably be attempted using well established engineering reliability analyses, though at
considerable expenditure in resources relative to the value that can be placed in the outcome.
However, the former implies a deep understanding of the nature of the uncertainties in the
experimental measurements available from existing devices. Later, an initial approach to an
assessment of the influence of the uncertainties in one key physics parameter, the global
energy confinement time, is developed. However, it is perhaps beneficial to consider firstly,
a very simple approach to the estimation of the attainable fusion performance in ITER-FEAT.

102

W T T T T T T,
i B H-mode d %
1 L i
10 E| & L-mode
> o [lx_ErFEaT ]
=
2 O F
e i ]
& 101
o 10 = _E
o ]
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; / ]
108 | by e 3
F /7 7 " :
/ ]
10—4 M FEERETTY BETERETIT! MR RarT: |
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Wmagn(=82/ 2upxVol) [J]

Figure 1.2.3.3-1 Plot of the Fusion Triple Product, nTr, (volume averaged quantities)
versus the Toroidal Magnetic Field Energy (within the plasma volume), Wyagn.!
The data is taken from the ITER ELMy H-mode and L-mode (excluding ohmic)

databases, and the ITER-FEAT point corresponds to the Q = 10 operating point in

Table 1.2.3.1-1. The dashed line, shown to guide the eye, corresponds to a line passing

through the ITER-FEAT point and the origin in linear co-ordinates, ie (0, 0)

1 0.1.W.F. Kardaun, A.Kus and H- and L-mode Database Working Group (1996), in Proceedings of
Computational Statistics XII, 313-318 (A. Prat, Ed.) Physica-Verlag, Heidelberg
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Figure 1.2.3.3-1 shows a plot of the fusion triple product, nTt, for pulses in the ITER L-mode
and ELMy H-mode databases, plotted against a measure of the toroidal magnetic field energy
for the devices in question. An estimate for ITER-FEAT has been added based on the
performance calculations discussed in 1.2.3.1. There are two striking aspects of the figure.
Firstly, if one considers the upper envelope of the data, it appears that the device performance
can be characterized by an extremely simple (and robust) parameter over many orders of
magnitude. Moreover, the projection of the upper range of the data extrapolates comfortably
to the Q = 10 point in ITER-FEAT, indicating that the device has the correct global
dimensions (essentially major radius and magnetic field) to achieve its aims. In other words,
there is consistency between the more sophisticated analysis based on plasma transport (with
its attendant uncertainties) and a simple characterization of the device performance (which, as
illustrated in the figure, is a remarkably good description over an extensive range of device
sizes and plasma parameters).

The second aspect is that at each value of the abscissa, there is a large scatter in the data.

This reflects several realities of the exploitation of experimental devices.

i) In the course of experimentation, performance improvements are developed through a
better understanding of physics processes (the H mode is the clearest example of this)
and through an optimization of plasma properties based on experimentation.

ii) The devices are not always operated close to the optimum performance: parameters are
systematically varied to develop physics understanding, operating limits are investigated,
and certain modes of operation are found to degrade plasma performance and are
eliminated as experimental scenarios. |

iii} There remain ‘hidden parameters’, i.e. physical processes (e.g. neutral recycling) the
influence of which is not well understood. Nevertheless, as a result of experimentation,
tokamak operators can optimize the performance of the plasma in a robust, if empirical,
way. The scatter shown does not represent the shot-to-shot or day-to-day variation of
plasma performance in well established plasma regimes: these exhibit a high level of
reproducibility, with scatter which is close to that due to experimental measurement
errors.

The fusion performance capability of any device cannot, therefore, be characterized by a
single number. Each device has a substantial range of performance accessible to it, and the
development of parameters which lead to the optimum performance is based on an
experimental appreciation of the balance between conflicting requirements (e.g. high current
and mhd stability) and, in particular, the positioning of the operating point close to
operational limits, but still within the region of acceptable confinement. The operating space
of the device is, therefore, a multi-dimensional space which is usually projected into two
dimensions for the purposes of illustration. The many dimensions (some of which
correspond to alternative modes of operation) represent directions in which performance can
be optimized to counteract deleterious effects in certain directions: for example, to
compensate for confinement degradation in the proximity of the density limit, the current can
be increased (again within the bounds of mhd stability and acceptable confinement), as
illustrated in Figure [.2.3.1-7; to offset limitations in Px associated with neoclassical tearing
modes, ECCD can be applied for NTM stabilization, or can be used to control the sawtooth
period to limit the production of seed islands.

The parameter which lends itself most readily to a probabilistic analysis is the global energy
confinement time, since it is derived from an extensive database incorporating results from
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many devices and from a wide range of plasma operating conditions. However, it is not a
statistical database in the strict sense. In particular, the scatter observed in the measured
energy confinement times does not necessarily represent experimental uncertainty, or random
irreproducibility, but often represents different ways of operating the devices which are not
fully characterized in the database. Moreover, it does not represent a random sample of the
parameter space with which it is concerned. Since it is compiled without an explicit focus on
extrapolation to the plasma parameters of ITER, the statistical error in the ‘best fit’
confinement time calculated for ITER-FEAT is not necessarily an accurate estimate of the
uncertainty in the energy confinement time in the ITER-FEAT operating domain. Finally,
the experimental points in the global confinement database may not adequately characterize
the behaviour of confinement as operating limits are approached. Therefore, a simple
characterization of the uncertainty in the extrapolated confinement time by means of an rms
error, or a standard deviation, may not be appropriate over the entire operating domain for a
given Q. These caveats must be borne in mind in considering the following analysis.

To provide a preliminary analysis of the probability of achieving a fusion gain of Q = 10 in
ITER-FEAT, a formalism based only on the estimated uncertainty in the form of the
confinement scaling has been developed. The analysis makes use of the 0-D operation
domains of the type discussed in 1.2.3.1. This approach does not provide information on, for
example, the probability of achieving a specified neutron fluence, since many other factors
influencing the average duty cycle, and the total operational time of the device must be
considered.

The starting point for the analysis is the IPB98(y,2) confinement scaling used in the
calculation of fusion performance for ITER-FEAT. Based on the log-linear form of the
scaling, the estimated value of o is ~ 10%. An alternative estimation of the uncertainty
interval in the projected energy confinement time based on non-log-linear scalings yields a o
estimate of ~ 20%. It is therefore assumed that the energy confinement time (or, in practice,
the Hyyog, o1 factor) for a given set of plasma parameters can be described by a Gaussian
distribution having a standard deviation of either 10% or 20% about the mean (i.e. scaling
expression) value. However, for similar discharge conditions the distribution of Hyyog, 5y in
the database has a smaller spread: for example, with n./ngw= 0.65, qo¢s = 3.5,
Prap/Puear < 0.5 and x = 1.5, the spread of HH[gsy,z] values in the database is only 5%. This
illustrates the point made previously, that only a fraction of the scatter in the experimental
data is associated with irreproducibility in discharge conditions.

Figure 1.2.3.3-2 shows the operation domains (fusion power vs Hyog, 57) at 15.1 MA for two

fixed values of heating power. The probability of achieving Q = Qo (where Qo is some given
value of fusion gain) is defined by the integral of the distribution function of Hyyggy 51 from
the minimum value within the shaded area to the maximum. For example, the probability of
achieving Q = 11 when Paux = 40 MW (Figure 1.2.3.3-2a) is 50%, since the device
parameters are defined so that P, = 440 MW when Hyog, 5 = 1 and Paux =40 MW. The
shape of the operation domain for this case is such that the probability of achieving a given
value of Q decreases with increasing fusion power (or Q). In contrast, for Poyx = 15 MW
(Figure 1.2.3.3-2b), the probability has a maximum value at a fusion power of 260 MW

(i.e. Q=17).

Figure 1.2.3.3-3 summarizes the probability of achieving Q = Qo in ELMy H-mode for a
range of values of Payx when o = 20%. For several values of Paoyx (= 6, 10, 15 MW), it is
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clear that the probability is constant below a certain value of Qo, and that the probability lies
below 100%. This is associated with the fact that the small value of total loss power
(~ (1 + Q/5) Paux ) is insufficient to exceed the H-mode power threshold (the probability of
achieving values of Q lower than the corner point of each curve is not, of course, zero, since
there is an operation point corresponding to the corner point of the curve, e.g. Qo= 17 at Payx
=15 MW).

a) 1000 T T =T T 25 b) 1000 T T T T T 67
- ~~
Paux=40 MW ‘“*&?&a Paux=15 MW ~~«
800 | T 20 800 - 53
= D -
= Py
= 500 154 T 600} 0 R
3 < O <
5 CI- &
£ 400 1M&E & 400f 7 &
8 R . Q=17 .
g 200 5 g 200 13
I, &9
phin S iy 0 L ] ] LH=4 0
07 0. . . . 2 1 07 08 09 10 1.1 12 13
By ) Hy )

Figure 1.2.3.3-2 Operation Domain (shaded) for Fixed Heating Power P,yx: a)
Paux =40 MW, b) Poux = 15 MW, Defined by n/ngw = 0.85, Pios/Pra = 1 and fx < 2.5
(conservative assumptions).

In case b). the probability takes the maximum value at Q =17 (= Qmax)
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Figure 1.2.3.3-3 Probability of Achieving Q = Qo in ELMy H-mode for a Range of
Fixed Heating Powers, P,ux, when ¢ = 20%.
Here n/ngw < 0.85 and fn < 2.5. The flat part of each curve corresponds to Pjss < Prg
(at Poux = 6,10, 15 MW). In these cases the probability of Q = Q, is equal to that of
Q = Qmax, where Qumax is the value which gives the maximum probability

Since we are free to choose Payx (within the capability of the device), the total probability of
achieving a given Q value is given by the envelope of the curves shown in Figure 1.2.3.3-3.
The results are shown in Figure 1.2.3.3-4 for two values of o. Thus, when ¢ = 20% the
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probability of achieving Q = 10 is ~ 75% and that of achieving Q = 50 is ~ 35%, while for
o = 10% the values are 90% and 24% respectively. In addition, the sensitivity to the precise
value of the limiting density and of the H-mode power threshold has been investigated by
varying the relevant parameters in the range n/ngw =< 0.85~1.0 and Pios/Pru= 1~1.5. This is
found to change the probability of achieving Q = 10 by ~ 5%.
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=60k - Z 60 -
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Q
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Figure 1.2.3.3-4  Probability of Figure 1.2.3.3-5  Probability of
Achieving Q = Qg in ELMy H-mode Achieving Q = Qp in ELMy H-mode
(envelope of Figure 1.2.3.3-3) for for o =10% and 20% with
0 =10% and 20% with I, =15.1 MA, I, =17.4 MA, n./ngw =< 0.85 and
n/new = 0.85 andPjss = Pry Pioss = Pru

On this basis, the probability of achieving Q = 10 in the ELMy H-mode regime is high.
However, if for unexpected reasons Q = 10 were not achieved under nominal operating
conditions, there are, as noted previously, various options for increasing the probability of
achieving the required Q. For example, raising the plasma current to 17.4 MA increases the
probability of achieving Q = 10 to ~ 90% (see Figure 1.2.3.3-5). Another is to increase the
fuel throughput in the divertor beyond the reference value of 200 Pam’s™ to, say, 400 Pam’s™
(which can be maintained for 200 s), allowing the helium concentration to be reduced by 2%
(incremental), which, in fusion performance terms, is equivalent to a 1 MA increase in
plasma current. Furthermore, regimes with active profile control could allow enhanced
confinement to be accessed in inductive operation.

The probability calculation outlined here is in essentially a ‘model’ calculation, i.e. it
represents a numerical result based on simple, well defined assumptions. For the reasons
outlined previously, it does not, however, amount to a complete evaluation of the true
probability of achieving Q = 10. In addition, it is a model calculation carried out in only one
dimension of the multi-dimensional operating space which describes a burning plasma and it
neither fully reflects the complexity of the behaviour close to operating limits, nor the degree
to which experimental optimization of plasma parameters can improve plasma performance.
In summary, the optimum operating point of a tokamak plasma consists neither of a random
selection of parameters, nor a random response to the operating conditions selected, but
corresponds, rather, to a well defined and reproducible plasma state resulting from extensive
experimental development.
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1.2.3.4 An Alternative Performance Evaluation Methodology based on
Dimensional Extrapolation

This novel approach tries, amongst other things, to overcome the difficulty associated with
the simultaneous choice of non-dimensional parameters (A = R/a, K, O, qos, Bn, n/ngw) which,
when close to their respective limits, may have some significant hidden interactions which
affects the energy confinement. As an example, this is observable in the effect of shear
(triangularity, q, K, A) on confinement in high density discharges, or the effect of sawteeth on
low edge safety factor discharges at high elongation and triangularity.

In addition, the proposed methodology addresses, in part, the fact that the enhancement factor
Hy cannot be treated as a simple scalar because it may hide some additional variables as well
as explicitly treated terms (in the energy confinement formula), for example the density or
elongation, the influence of which on the energy confinement time may not be
mathematically expressed in a simple monomial form within the empirical formula for
energy confinement time.

The employed procedure is as follows:

. each shot in the database is evaluated by extracting all of its parameters and sizing by
means of the system code (in accordance with the ITER criteria) for a Q = 10 machine with
the same geometry (k, 8, A=R/a) , qos, and n/ngw: these parameters are then assumed to come
as a “package”;

. the extrapolation in the energy confinement time is performed based on the empirical
scaling coefficients applied only on the parameters not kept constant, and by using relative
ratios. There is no need for Hy.

The energy confinement time empirical scaling then becomes:

oy ap ag ay

( Man ) ( il )n(1.2.3.4-1)

MDBSHOT nDBSHOT

I

g
_ Q10 Poto B Roio
Tg,010 = VE,DBSHOT I P B R
DBSHOT DBSHOT DBSHOT DBSHOT
where :

. the subscript “Q10” refers to the Q = 10 machine designed from the shot in the H-
mode database and indicated with the subscript “DBSHOT™.
. The o exponents are the same exponents found in the empirical scaling law for the

correspondent parameters.

In addition, considering then the following relationships:

BR

q=—*f0%,A) (1.2.3.4-2)
Mgy = -m% | (1.2.3.4-3)

equation (1.2.3.4-1) further simplifies, because qos, geometry, and normalized density are
fixed in the extrapolation, to:
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Up

P B Up+0, +01 R g~y + M Ay
TE,Q10=TE,DBSHOT( = ) ‘(B = ) (_Ql’o“‘) (———Qlo—) (1.2.3.4-4)

P DBSHOT DBSHOT RDBSHOT DBSHOT

Considering, for example, the IPB-98y2 empirical scaling law for ELMy H mode:

Tg:]tghgg(y’z) = 0.0562HI093B015p~0.69,0.41)(0.198 197058, 0.78 (12.34-5)

then expression (1.2.3.4-4) becomes:

~0.69 149
[ Powo V[ Bow )
TE,Q10 = TE,DBSHOTL

9

2.49 0.1
A Raw )V ( Mow ) (1.2.3.4-6)
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Of the more than a thousand shots in the ELMy H-mode database, less than half turn out to
extrapolate to a Q = 10 machine whose major radius is smaller than 8 m, however about 70
extrapolate to a Q = 10 machine with R < 6.2 m.

Figure 1.2.3.4-1 shows the major radius of the extrapolated Q = 10 machine versus the edge
safety factor qos of the analyzed shots. It is apparent that there are a good number of shots,
from DIII-D, JET, and ASDEX-U, which confirm the robustness of the ITER-FEAT design
in reaching the Q = 10 objective on the basis of the existing experimental results. Of
particular interest are those DIII-D shots which are capable of being extrapolated to a
competitive Q = 10 device, even at a rather large edge safety factor. It is nevertheless clear
that the choice of a safety factor of about 3 is sound.

As an even more general simplification to the proposed approach, the use of an empirical
scaling formula for the energy confinement time can be completely avoided if the
extrapolated device is sized based on a fusion power requirement and not on the
amplification factor Q.

In order to do so, the above-mentioned, non-dimensional parameters are chosen to be kept
constant, based on the consideration that the most unpredictable, from first principles,
turbulent, phenomena taking place in the plasma are mostly influenced by stability and even
more so by the geometry of the magnetic field, g and shear profiles.

In addition, in this second methodology, the value of By observed in the extrapolated
experiment is also fixed. This last hypothesis implies that the magnetic and pressure profiles

in the experiment in question and the larger extrapolated device are completely self similar.
The pressure scales then as:

p « B2 (1.2.3.4-7)
And, for a DT experiment, the fusion power then scales approximately as:
P~ p°-V « BR? (1.2.3.4-8)

However, considering that the total fusion power is not exactly proportional to T2 it is in
principle necessary, but not too important for the result, to choose an operating density. This
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can be taken assuming also in this case the same density normalized to the Greenwald density
scaling as:

no— o= (1.2.3.4-9)

Figure 1.2.3.4-2 shows the machine major radius versus the safety factor at the edge. Also in
this case, a number of shots extrapolate to a 500 MW device with a major radius smaller than
the one of ITER-FEAT.

In summary, also in accordance with this alternative design methodology, the ITER-FEAT
design seems to be soundly based on the extrapolation of many high performance ELMy
H-mode shots from JET, DIII-D, and ASDEX-U.
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Figure 1.2.3.4-1 Major Radius of Q = 10 Machine vs. qos Obtained with Dimensional
Extrapolation Methodology
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Figure 1.2.3.4-2 Major Radius of 500 MW Fusion Power Device versus Safety
Factor in the Database under the Assumption of Constant Beta

1.2.3.5 Divertor Performance
1.2.3.5.1 Introduction

The requirement for a long pulse, effectively steady-state, capability in ITER-FEAT implies
that the divertor will have the same critical role in controlling power and particle exhaust as
in the 1998 ITER design. Essential principles of that divertor design are therefore
maintained: a baffled divertor volume with a vertical target is intended to provide an
adequate volume for radiation and encourage partially detached operation; in addition,
neutrals should be confined in the divertor and efficient pumping of helium ‘ash’ achieved.
The overall aim of the power and particle control systems is to limit the peak power loading
on the divertor target to less than 10 MWm™, to provide a helium exhaust capability of
~0.75 Pam3s™! so as to obtain core helium concentrations of less than 6%, to maintain the
required density and optimum isotopic fuel mixture, and to limit the core plasma Z ¢ below

1.8.

The reduced dimensions of the ITER-FEAT design have an impact on the divertor, leading to
a reduction in the divertor leg length. Moreover, the use of more triangular plasmas will
have a greater impact on the geometry of the inner divertor leg and may produce a second
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(upper) X-point inside the first wall, which necessitates a consideration of power sharing
between the lower and upper X-point regions and an analysis of the resultant power loading
on the first wall in the vicinity of the upper X-point.

[.2.35.2 Power Loading Reduction and Helium Exhaust

Detailed modelling of divertor behaviour for ITER-FEAT is in progress, but extensive
analysis has been performed for related design variants!. The quantitative similarity of the
predictions for these variants indicates that they can also be taken as representative of ITER-
FEAT. These results indicate that the peak power loading of the divertor targets for ITER-
FEAT device can remain in the range of 5 to 10 MWm-2 for a range of upstream (separatrix)
plasma densities, 3.3 to 3.8x1019m™3 (Figure 1.2.3.5-1). In such a density range, the
upstream helium concentration can be reduced to 3% (Figure 1.2.3.5-2).

The peak power loading of the divertor targets and the upstream helium concentration can be
lowered by a moderate reduction of the input power. Furthermore, in steady-state operation
at Q = 5, with an additional heating power of 75 (100) MW, the estimated power into the
edge plasma is about 105 (140) MW, assuming 30% radiation from the core. Shortening the
divertor noticeably increases the risk of excessive power loads, particularly at the outer
divertor, and further modelling is required to optimise the divertor shape. However, since
heat loads at the inner divertor target are significantly lower than at the outer target, there is
no concern about the length of the inner leg. Power loading on the first wall region at the top
of the plasma should not be a problem as long as the outer separatrix (corresponding to the
upper X-point) remains more than 2 cm outside the inner one at the outboard midplane.

16 Peak power [MW/mZ] 0.1 He concentration at the edge
14l B 8100 MW
» —=—120 MW 0.08[ e 100 MV
i 150 MW —a— 120 MW
10F 006 e 150 MW
o
0.04 [
6L
4t 0.02[
2t A e
0 bt ' s 20 -3 0.25 03 0.35 0.4 0 [107m”]
0.25 0.3 0.35 0.4 n [107m "] s
Figure 1.2.3.5-1 Peak Power Loading Figure 1.2.3.5-2 Helium

vs. Upstream Density for Different Values = Concentration at the Plasma Edge vs.
of the Estimated Power Flowing to the Upstream Density in a Device Similar to
SOL in a Device Similar to ITER-FEAT. ITER-FEAT for Different Values of

The sharp drop of the peak power from Power Conducted into the SOL.
the leftmost point on the 120 MW curve Fusion power, which determines the
corresponds to the onset of partial helium production rate, was assumed to
detachment in the outer divertor be 570 MW for the 100 MW and 120

MW cases, and 700 MW for the 150
MW case. Onset of partial detachment
in the outer divertor is also seen here

L A. S. Kukushkin et al, Proc. 26th EPS Conf. on Controlled Fusion and Plasma Physics (Maastricht, 1999), to
be published
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Studies in several tokamaks have confirmed that helium can be exhausted from ELMy H-
mode plasmas at rates which are consistent with the requirements for ITER-FEAT. In
particular, experiments using the ASDEX Upgrade Divertor II and the W-shaped divertor in

JT-60U have shown that t;}e / tg ~ 5 can be achieved under conditions relevant to ITER-
FEAT!. On the basis of results such as these, modelling projections to ITER-FEAT class
devices confirm that the upstream helium concentration depends mainly on the DT
throughput in the divertor, as illustrated in Figure 1.2.3.5-3. To maintain a capability for
limiting ny;/n, below 6%, while maintaining necessary margins, it is therefore intended that

the fuelling throughput in ITER-FEAT should be maintained at 200 Pam3s-!. This will be
supplied by a mixture of gas-puffing and inside pellet launch to provide flexibility for
controlling both the divertor plasma conditions and core density, making use of the benefits
of inside pellet launch observed in ASDEX Upgrade. Initial calculations comparing helium
exhaust with and without baffle indicate little difference in exhaust efficiency. Thus, tight
baffling of the divertor may be unnecessary due to the high screening efficiency of the
plasma under these conditions, leading to simplification and cost saving for the baffle.

12.3.53 Operation with Reduced Plasma Current

Certain scenarios involving non-inductive current drive in ITER imply operation with
reduced plasma current, corresponding to qos = 4.4 (c.f. qos = 3 for the inductive reference
scenario). To evaluate the possible effects of such operation on divertor performance, a
density scan was performed for a device similar to ITER-FEAT with the pitch angle (the
ratio B,i/Bror) reduced by a factor of 0.68. The results are shown in Figure 1.2.3.5-4: the
reduction in the power loading can be attributed to the longer connection length which
facilitates power dissipation via radiation. The performance with respect to helium exhaust is
similar for the two cases.

0.1 He concentration at the edge
0.08[ —e— 100 MW
I —&— 120 MW
0.06 % e 150 MW
0.04 |
0.02 |
[ A. Kukushkin
11/1999
0 L. S R NP PR 3
0 100 200 300 400 I br [Pam’/s]

Figure 1.2.3.5-3  Helium Concentration at the Plasma Edge vs DT Particle
Throughput in a Device Similar to ITER-FEAT

1 H.-S. Bosch et al, Plasma Phys. Control. Fusion 41 A401 (1999)
A. Sakasai et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-69/EX6/5, to be
published (1999)
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Figure 1.2.3.5-4  Comparison of the Divertor Performance (peak power load vs.
upstream density) for Higher-q (qos = 4.4) and Standard Operation (qos = 3)
in a Device Similar to ITER-FEAT.
The calculations were performed with 115 MW power conducted into the SOL

1.2.3.5.4 ELM Control

The type I ELMy H-mode is taken to be the reference plasma regime for pulsed operation in
ITER-FEAT. This corresponds to the mode of operation in which the highest quasi-steady-
state confinement can be achieved in the majority of current experiments. While the
processes underlying the confinement improvement in the H mode are not fully understood,
there is growing evidence that the improvement in core confinement is associated with high
temperatures at the top of the H-mode edge pedestal. Moreover, with increasing density, the
pedestal temperature decreases and confinement degradation is generally observed at the
highest densities. The density at which this degradation occurs can be raised by increasing
the plasma triangularity, as demonstrated in JET, JT-60U and ASDEX Upgrade, or by inside
pellet injection, as shown in ASDEX Upgrade. As mentioned in 1.2.2, possible disadvantages
of increased plasma triangularity are that the ELM frequency is generally observed to
decrease, and the ELM energy loss per ELM increases since the ELM energy loss WET M, is

directly linked with the pedestal electron stored energy Wepeg, i.e.
WELM = (0.26-0.36)W¢ ped, according to the present database. The implications of such a
trend for ITER-FEAT are illustrated by the fact that the anticipated value of
QriMm/ NE (proportional to the temperature increase of the divertor plate) is in the range
30-200 MJ m ™™’ due to a single ELM at 500 MW of fusion power depending on the ELM
deposition time & = 0.1-1 ms and deposition energy density Qprm= 1-2 MIm™ evaluated by
the database for Wg M. This may exceed the limiting value Qg /3t = 45 MJ m™ 5™
for vaporization of the graphite target plate. High energy deposition during ELMs is
associated with high pedestal pressure, which is, in turn, linked to the high energy
confinement of the core plasma. Thus, while reduction of ELM amplitude is required to
increase the longevity of the target plates, a balance must be struck with any resultant loss of
core confinement. The level of energy deposition can be mitigated somewhat by moderate
gas puffing, at some small cost in energy confinement, or by pellet injection. Since at low
fusion power, e.g. = 250-300 MW, the ELM amplitude will be less severe and the target
temperature rise will be lower, this should provide an opportunity to experiment with ELM
mitigation techniques, which will be required to ensure acceptable divertor target lifetimes at
higher fusion powers. ‘
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In contrast to the present database where WL M is derived in a relatively low density range

(ratio to Greenwald density = 0.4), recent results of DIII-D show that at high density (ratio =
0.7) ELM energy loss reduces significantly (i.e. WEM = (0.04-0.1)We peq ) with little or

mild expense of the energy confinement in low qg5 (3.1-3.5), pumped divertor discharges.

Although this result could decrease Qgj ps/ ot substantially below the acceptable level even
for nominal fusion power, more systematic studies of the ELM energy loss from other
machines including the area and in/out asymmetry of ELM energy deposition, as well as the
deposition time are urgently needed.

Alternative high confinement modes with small ELM amplitude have been observed in
several devices, e.g. grassy ELMs in DIII-D, ‘minute’ ELMs in JT-60U, and the enhanced D,
(EDA) mode in Alcator C-MOD. Although it is not yet verified that these modes all
correspond to the same phenomenon, they are all classified here as type II ELMs for
convenience. The operating conditions required to achieve such regimes are now being
intensively investigated in many experiments. In DIII-D, the operation regime of grassy
ELMs is achieved by closing access to “second stability” at the plasma edge, a result
demonstrated by increasing the squareness of the plasma cross section. In contrast, the
operation regime of minute ELMs in JT-60U is achieved by increasing 6, which opens access
to “second stability” at the edge. The edge safety factor, qos, is also an important parameter
and the trend is that larger qos requires lower d to achieve minute ELMs (and vice versa). It
is, moreover, observed that qos and & are important parameters in achieving the EDA mode in
Alcator C-MOD. This is more readily achieved at low plasma current (qos > 3.7 — 4) with
moderate plasma shaping (0.35 < 8 < 0.55). In the EDA mode, the edge density fluctuations
are of relatively large amplitude (compared to an ELM-free H mode) and the particle
confinement time is low, while the energy confinement is only ~ 20% lower than during the
ELM-free phase. This characteristic is very similar to that previously observed in the so-
called, low particle confinement H mode in JET. These operational regimes, though
exhibiting desirable ELM behaviour and acceptable energy confinement, are not yet
characterized to the extent required for ITER-FEAT. Further extensive studies in existing
experiments are required to demonstrate that one of the modes can meet the requirements of

the ITER-FEAT reference scenario, and to determine how its properties can be extrapolated
to the ITER scale.

1.2.3.6 Energetic Particle Confinement

ITER-FEAT will allow detailed studies of a-particle confinement and plasma heating and of
the interactions of a-particles with mhd instabilities, in particular with Alfvén eigenmodes.
In addition, energetic particle populations produced by NB and IC H&CD will co-exist with
the a-population. The principal requirements which must be satisfied in ITER-FEAT
plasmas, therefore, are that a-particles and other fast particle populations should be well
confined and that they should transfer their energy efficiently to the background plasma.
Although the confinement margin in the ITER-FEAT reference, inductive scenario allows
Q = 10 to be achieved with a-particle losses of 5-10%, loss rates above 5% could give rise to
excessive localized heating of the first wall. Satisfactory confinement and classical slowing
down of energetic particle populations has been convincingly demonstrated in many tokamak
experiments, where energetic particles produced by auxiliary heating systems do slow down
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and transfer their energy to the thermal plasma at the predicted rate!. Moreover, DT
experiments in TFTR? and JET? confirm that electron heating by a-particles is as expected.
The key issues, therefore, are that TF ripple losses should be within acceptable limits and that
mhd instabilities, including collective instabilities excited by the energetic particles, should
not degrade the energetic particle confinement.

Energetic particle losses due to TF ripple have been studied experimentally in several devices
using fast particle populations produced by NB and IC H&CD*, as well as fusion-produced
a-particles in TFTRS. These experiments have tested and validated numerical codes which
incorporate the various TF ripple loss mechanisms identified theoretically, with good
agreement between experimental observations and code computations.

The essential principle of the location of the outer leg of the TF coil in ITER-FEAT is that
the TF ripple, when reduced by ferromagnetic inserts, should limit ripple-induced energetic
particle losses within acceptable bounds. Although ripple loss calculations have not yet been
completed for the case with ferromagnetic inserts, a-particle loss rates have been calculated
for the Q = 10 inductive and Q = 5 steady-state, reversed-shear (RS) operating scenarios for
the TF ripple pattern without inserts using the HYBRID Monte-Carlo numerical code.
Results are shown in Table 1.2.3.6-1. One can see that in the nominal Q = 10 regime, the
particle and power loss fractions are low and the peak power load on the first wall produced
by escaping a.-particles is below 0.1 MWm 2. The reversed-shear scenario suffers a higher o-
particle ripple loss since the poloidal magnetic field is lower than in the standard scenarios. In
the case analysed, the peak first-wall heat load is ~ 1 MWm™ that is higher than the
maximum acceptable value of 0.5 MWm™. Hence a reduction of ripple amplitude by a factor
of 2 is required to prevent excessive ripple losses in the reversed-shear scenarios. Available
simulation results and design studies show that this reduction is possible with ferromagnetic
inserts in the vacuum vessel.

Table 1.2.3.6-1 Ripple Loss of Fusion Alpha-particles
(without ferromagnetic inserts)

Parameter Q = 10 inductive regime | Q = 5 steady-state RS regime
Plasma current (MA) 15 10.2
Jos 3 4.5
Total particle loss fraction (%) 2.15 20.3
Total power loss fraction (%) 0.66 8.61
Peak FW heat load (MWm™) <0.1 ~1

Analysis of such regimes in a device similar to ITER-FEAT has shown that a reduction by a
factor of ~ 2 in the ripple amplitude is required to prevent excessive ripple losses. Available
simulation results and design studies show that this reduction is possible with ferromagnetic
inserts in the vacuum vessel.

1 W. W. Heidbrink and G. Sadler, Nucl. Fusion 34 535 (1994)
2 G. Taylor et al, Phys. Rev. Lett. 76 2722 (1996)

3 P. R. Thomas et al, Phys. Rev. Lett. 80 5548 (1998)
4 e.g. ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chap. 5
5 e.g. R. J. Hawryluk et al, Phys. Plasmas 5 1577 (1998)
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Many of the critical parameters influencing interactions with Alfvén eigenmodes, such as
Bo(0), v /va, RVP,, differ little (~ 10%) from those in the 1998 ITER design, and others,

such as p/a, differ by less than a factor of 2. Thus, ITER-FEAT will be able to provide

access to this critical aspect of a-particle behaviour and to validate theoretical predictions at
the reactor scale. An additional complication which must necessarily be dealt with in the
driven burn of ITER-FEAT is the role of fast ions produced by additional heating systems,
which may complicate the interpretation of, for example, instability thresholds. Extensive
investigations have been performed in existing experiments to validate numerical codes used
to calculate Alfvén eigenmode stability and there is now considerable confidence in their
accuracy!. While an extensive body of analysis exists for the 1998 ITER design, indicating
that modes with n > 10 are likely to be the most problematic, stability calculations for ITER-
FEAT inductive and steady-state scenarios are at an early stage. Initial indications are that, .
unless unstable modes overlap and extend to the wall, nonlinear redistribution of a-particles

may merely cause internal profile broadening, without significant loss.
1.2.4 Plasma Operation and Disruptions

Mhd stability plays an defining role in determining the accessible parameter space and
thereby setting the limits of fusion performance. To achieve the ITER-FEAT objectives,
plasmas must not only satisfy constraints set by global stability limits relating to plasma
current, plasma density and plasma pressure (discussed in 1.2.2), but must also be resilient to
localized mhd modes, such as sawteeth, ELMs, and neoclassical tearing modes, which are
potential sources of confinement degradation and disruptions.

Sawtooth activity is an ubiquitous instability of tokamak plasmas which modulates the
central plasma parameters, but involves no global loss of plasma energy or particles. At the
ITER-FEAT scale, the direct impact on global energy confinement and fusion performance is
expected to be small2, but sawteeth may be the dominant mechanism producing seed islands
which trigger neoclassical tearing modes. A detailed theoretical model of the underlying
m =n = 1 mhd instability, incorporating non-ideal effects such as resistivity and finite ion
Larmor radius and including the stabilizing role played by fast ions and thermal trapped ions,
has been developed and applied to the 1998 ITER design3. Although not yet applied to the
ITER-FEAT design, the model predictions for the 1998 ITER design suggest that the
sawtooth duration in ITER-FEAT could reach several tens of seconds as a result of a-particle
stabilization of the m = 1 mode. Experience on existing experiments suggests that such long
sawtooth periods could lead to sawtooth crashes with large inversion radii* which tend to
destabilize further mhd modes, typically with (m,n) = (3,2) or (2,1), which could provide the
seed island for the growth of NTMs.

Demonstrated techniques for the control of the sawtooth period include the minority ion
current drive scheme developed in JET® and the use of localized ECCD investigated in

L e.g. ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chap. 5

2 e.g. “Technical Basis for the Final Design Report, Cost Review and Safety Analysis”, 1998 ITER EDA
Documentation Series No. 16 (Vienna: IAEA, 1998)

3 F. Porcelli et al, Plasma Phys. Control. Fusion 38 2163 (1996)
4 e.g. D. J. Campbell et al, Phys. Rev. Lett. 60 2148 (1988)
5 V. P. Bhatnagar et al, Nucl. Fusion 34 1579 (1994)
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several experiments!. On the basis of these results, it seems likely that the most effective
form of sawtooth control will be via modification of the current profile in the vicinity of the q
= 1 surface. The availability of both forms of heating and current drive in ITER-FEAT will
allow these control schemes to be applied if necessary. A detailed analysis of the EC
radiofrequency scheme is underway to estimate the control power required. Although current
tokamak experiments operate routinely at qo5 < 3 and ITER-relevant values of 3y, this control
flexibility represents an additional tool for assuring reliable operation at q¢5 < 3 in ITER-

FEAT, where higher Q operation might be explored.
L.2.4.1 Operational Limits

[.2.4.1.1 Beta Limit

124111 Neoclassical Tearing Modes

ITER-FEAT can achieve its goal of Q = 10 at 3y as low as 1.5 (see 1.2.3.1) and even at fusion
power levels of 500 MW, By is ~ 2. Nevertheless, as noted in 1.2.2, in present experiments
with long-pulse, low collisionality plasmas, NTMs can limit $ and degrade energy
confinement within the range of 3y foreseen for ITER-FEAT operation? (and well below the
ideal mhd stability limit). The predominant modes have (m,n) = (3,2) and (2,1), with the
former typically producing a 10-30% degradation in confinement, while the latter can
produce major disruptions. Although there is uncertainty over the precise scaling of critical
quantities, such as the minimum seed island width, to the ITER scale, it has been found? in
several tokamaks that the minimum {3 for the onset of NTMs falls with the normalized
Larmor radius, varying as (p*)*, with 0.5 = u= 1. Theoretical predictions suggest that the
saturated island width normalized to the minor radius, wg,/a, will be of the same order, and
therefore produce confinement effects of the same magnitude, as in present experiments. On
the other hand, recent analysis of the influence of increased plasma elongation and
triangularity on the magnetic well contributions to NTM stability# indicates that this may
have a beneficial effect on NTM stability in ITER-FEAT.

The growth time of these modes is determined by the timescale for resistive reconnection in
the vicinity of the relevant rational q surface, which is long enough to permit stabilization by
ECCD in present experiments® (see Figure 1.2.4.1-1), and should lie in the range 10-30 s in
ITER-FEAT. It is anticipated, therefore, that an ECCD-based stabilization system for NTMs
will be installed to allow for suppression of the (3,2) and (2,1) modes should they occur.
Two possibilities have been explored computationally: (i) mode stabilization by ECCD
modulated in phase with the island O-point, and (ii) reduction in the width of the saturated

1 e.g. G. A. Bobrovskii et al, Fiz. Plazmy 13 1155 (1987)
2 0. Sauter et al, Phys. Plasmas 4 1654 (1997)

3 e.g. S. Giinter et al, Nucl. Fusion 38 325 (1998)
G. Huysmans et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-69/EXP3/03,
to be published (1999)

4 S. V. Konovalov et al, “Calculation of the Magnetic Well Effect on the NTM Stability in IAM”, unpublished
(1999)

5 H. Zohm et al, Proc. 26th EPS Conf. on Controlled Fusion and Plasma Physics (Maastricht, 1999), to be
published
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island by continuous ECCD. Theoretical calculations show that a modulated ECCD current
density
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Figure .2.4.1-1  Complete Stabilization of a (3,2) Neoclassical Tearing Mode in
ASDEX Upgrade by Continuous ECCD
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Figure 1.2.4.1-2  Predictions of Power Requirements and Timescales for (2,1)
Neoclassical Tearing Mode Stabilization by ECCD for Nominal Conditions in a Device
with Parameters Similar to ITER-FEAT.

Results are shown in terms of the initial island width, w, normalized to the plasma
minor radius, a, at ECCD switch-on. It is assumed that the ECCD power is modulated
in phase with the island rotation, except for the dashed curve

exceeding 1.5 times the bootstrap current density in the neighbourhood of the rational surface
(driven in the forward direction in the island O-point) will stabilize an arbitrarily small island.
Initial analyses of power requirements show that (3,2) and (2,1) NTMs could be stabilized
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(individually) in a time of order 10 s by 10-30 MW of modulated ECCD power! in devices of
the ITER-FEAT class (see Figure 1.2.4.1-2). Incorporation of electron temperature effects
into the codes could lead to a reduction in the estimated power requirement. Feedback
stabilization of the NTMs seems, at present, therefore, to be the most promising route to
ensure control of these modes in ITER-FEAT. Direct control of the q profile (for example by
attempting to raise qmi, above 1.5) might also be feasible, but requires further investigation.

124112 Resistive Wall Modes (RWMs) and their Stabilization

The principal approach to steady-state operation of ITER-FEAT exploits plasmas with low or
negative central magnetic shear and a high bootstrap current fraction, allowing good
alignment between bootstrap current density and required current density profiles to be
achieved. In the absence of a nearby conducting wall, such discharges are known to be
unstable to an n = 1 external kink mode at values of fn < 3 (due to the low value of ;).
However, as discussed in 1.2.3.2, B values of 3 or higher are typically required to achieve
Q= 5. When a conducting wall is close to the plasma (ay/a < 1.4 for ITER-FEAT), the
relevant modes are no longer ideally unstable, but can develop into resistive wall modes,
which grow on a time scale characteristic of magnetic field penetration through the wall2.

Experimental results from DIII-D? indicate that wall stabilization based on plasma rotation is
effective and that discharges can be maintained for a period corresponding to many mhd
timescales and to ~ 30 resistive wall decay times. Nevertheless, in all cases analyzed to date,
plasma rotation could not be maintained in conditions where kink modes would be unstable
in the absence of the conducting wall. The resulting gradual decrease of plasma rotation had
the consequence that the growth of modes on resistive wall times could not be avoided. If
rotation cannot be maintained in ITER-FEAT in such conditions, then an active n = 1
magnetic feedback system will be needed to suppress the growth of the RWMs.

The problem of feedback stabilization of the n = 1 RWM is very similar to the control of the
n = 0 unstable motion (vertical instability), which is slowed by the resistive wall and then
stabilized by currents in external coils. For n = 1 stabilization, a system of external saddle
coils can be used (similar to the error field stabilization coils) producing an n = 1 stabilizing
magnetic field. To allow modes with arbitrary phases to be stabilized, several sets of such
coils may be needed. Preliminary considerations have been made in relation to stabilizing the
RWMs in ITER-FEAT. The rather long timescale for penetration of the field through the
wall (time constant ~ 0.3 s) allows the mode to be detected with a magnetic loop while the
perturbation is still at the level of several Gauss. A set of external saddle coils with a similar
configuration to the error field correction coils and operating at a maximum current level of
~ 10 kA can produce adequate field levels (again several Gauss) at the plasma surface to
compensate the mode field.

1 G. Giruzzi et al, Proc. 13th Topical Conf. on Applications of RF Power to Plasmas (Annapolis, 1999), to be
published
A. V. Zvonkov “Electron Cyclotron Current Drive Optimization for Control of Neoclassical Tearing Modes in
RTO/RC-ITER”, unpublished (1999)

2 F. Perkins et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-69/ITERP1/11
10, to be published (1999)

3 E. J. Strait et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-69/EXP3/10, to
be published (1999)
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1.2.4.2 Recoverable Plasma Disturbances

Minor disruptions, sawteeth, and ELMs, are repetitive and recoverable plasma disturbances
for which the control system must have an adequate response so as to limit the plasma-wall
contact time to < 1 s. These disturbances cause changes in I; (normalized internal inductance)
and f3,, parameters which have the same value for ITER-FEAT plasmas as for the 1998 ITER
design. The reference values of changes in these parameters for which the plasma control
system is designed are, therefore, derived from the database of experimental values
assembled for the 1998 ITER design and are assumed to have the same specifications.
Considerations relating to plasma control issues arising from such disturbances are discussed
nIL1.1.

1.24.3 Disruptions and Vertical Displacement Events

The consequences of disruptions and vertical displacement events (VDEs) impose a
significant design constraint on devices at the reactor scale!. Principal concerns include
severe heat loads on the first wall and divertor targets, large electromechanical forces on the
vessel structures, and potentially high currents of runaway electrons in the post-disruption
plasma. It is an essential aspect of the ITER-FEAT objectives to address these issues, to
demonstrate reliable operation in spite of such constraints, and to evaluate potential
avoidance and mitigation techniques which can be applied to fusion power plants.

Characterization of disruptions in present devices has yielded considerable progress in the
understanding of both the plasma processes which produce disruptions and the phenomena
which occur during disruptions?, and allows extrapolation of the key timescales and
quantities to the ITER-FEAT scale. This has allowed design basis specifications for fast
plasma dynamic events and fast shutdown actions to be derived for the ITER-FEAT reference
scenario, as listed in Table 1.2.4.2-1. The parameters shown are derived under the
assumptions that the plasma thermal energy is Wy, = 0.35 GJ, and that the magnetic energy,
including the contribution from the poloidal magnetic field between the separatrix and first
wall (= 10% increment of magnetic energy), is Wmae = 0.31 GJ.

Timescales for the energy and current quench phases of disruptions have been derived from
experimental databases compiled from disruption measurements in a range of tokamaks
during the EDA. From the thermal quench database, the loss of thermal energy is expected to
occur in two phases, with an overall quench time of ~ 10 ms. Estimates for the current
quench time are derived from the data shown in Figure 1.2.4.3-1, where the measured current
decay rates (for 60% of the pre-disruption plasma current to decay), dI/dt, are plotted against
the average pre-disruption current density, <j,c>>. There is considerable scatter in the data,
but the maximum current quench rates correspond to a post-disruption plasma temperature of
~ 3 eV, which is understood in terms of plasma cooling as a result of carbon radiation
following large impurity influxes caused by the thermal quench. This yields a maximum
current quench rate of 400 MAs™ for a 15.1 MA reference plasma, which translates to a
minimum current quench time of ~ 25 ms. However, there is considerable scatter in the data,
and only a small fraction of the points exhibits the fastest current decay rates. Moreover,

l'e.g. “Technical Basis for the Final Design Report, Cost Review and Safety Analysis” 1998 ITER EDA
Documentation Series No. 16 (Vienna: IAEA, 1998)

2 e.g. ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chap. 3
R. Yoshino et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-69/ITERP1/14,
to be published (1999)
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since there is no clear correlation with size, it should be expected that current quench rates in
ITER-FEAT could exhibit an equally broad range, with a significant proportion of

disruptions having a longer current quench.

Table 1.2.4.2-1. Key Design Basis Specification for Fast Plasma Dynamic Events

Disturbances

Design basis parameters

Importance/Comments

Ihalo = 0.41130, TPF < 4

Major disruptions Wy, = 035G, 10% of full-performance pulses
Wiag = 0.31GJ
Major disruptions W, = 0.18 GJ, Up to 30% of pulses during
(during plasma W, = 0.31GJ commissioning and operations
start-up/shut-down ¢ developing phases
and/or full-
performance plasma
development)
VDE Wy, = 35MJ, After each disruption
Wheg = 0.31GJ,
Ihalo = 0.41130, TPF < 4
VDE Wy, = 0.35GJ, 1% of pulses
(loss-of-control) Whag = 0.31 GJ,

Fast shutdown

Tih» Tmag = 183 by impurity
or D injection; D favoured to
minimize RA conversion

= 10% of pulses; primary plasma
shutdown/in-vessel protection
means

Runaway (RA)
electron conversion

10 - 15 MeV electrons, Izp
to =90% of Ip,. Wg=60MJ
for ITER-FEAT, with
potentially high poloidal and
toroidal localization on the
upper FW or outboard lower
FW; May occur following
disruption, loss-of-control
VDE or fast plasma shutdown

Many uncertainties: magnitude of
RA current, FW deposition and
total RA thermal energy to FW
sensitive to mhd fluctuation levels
and/or effect of vertical instability;
Toroidal localization depends on
FW alignment. Shutdown species
will influence RA current

Each phase of the disruption will involve the deposition of ~ 0.35 GJ of energy onto the
plasma-facing components and the localized energy deposition at the divertor targets might
reach ~ 100 MJm™2. Evaporation and localized melting could occur at these levels, but
ablation shielding should mitigate the most severe effects. In addition, eddy currents induced
by the current quench will contribute to the electromagnetic forces on the vacuum vessel and
in-vessel components.

An additional significant component of the electromagnetic forces arises from the VDE
which usually follows a disruption in elongated plasmas (or arises from a loss of vertical
position control). The vessel forces due to VDEs depend on the magnitude of the halo
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current (for scaling purposes this is normalized to the plasma current, I, ;.. /1)), and the
degree of toroidal asymmetry, the toroidal peaking factor (TPF). Although the physics basis
of halo currents is understood, the detailed processes determining the magnitude of these two
quantities are not, and extrapolation to ITER-FEAT relies on database analysis (see Figure
1.2.4.3-2). This has produced a design constraint for ITER of (I, . / I,) x TPF = 0.5 for
the ‘typical case’ and (I p,y / I,) X TPF = 0.75 for the *worst case’l. There does not
appear to be any significant dependence of these parameters on the plasma elongation up to
X-point elongations of ~ 2. There is, in fact, an indication in the database that a favourable
size scaling of I 1,y / I, exists, and hence that the bound on maximum halo current fraction
in ITER-FEAT may eventually lie below ~ 0.3, while the toroidal peaking factor may lie

within an upper bound of 2. This is illustrated in Figure 1.2.4.3-3, which shows recent halo
current data from JET and JT-60U.
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Figure 1.2.4.3-1  Database of Current Decay Rates Derived from
a Range of Current Tokamak Experiments.
The fastest current decay rate corresponds to a post-disruption plasma temperature of
3 eV, but many disruptions have considerably slower decay rates. Vertical lines
correspond to the 1998 ITER design 21 MA and the ITER-FEAT 15.1 MA cases

le.g. ITER Physics Expert Groups et al, Nucl. Fusion to be published (1999), ITER Physics Basis, Chap. 3
R. Yoshino et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-69/ITERP1/14,
to be published (1999)
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Figure 1.2.4.3-2  Halo Current Toroidal
Peaking Factor (TPF) Plotted Against the
Normalized Maximum Halo Current
Fraction, Derived from Data from a
Range of Small and Medium-sized
Devices in the ITER Disruption Database

Figure 1.2.4.3-3 Halo Current Toroidal
Peaking Factor (TPF) Plotted Against
the Normalized Maximum Halo Current

Fraction, Derived from Recent Data
from JET and JT-60U

Runaway electron currents can be generated by an avalanche process in the cold, highly
impure plasma produced by disruptions!. Due to the high current, the number of e-folding
times available for amplification of the runaway current in ITER-FEAT disruptions is
potentially large, y,,t = 2.5I, 54 = 38. The resultant amplification factor of e’ ~ 10" is

of such a magnitude as to expect that the runaway generation will be only weakly sensitive to
the density of seed runaways and the runaway sources. On the other hand, runaway
formation might well be sensitive to the loop voltage and, hence, to current quench time.

Numerical simulations of runaway growth during plasma disruptions and VDEs were carried
out for a device similar to ITER-FEAT. The modelling was performed using the DINA
1.5-D code, which incorporates an up-to-date configuration of two external conducting
‘layers’: the vacuum vessel (assumed toroidal resistance 7.25 uQ) and a PF system with a
segmented central solenoid. Major disruptions were simulated by an instantaneous drop of
the plasma temperature (and 3) from the initial temperature of the burning plasma (SOB) to a
post-thermal quench temperature of 5 eV, 25 eV, or 50 eV. The initial plasma current was
17 MA, plasma internal inductance 1; = 0.8, plasma poloidal beta f, = 0.7, the central plasma
density was maintained at 6 x10'® m™, and the plasma density profile was varied to study the
sensitivity of the runaway formation to the edge density. The results are summarized in
Table [.2.4.2-2.

On the basis of these calculations, ITER-FEAT is susceptible to runaway electron formation.
However, significant runaway populations are generated only at fast disruptions with the
post-thermal quench temperature less than 25 eV and the current quench time less than
200 ms. The runaway energy probably cannot exceed 60 MJ for a plasma edge density above
2 x10" m? because runaway electrons are lost at q < 2.5 in large tokamak experiments such
as JT-60U. Note that in these calculations it was found that all VDEs caused by a f§ drop

1 M. N. Rosenbluth and S. V. Putvinski, Nucl. Fusion 37 1355 (1997)
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moved in an upward direction, with the plasma-wall contact point in the range Z =4 - 5 m on
the inner sector of the first wall.

Interaction of such runaway electrons with the first wall could lead to localized surface
damage, and suppression of runaway currents has therefore become a central issue in the
development of disruption mitigation and avoidance techniques. A promising development is
that magnetic fluctuations associated with disruptions are found to suppress runaway
electrons in JT-60UI. Nevertheless, there is a requirement for a fast plasma shutdown
system, such as ‘killer pellets’, which can mitigate the most severe disruption effects?.

Table 1.2.4.2-2 Runaway Current and Runaway Energy Deposited on the Wall vs.
Post-thermal-quench Plasma Temperature and Edge Plasma Density for a 17 MA
Discharge in a Machine Similar to ITER-FEAT

Plasma Edge density |Maximum Time when|Runaway Runaway
temperature  |(10*° m™) runaway runaway energy (MJ)|energy (MJ)
after thermal current current is|deposited on|deposited on
quench (MA) formed (ms) |the wall when|the wall when
(CV) Qedge = 2 Qedge = 1

5 0.6 14.0 40 7.4 68
5 0.2 15.0 38 54 120
5 0.1 14.5 34 120 170
25 0.6 5.5 234 0 0.4
50 0.6 0.7 650 0 4.0

1.2.5 Heating and Current Drive

L2.5.1 Role of Auxiliary Heating and Current Drive Systéms

Auxiliary heating and current drive (H&CD) systems must fulfil several roles in ITER-FEAT
operating scenarios.

(a) Provide sufficient plasma heating power to access H-mode energy confinement in DT
plasmas and subsequently to increase plasma temperatures to values where finite-Q
driven burn (Q = 10) will occur. Present estimates are that S0 MW will be sufficient
for both requirements.

(b) Deliver up to 50 MW of continuous (= 400 s duration) auxiliary power to supplement
a-heating in finite-Q driven burn scenarios. Up to 50 MW of auxiliary heating power
must also be available to assist normal plasma shutdown at the end of pulse. The
auxiliary H&CD systems must be capable of heating the plasma within a density
range n. = 0.3 — 1.3 x10*° m™ and a temperature range T = 3 — 40 keV.

1'y. Kawano et al, Fusion Energy Proc. 16th Int. Conf. (Montréal, 1996), Vol. 1 (Vienna: IAEA) p 345 (1997)
2 e.g. R. Yoshino et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-
69/ITERP1/14, to be published (1999)
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(©) Provide sufficient non-inductive current drive capability to allow for extended-
duration (~3,600 s) or steady-state operation with Q = 5 in plasmas with densities in
the range of ne= 0.4 — 1.0 x10?° m”, and plasma currents of I, =8-12 MA. The
extended burn and steady-state plasma operational scenarios will require both on-axis
and off-axis current drive, at sufficiently high current drive efficiencies to permit
plasma performance optimization via local current profile control (profile
optimization).

(d)  Allow local control of the plasma current profile for plasma performance optimization
by controlling magnetic islands, sawteeth and other forms of mhd activity.

(e) Provide a plasma start-up capability: an electron cyclotron resonance heating system
with 2 MW of input power and a frequency of 120 GHz will be required to facilitate
plasma breakdown and impurity burn-through.

In addition, the following ancillary functions are desirable:

(i) Maintenance of sufficient plasma rotation to avoid locked modes and to stabilize
resistive kink instabilities via conducting wall effects.

(ii)  Provision of a wall conditioning capability.

No single form of heating and current drive can fulfil all the above requirements and a
combination of auxiliary H&CD systems will be needed to provide flexibility and extend the
range of possibilities for optimizing plasma performance. At the present time, neutral beam
(NB) injection, ion cyclotron (IC) radiofrequency, electron cyclotron (EC) radiofrequency
and lower hybrid (LH) wave heating systems are under consideration, and the ITER-FEAT
device is being designed to accommodate a total power of up to about 100 MW.

L.2.5.2 Bootstrap Current

Though not, of course, an auxiliary system, the bootstrap current makes such a significant
contribution in extended burn and steady-state scenarios (as noted in 1.2.3.2), that several
comments are pertinent. For example, with a drive efficiency of y,o = 0.25 AW”lm'z, a
bootstrap current fraction, fus, of 45% is required to maintain a plasma current of 12 MA.
Furthermore, since plasmas with weak or negative central shear are likely to be studied
extensively, the bootstrap current profile must be well-aligned with the total current profile to
minimize the requirements for current profile control by the auxiliary systems. In particular,
due to the lower, off-axis current drive efficiency associated with auxiliary H&CD systems
(due to the lower electron temperature and trapped particle effects), it is desirable that a
substantial fraction of the plasma current at, say, r/a = 0.5 be generated by the bootstrap
effect. A broad internal transport barrier would help in this respect.

Further significant aspects are:

ey since fps o ﬁp(a/R)O'5 , extended pulse and steady-state operation will exploit plasmas
with reduced plasma current to increase f3p;
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2) the bootstrap current is dependent on plasma current profile: a hollow profile of
plasma current produces larger bootstrap current in the plasma inner region (r/a < 0.5)
due to the weaker poloidal magnetic field in plasma core;

3) weak or negative central shear operation with an internal transport barrier enhances
the bootstrap current and hence is beneficial for steady-state operation in ITER-
FEAT;

@) if the plasma temperature and density profiles can be appropriately controlled,
external current drive in the outer plasma region (e.g. r/a = 0.5) would not be needed.

1.2.5.3 Capabilities of Candidate H& CD systems
1.2.5.3.1 IC Heating and Current Drive

The proposed heating scenarios are similar to those of 1998 ITER Design with appropriate
frequency changes due to the different toroidal field. The major physics issues are global
wave absorption, distribution of power amongst the main plasma species, and current drive
efficiency. The ability to heat ions preferentially depends on density, toroidal wave number
and scenario. At low density (2 — 3 x10%° m'3), an optimized 2. scenario gives only
20-30% ion heating, while, at the other extreme, the DD-(He’) scenario can provide 70-80%
ion heating.

A variety of analyses have been performed!. For example, dominant ion heating scenarios
have been explored with the 2-D version of the full-wave STELION code. Using the 2.t
resonance (f = 52 MHz, N = 22) at r/a = 0.25, it was found possible to deliver 71% of the
total radiofrequency power to the tritons, with the power absorption well localized in the
plasma core. 16% of the power was absorbed by deuterons and 2% by the helium ash while
electrons absorb 11% of the power, with a broad absorption profile. Fast wave (FW)
damping on the electrons significantly increases at a frequency of 52 MHz (N = 22) when the
second harmonic resonance moves to the plasma centre. Electrons absorb 46% of the
radiofrequency power, leading to 1.2 MA of FW driven current with an efficiency, y20 = 0.15
AW 'm™. Tritons absorb 54% of the radiofrequency power in this scenario.

1.2.5.3.2 EC Heating and Current Drive

Electron cyclotron waves are well suited to localized heating of electrons, to on- and off-axis
current drive, and hence to the local control of radial profiles of electron temperature and
current. They are also of interest for stabilization of NTMs, as discussed in 1.2.4.1.1, and for
plasma start-up. The radial deposition of electron cyclotron waves for heating and current
drive can readily be changed by varying the toroidal launch angle of the waves. However,
the resonance position depends on electron temperature, so that to maintain the resonance
position while the plasma is being heated to burn, it will be necessary to vary the toroidal
angle of the EC H&CD launcher.

Detailed calculations of current drive efficiency have been performed?. A higher frequency
offers a higher CD efficiency in the core, though at the expense of reduced flexibility and

1y L. Vdovin, ITER Physics Design Group at RRC Kurchatov Institute
2B. Lloyd et al, (UKAEA-EURATOM and Kyoto University)
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increased vulnerability to 2w damping. Moreover, the radial location of the driven current
can be varied by toroidal steering of the EC radiofrequency beam. At the presently available
highest frequency of 170 GHz, ECCD can provide a high CD efficiency of ys0=0.1 AW 'm™
at r/a= 0.6 (local T, =~ 10 keV) with a toroidal angle of about 45°, and Y20 = 0.2 AW 'mat
the plasma centre (T = 20 keV) with a toroidal angle of 30°. As the central electron
temperature will be close to 35 keV in the ITER-FEAT plasma, the CD efficiency can be
expected to be higher than these values. Results of such calculations for a device similar to
ITER-FEAT are summarized in Figure 1.2.5.3-1, which shows the current drive efficiency as
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Figure 1.2.5.3-1 Current Drive Efficiency versus Radial Position of the Current Peak as
the Toroidal Launch Angle is Varied for Frequencies in a Device Similar to ITER-
FEAT

a function of the radial position at which power is absorbed. These results are supported by a
further study which confirmed that toroidal angles for optimum central current drive at
170 GHz lay in the range 31° — 33°. For stabilization of NTMs, a launcher with a poloidal
steering capability would be desirable to allow the current drive efficiency to be optimized
for far off-axis resonance positions (e.g. for stabilizing (2,1) modes). It would, therefore, be
advisable in ITER-FEAT to have a second EC H&CD launcher to allow optimization of the
NTM stabilization capability (see 11.7.2).

12533 NB Heating and Current Drive

The plasma parameters in ITER-FEAT are such that the 1 MeV negative ion beam
technology foreseen for the 1998 ITER design must be retained. The physics of the beam-
plasma interaction at conventional energies (~ 100 keV) are well established, and recent
results from JT-60U! have also confirmed this for the higher beam energies characteristic of
negative ion beam technology. The major physics issues for NB H&CD are, therefore, that
beam shine-through should be within acceptable limits at low plasma densities, that the beam
orientation can be optimized for current drive, and that the high energy ions resulting from

1'S. Ishida et al, Fusion Energy Proc. 17th Int. Conf. (Yokohama, 1998) paper IAEA-F1-CN-69/0V1/1, to be
published (1999)

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 2 Page 45

| O



\©>

G AORI2 00-01-18 R1.0

NB injection do not suffer unacceptable TF ripple losses or produce unacceptable amplitudes
of mhd instabilities, such as Alfvén eigenmodes (see 1.2.3.5 for energetic particle effects).

The evaluation of several of these issues is underway and to date most attention has focussed
on the NB current drive capability, particularly in steady-state scenarios, and the beam shine-
through losses. Since a vertically shifted beam line can drive an off-axis current efficiently,
this will be incorporated into the ITER-FEAT design as far as is consistent with other
constraints. In such cases the profile of beam current is broad, with the peak of the beam
current almost coincident with that of the beam power. This approach can be exploited, of
course, for current profile control in weak or negative shear steady-state scenarios. The
resultant global current drive efficiency of such a configuration is shown in Figure 1.2.5.3-2.
Note that the efficiency increases with increasing Ry, but that engineering constraints set a
maximum value of Ry~ 5.3 m. In addition, hydrogen beam operation provides a higher
current drive efficiency (by ~ 20%) than deuterium beam injection due to the greater particle
velocity (the current profiles for off-axis current drive are similar in the hydrogen and
deuterium cases).

Beam shine-through losses have been studied in a similar device to ITER-FEAT, with the
following major results:

(a) for the typical target plasma for the steady-state operation scenario (ny = 0.6 m™),
both D and H beams with E, = 1 MeV meet the shine-through criterion that losses
should be < 2%, when injection lies within the region 4.7 m < Rin < 5.7 m and
0=Zng=1.5m;

(b) with D-beam injection at R,y = 5.2 m and Zyg = 1.0 m, the average density can be
significantly reduced, to nyo = 0.31 m>;

(©) with H-beam injection at R = 5.2 m and Zng = 1.0 m, a relatively high density of
mo = 0.51 m™ is required to meet the shine-through criterion.
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Figure 1.2.5.3-2 NB Current Drive Efficiency versus Beam Energy for H and D Beams,
where Current Drive Efficiency is Defined by Mg = LariveneR/P.
This calculation was carried out with the following parameters:
R=62m,a=19m,«/0=1.8/0.43, Ryn =53 m, Ip=85MA,Br=551T,
n(0) = 1x10*° m™, T(0) = 25 keV, p(0)/<p> = 2.28, <n> = 0.60x1020 m-3, §, ~ 3.32,
qos =4.92, qa = 5.45, 1;,=0.62

1.2.5.4 Summary of Heating and Current Drive Capability

Several factors influence the selection of the mix of heating and current drive systems, as
summarized in 1.2.5.1. For example, for driven burn operation, the effect of ion versus
electron heating must be considered. A range of cases has been simulated with varying
mixtures of ion and electron heating, but only in the pure ion heating case (inapplicable to
ITER-FEAT) does the ion temperature exceed the electron temperature.

In terms of on-axis current drive capability, the EC, IC and NB H&CD systems all have
satisfactory current drive efficiencies, but LH waves cannot be used as the LH waves do not
penetrate to the plasma centre under burn conditions. For EC on-axis current drive, a higher
frequency is favourable, while the NB current drive efficiency depends significantly on the
beam tangency radius. When used under optimized conditions, the three methods provide
on-axis current drive with comparable efficiencies of v = 0.25 AW'lm?,

The off-axis current drive efficiency is sensitive to the location of the driven current, being
mostly proportional to the electron temperature. IC off-axis current drive is not viable in
ITER-FEAT because the mode conversion process yields a very low efficiency under the
relevant plasma conditions. For EC, as discussed in 1.2.5.2, the location of the driven current
can be controlled by varying the toroidal launch angle of the radiofrequency beam. NB
injection can maintain a high efficiency for off-axis current drive if the beam is optimally
oriented. LH current drive, efficient even at low electron temperatures, gives the highest off-
axis current drive efficiency, with its maximum current density in the region 0.6 < r/a < 0.8.
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1.2.6 Requirements for Plasma Measurements and Diagnostics

ITER-FEAT will require the measurement of an extensive range of key plasma and first wall
parameters. Some of the measurements will be used in real time to prevent the onset of
conditions which could potentially damage the first wall and other in-vessel components
(machine protection). Others will be used in real-time feedback control loops to control the
value of key parameters at values required for specific plasma performance (plasma control);
while yet others will be used to evaluate the plasma performance and to provide information
on key phenomena fundamental to ITER performance (physics studies). The measurements
of some parameters may contribute to all three roles although the specifications of the
measurements (accuracies, resolutions etc.) may be different depending on the role.

Even a relatively short (< 1 s) contact of the plasma with the first wall can result in
unacceptable power loads on the wall. Similarly, an uncontrolled rise of the fusion power
and/or a full divertor attachment can increase the thermal load onto the divertor plates above
the tolerable level. The separatrix/wall gap, first wall temperature, divertor plate surface
temperature and fusion power are therefore key machine protection parameters.

Plasma disruptions can deposit high energy loads on the divertor plates during a thermal
plasma quench with consequential significant plate erosion. Also, high mechanical stresses
can arise in the blanket/shield structure and divertor cassettes due to high halo currents
flowing poloidally through these components during a vertical displacement event (VDE).
Runaway electrons formed during a disruption can increase the potential for damage to the
plasma-facing components. Since disruptions will probably be a major factor defining the
life-time of the plasma-facing components, the number of disruptions should be kept small
and/or their effects mitigated. Experiments show that locked (non-rotating) modes,
especially those induced by the resonant, m/n = 2/1 error field component, often lead to
disruptions. Additional machine protection parameters are therefore disruption precursors
(particularly detection of locked modes), halo currents in key components, and runaway
electrons.

The edge localized mode (ELM) is beneficial for impurity and helium expulsion from the
plasma edge, but type I ('giant’) ELMs can lead to potentially damaging heat loads to the
divertor plates. The measurement of ELM type is therefore included as a machine protection
parameter. A sudden and strong increase in the emission of a particular impurity, e.g. Be, can
be a clear indication of increased plasma-wall interaction. Measurement of specific impurity
emission is therefore included as a machine protection parameter. Neutral beam injection in
the absence of plasma will produce a localized heat load (typically 35 - 50 MWm™). A

relatively high density plasma, i.e. 7, = 0.4x1020 m=3 for deuterium beams and

fi, = 0.5x1020 m-3  for hydrogen beams, must be maintained during neutral beam injection

to reduce beam shine-through to an acceptable level. Hence, reliable measurement of the
line-averaged electron density is also required for machine protection.

The parameters that will be employed for plasma control will include those used for control
in the present generation of tokamak plasmas, particularly the plasma shape and position,
plasma current and electron density. Operation with a burning DT plasma results in
additional plasma control requirements, in particular a simultaneous control of the fusion
power, divertor heat load and helium-ash is required. The ITER divertor is designed for a
high steady-state peak power load but at full power a substantial fraction (~ 75%) of the total
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power must be radiated to keep the power deposited on the divertor plates to acceptable
levels. This operation may require injection of a controlled amount of a specific impurity or
a combination of impurities (e.g. Ne, Ar) to the divertor and scrape-off-layer (SOL) plasma,
but the bremsstrahlung power loss and plasma dilution in the core must be maintained at
levels acceptable for the plasma burn. The kinetic control must also keep the plasma away
from the [ and density limits and provide sufficient power flow through the separatrix to
ensure H-mode plasma operation. It is clear that a sophisticated multi-input, multi-actuator
feedback control scheme is required for the successful operation of ITER-FEAT in the basic
driven-burn regime. This leads to requirements for a wide range of additional plasma
measurements for control, including radiative power loss from the plasma core, SOL, X-point
region and from the divertor, plasma density profile, 3, nt/np ratio, rotating mhd modes and a
degree of divertor detachment, i.e. 'ionization front' position and/or T, and n. at the divertor
plate.

Further, sustained operation in high confinement modes, for example reverse shear, is a key
part of the ITER-FEAT experimental programme. This operation is likely to require control
and hence measurement of the spatial profile of key parameters such as q, pressure and
rotation. For sustained operation near the [ limit, it is expected that suppression of
neoclassical tearing modes (NTMs) will be required. Similarly, for steady-state operation at
high B levels, stabilization of the resistive wall modes (RWMs) will be required.
Measurements of the location and amplitude of these modes are therefore required.

The ITER plasma will be the first in which there is significant a-heating, so the experimental
program will have an extensive explorative physics component. Key topics to be
investigated include confinement physics, operational limits, high-current plasma disruptions,
physics of high power radiative divertor, a-particle effects and steady-state burn. An
extensive set of plasma measurements is required to support these programmes. Many of the
parameters measured for control purposes can also provide physics data, although the
specifications of the measurements (accuracies and resolutions) may have to be enhanced.
However, some additional parameters will also be required: for example, confined a-
particles, TAE modes, fishbones, n. and T, fluctuations, and radial electric field and field
fluctuations.

The above requirements imply a need for a large number of measurements. However,
resources such as manpower, budget, port space etc are limited and so it is necessary to set
priorities. Naturally, the highest priority must be given to measurements for machine
protection and basic plasma control. This leads to a convenient classification of the
measurements: those that are required for machine protection and basic plasma control
(group 1a); those that are required for advanced plasma control (group 1b); and those that are
required for evaluation and physics studies (group 2).

The separation of control measurements between basic and advanced is somewhat arbitrary,
but it recognizes the fact that some parameters will require real-time control for every ITER
pulse, (examples include plasma shape and position, plasma current and line-averaged
density), while others will be controlled for specific programmes. Examples of the latter are
the plasma rotation and the q profile, which may have to be under real-time control for
specific modes of operation but are not necessarily controlled on every ITER pulse.

The setting of priorities according to the control requirements clearly has merits, but it also
has some limitations. Measurements of some parameters are essential to evaluate and
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optimize the plasma performance, but are presently not envisaged as control parameters: for
example, measurements of confined and escaping a-particles will be critical for evaluating
the fusion performance, but will probably not be used as control parameters. It would be
inappropriate to limit the measurements to only those necessary for machine protection and
plasma control.

Taking into account these considerations!, a list of required measurement parameters has
been drawn up. This is arranged according to the priorities for control and is presented in
Table 1.2.6-1. The principal diagnostic for each parameter is also shown. The
implementation of the diagnostics is outlined in I11.6.0.

1.2.7 Conclusions

The physics design concept outlined in this chapter demonstrates that ITER-FEAT satisfies
its objectives: inductively-driven DT discharge with Q > 10 lasting for 300-500 s with
reasonable margins in confinement, 3 and L-H transition power. The nominal operation
density is 85% of the Greenwald density, which enables operation with high reliability,
particularly with its high triangularity. Improved confinement by a factor of 1.2 or improved
confinement up to the Greenwald density will enable studies on plasmas with high Q ~ 50,
i.e. plasmas which are almost fully self-sustained. These operation domains are significantly
expanded with higher current, e.g. 17.4 MA.

Two operational scenarios are under consideration for steady-state operation: high current
(12 MA) with monotonic q or shallow shear, and modest current (§ MA) with negative shear.
High current, steady-state operation requires all of the current drive power (~ 100 MW)
potentially available for ITER-FEAT, but the requirements on confinement (Hyy2)~ 1.2)
and 3 (Pn ~ 3) are modest. On the other hand, low current, steady-state operation requires
more challenging values of confinement improvement (Hyy 2y~ 1.5) and f (Bn ~ 3.2-3.5).
Although these values have been obtained in recent experiments, further investigation will be
required to establish the operation scenarios: pressure and current profile control, stability
control and divertor compatibility. Hybrid operation, with combined inductive and non-
inductive current drive, will provide long pulses (e.g. > 1,000 s) with a more modest
requirement on confinement (Hygy 2y < 1.0). This scenario offers a candidate operation mode
for engineering tests.

ITER-FEAT has the capability to exploit NB, EC, IC and/or LH for heating and current
drive, which, taking advantage of their different characteristics, offers flexibility: and
variation in experimental operation. In addition, the diagnostics system is designed to satisfy
the profile control needs of enhanced modes of operation.

The advanced features of ITER-FEAT include ECCD for stabilizing neoclassical tearing
modes, saddle coils external to the toroidal field coils for stabilizing resistive wall modes and

1 AE. Costley, R. Bartiromo, L.de Kock, E. Marmar, et al, “Requirements for ITER Diagnostics”, in Diagnostics for
Experimental Thermonuclear Fusion Reactors (Proc. of Int. Workshop on Diagnostics for ITER, Varenna, Sept. 1995)
Plenum Press, New York, (1996) 23 - 37

V. Mukhovatov, A.E. Costley, R. Bartiromo, D. Boucher et al, “ITER Physics Program and Implications for Plasma
Measurements”, Rev. of Sci. Instrms, 68 (1997) 1250 - 1255

V. S. Mukhovatov, R. Bartiromo, D. Boucher, A. E. Costley et al, “Role and Requirements for Plasma Measurements on
ITER”, in Diagnostics for Experimental Thermonuclear Fusion Reactors 2 (Proc. of Int. Workshop on Diagnostics for ITER,
Varenna, Sept. 1997) Plenum Press, New York (1998) 25 - 40
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Table 1.2.6-1 Priorities for Control Measurements

GROUP 1a GROUP 1b GROUP 2
Mach. Protect.&Basic Control Advanced Control Evaluation & Physics
Parameter Diagnositc | Parameter | Diagnostic | Parameter | Diagnostic
Shape/Position Magnetics MHD Activity |Magnetics, Fishbones, Magnetics,
Vertical speed ECE, TAE Modes Reflectometry,
Locked Modes Reflectometry ECE
Ip, g(a), (95%),8
m = 2 Mode, La10. Vioop
Impurity and DT Impurity Shape/Position  [Reflectometry Confined Collect. Scatt.,
influx Monirors (very long pulse) |(plasma posit.) a-Particles Knock-on Tail
(main plasma & div.) Neut. Spec., NPA
Runaway Electrons Hard X-Rays, Neutron Profile, (Rad. Neut. Cam., nr/mp/My NPA, H,, Spectr.,
Synchrotron a-Source Profile |Vert. Neut. Cam (edge) Laser Induced
Radiation Fluoresce.(LIF)
Line-averaged Density Interf./Polarim. Ny, Profile Active CXRS nr/np/ng (div.) H, Spectrosc.
Div. Detachment Tile Shuts Plasma Rotat., |Active CXRS, T, Profile Thomson Scatt.
(Jea (divertor)) T; Profile. X-Ray Crystal (edge) (edge)
Impurity Profile Spectroscopy
VUV Spectr.
Surf. Temp. IR Cameras Te Prof.(core), |LIDAR (main), n., T, Profiles Thomson Scatt.
(divertor plates & FW) n, Prof.(core) ECE (X-point) (X-point)
Rad. Power from Bolom. Array T; Prof.(core) Radial Neutron n, T, (plate) Langmuir Probes
Core, X-pt and Div. (main pl. & div.) Spectrometer
Fusion Power Neutron flux n, Profile Refl.(main) T; in Divertor Imp. Monitor.
monitors (edge) (div.)
nr/np in Plasma Core NPA, Fast Wave [q Profile MSE, Plasma Flow Imp. Monitor.
Reflectometry Polarim. System (div.) (div.)
Zr Line-Aver. Vis. Continuum  |P,,4 Profile Bolom. Arrays Pellet Ablation H, Spectrosc.
(single channel) (main pl. & div.)
H/L Mode Indicator H, Spectr. Z.s Profile Visible Cont. T, Fluctuations ECE, Soft X-Ray
(typ. channel) Array Array
ELM:s (typ) ECE, Refl.(main) {ngy, (divertor) |[RGA e Fluctuations  |Reflectometry,
H Spectroscopy Imp. Monitor Microw. Scatt.
Gas Pressure (div. & Pressure Gauges |Heat Depos. IR Camera Radial E Field CXRS (plasma
duct) Prof. in Div. and E Fluctuat. rot.)
Gas Composit. RGAs Div. Ionization |Visib. Spectrom.,  [Edge Turbulen. Reflectometry
(div. & duct) Front Position  |Bolometry
Toroidal Magnetic Current Shunts Neutral Density |H, Spectroscopy MHD Activity ECE, Soft X-Ray
Field (near wall), (many chann.), in Plasma Core Array
Particle Source  |Pressure Gauges
ne, T, (divertor) |Refl. (div.),
ECA (div.),
Thoms. Sc. (div.)
Impurity & D, T |Imp. Monitors,
Influxes in Div. |H, Spectroscopy
with spat. res.
Alpha Loss Alpha-Loss Det.,
IR Camera

Neut. Fluence

Neutr. Act. Syst.

ELMs

ECE, Refl.(main),
Magnetics

Sawteeth ECE, Soft X-Ray
Array

NTMs Magnetics, ECE

RWMs Magnetics

Erosion (plate) |Imp. Monitors,
Reflectometry
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field-side pellet injection, which will expand the operational space and/or improve the
stability characteristics of discharges with high § and high density.

To summarize, the physics design concept of ITER-FEAT satisfies the stated mission,
embodies all of the state-of-the-art tokamak physics knowledge available to date, and is
compatible with the constraints of engineering and cost. ITER-FEAT will allow, for the first
time, plasma physics studies on confinement, mhd stability, divertor, and energetic particle
confinement under completely integrated, reactor-relevant conditions, and for pulse lengths
significantly longer than the characteristic times of plasma processes.
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1.3.1 provides a summary description of the outline design of the ITER-FEAT plant. It lists
the systems involved and describes how these various systems (described in more detail in II)
are inter-related in operational terms.

In addition to a brief summary of the outline design, there is an assessment of it and a listing
of the main open issues and remaining options. The normal work remaining to be done in
detailing a design is not regarded as a main outstanding issue and so is not mentioned in this
section.

At this level of the development of the design, not all parameters are “frozen”; adjustments
will lead to limited modifications. The proposed engineering design relies mainly on
technical solutions which have been, or are being, qualified by the on-going R&D, in the
Parties’ laboratories and industries. Most of the remaining issues are related to the choice of
options which will provide the largest cost saving.

Because of the unwillingness to compromise with physics extrapolation so as to provide
enough margins in the physical parameters and physics-related systems e.g. plasma size,
fuelling, and heating and current drive, the only remaining possibility is to press mostly on
the manufacturing processes (with their feedback on design) to approach as closely as
possible the target of 50% saving in direct capital cost from the 1998 ITER design.

The nature of the overall plant operational control is described in 1.3.2. Although this report
is only the outline design of ITER-FEAT, it has been possible to make initial assessments and
draw significant conclusions for the safety of the plant and this is summarised in 1.3.3.

L.3.1 Plant Overview and System Design Assessments

The ITER-FEAT plant is made up of the following systems:

. the tokamak itself, consisting of a vacuum vessel (II.2.1) and its internal components;
a blanket (IL.2.2) and divertor (I1.2.3), and superconducting magnets and associated
structures (1I.1.3);

. a cryoplant and cryodistribution (I1.1.4);

o a pulsed electrical power supply (I1.1.2);

. a cryostat and its associated thermal shields (I1.3);

o a fuelling and exhaust system including an exhaust processing system (11.4);
. a cooling water system (IL.5);

. a plasma measurement (diagnostic) system (11.6);

. a heating and current drive system and its electrical power supply (I1.7);

. buildings and services (11.8);

The initial assembly of the tokamak (I1.9) and its remote maintenance (I1.10) are especially
important topics at the plant level;

The main parameters for ITER-FEAT are shown in Table 1.3.1-1. Figure 1.3.1-1 shows an
overall schematic of systems important for normal ITER-FEAT operation. A cross-section of
the tokamak showing the vacuum vessel, its internal components and its ports, as well as
some features of the magnet system and cryostat, is shown in Figure 1.3.1-2. A schematic
radial build is shown in Figure 1.3.1-3.
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Table 1.3-1 ITER-FEAT Main Parameters

Parameter Unit Nominal | Max
Major radius, R m 6.2 <=
Minor radius, a m 2.0 <=
Plasma current, I, MA 15.0 17.4!
Additional heating & CD power” MW 73 100
Fusion power MW 500 700°
Toroidal field at major radius, Bo T 5.3 <=
Elongation at 95% flux, kos, Kx 1.7, 1.85 <=
Triangularity at 95% flux, 8¢s, 0x 0.33,0.49 <=
Plasma volume m’ 837 <=
Plasma surface m’ 678 <=
MHD safety factor at 95% flux, qos 3
Average neutron wall load at the first wall MW /m’ 0.57 0.80
Neutron wall load at the outboard equator 0.65 0.91
Total neutron fluence at the outboard equator MWa/m” 0.3 0.5
Burn duty , % % ~4 25°

1 To avoid cost increase, higher current operation would be accessed for a limited number of shots,
limited pulse length, limited space of 1, and f§,. 17.4 MA operation is required for machine
commissioning during the H Operation Phase.

2 In the typical nominal DT operation scenario, the additional heating power is 50 MW. However,
the device has the heating power of 73 MW (33 MW for NB and 40 MW for RF) initially. Increase
of the heating power at least up to 100 MW (e.g. a third beamline and/or increased RF power)
should not be excluded.

3 High fusion power operation would be accessed by reducing pulse length and duty cycle to avoid
capital cost increase.

4 Device is designed to be able to accept up to 0.5 MWa/m” without increase in capital cost.

> Nominal burn duty on average throughout DT operation is about 4 %. For demonstration of
repeatable pulse operations, the device should be able to operate with burn duty of about 25 % (400
s/1800 s) for a couple of days with reasonable capital cost increase.
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Figure 1.3.1-3  Radial Build Schematic
L3.1.1 Magnet System

The superconducting magnet system confines, shapes and controls the plasma inside a
toroidal vacuum vessel. The magnet system is made up of coils which produce the
confining/stabilizing toroidal field (the TF coils), the coils which produce a contribution to
the positioning and shaping poloidal field (the PF coils), and the coil which provides the main
contribution to the induction of current in the plasma (the central solenoid, CS). Correction
coils are also required to correct error fields that arise due to impetrfections in the actual PF
and TF coil configuration and to stabilize the plasma against resistive wall mode instabilities.
Correction coils have not been designed yet but will include three coil sets located above,
outboard of and below the TF coils. Overall magnet system parameters are shown in Table
1.3.1-2.
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Table 1.3.1-2 Overall Magnet System Parameters

Number of TF coils 18
Number of PF coils 6
Magnetic energy in TF coils (GJ) ~41
MAm* in TF coils 5,614
Maximum field in TF coils (T) 11.8
Centering force per TF coil (MN) 404
Vertical force per half TF coil (MN) 202
TF discharge time constant (s) 11
MAm* in CS coil 1,483
CS peak field (T) 13.5
MAm* in PF coils 2,680
Total weight of magnet system (t) ~ 8,700

*Proportional to the overall superconductor length

CS & TF Coils

The CS and TF coils use a conductor with a large number of Nb;Sn strands (~ 1,000),
whereas the remaining PF and correction coils use a similar conductor with NbTi strands. All
coils are cooled by supercritical helium at ~ 4.5K. The TF coil case is the main structural
component of the magnet system and the machine core. The PF coils and vacuum vessel are
linked to the TF coils such that all interaction forces are resisted internally in the system thus
eliminating the need for large external load transferring structures and the mechanical
moments associated with such structures. The TF coil inboard legs are wedged all along their
side walls in operation. At the outboard leg, the out-of-plane support is provided by intercoil
structures integrated with the TF coil cases. Views of the TF coil case are shown in Figure
1.3.1-4.

UPPER INNER
INTERCOIL STRUCTURE

UPPER OUTER
INTERCOIL STRUCTURE

UPPER INTERMEDIATE QUTER
INTERCGIL STRUCTURE
FRICTION JOINT

LOWER INTERMEDIATE OUTER
INTERCOIL STRUCTURE
FRICTION JOINT

GRAVITY SUPPOGRT

90
9,0
0

=

LOWER INNER
INTERCOIL STRUCTURE

LOWER OUTER
INTERCOIL STRUCTURE

Figure 1.3.1-4 3-D Views of the TF Coil Case
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Main Outstanding Issues and Remaining Options for the TF Coils and CS

For the TF coils and their intercoil structures a key structural issue is the out-of-plane support
of the TF coils at the inboard lower curved region. In this region, out-of-plane loads are
severe because of the large poloidal field flux crossing the TF coil in the divertor area. The
design of the supporting structures is complicated by the TF coil displacements under their
own field, which can result in local de-wedging of the coils. Various design concepts have
been analysed but the final design has not yet been established. The solution requires a
strengthening of the coil case in the critical region and structures able to resist shear loads
between adjacent coils. It is possible that an acceptable design will require a thicker case in
the inner leg region, imposing a radial build penalty of a few cm.

Two options are still under investigation for the TF coil winding: one with a circular
conductor embedded in radial plates and the other with a square conductor. The radial plate
option has advantages in terms of the insulation reliability and fault detection capability, but
suffers from cost and radial build penalties.

For the CS winding, there are two options to provide the structural material which is subject
to fatigue due to the large number of pulses. The first one uses an Incoloy square jacket with
a co-wound strip and the second one uses two, stainless steel, U-channels welded around a
thin circular jacket made of Incoloy or titanium. The selection of the option has some limited
impact on the CS flux capability, but the choice can be postponed until more R&D results are
available.

With a pancake-wound CS, the pancake to pancake joint configuration is unfavourable
because of eddy currents which can flow across the joint surface due to radial field changes.
Testing of joints in relevant field changes and orientation is not part of the planned R&D
programme due to the lack of facilities in the EU or Japan, but is nevertheless required to
establish the CS joint design.

Assessment

The conductor and joint designs for the TF coils and CS are based on R&D results available
from short length conductor and joint samples, particularly those associated with the Model
Coil (MC) programmes. The final verification of the Nb3;Sn conductors in an integrated test
will come from the CSMC experimental programme. In this programme, inserts made of the
CS and TF type conductors will be tested under external conditions (static and variable field,
stress and strain levels, cooling...) simulating those to be met in ITER-FEAT operation.

Conductor manufacture at industrial scale has been achieved for the CS and TF Model Coils.
This has established a firm basis for strand production, cabling, jacket manufacture and
jacketing. The conductor production and the QA requirements for the full-scale coils can be
extrapolated from this basis.

The Model Coil programme has addressed and resolved a number of key issues for the
manufacture of the TF coils and the CS. Winding techniques and the Nb;Sn conductor
reaction treatment procedures have been demonstrated at large scale. The “wind, react and
transfer” process, where turn insulation is applied after the reaction treatment, has also been
demonstrated for both the TF coils and the CS. For the TF coils, specific manufacturing
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aspects, related to the use of a circular conductor embedded in radial plates, have also been
demonstrated.

Manufacturing feasibility of the TF coil structures is being investigated by R&D programmes
for the fabrication of full-scale sections of the TF coil case. This programme includes
welding development and the production of large, forged and cast pieces with dimensions
relevant to the full-size coil cases and outer intercoil structures. This development has
identified manufacturing processes (forgings, castings) which are expected to facilitate
manufacture and should result in cost savings. Other areas, which will be the subject of future
R&D work, are related to the design, assembly and testing of the insulated shear keys and
friction joints of the TF intercoil structures.

In total, this large effort in R&D provides confidence that the remaining issues for the magnet
design are not ones of feasibility, but rather, issues which relate to options to reduce the
capital cost and to fulfil new requirements for plasma operation (e.g. the segmented CS and
wedged TF coils).

PF Coils

The PF coils are designed to control the position and shape of the plasma and to stabilize its
displacements caused by changes in internal plasma parameters. The PF configuration
analysis has determined the position, size, number of turns, maximum current and magnetic
field on the coil as well as the specifications of their power supplies (II.1.1 and 2). The
preliminary results of this analysis for the CS and PF coils parameters are shown in Table
[.3.1-3.

Table 1.3.1-3 PF Coil Position, Size, Number of Turns, Maximum Current

and Magnetic Field
Coil R Z, AR AZ Number | Imax Biasx Buax
(m) (m) (m) (m) | ofturns | (MAf) |atIM(T)| at EOB
CSuU3 1.677 4.974 | 0.765 1.789 486 21.9 13.5 12.8
CSu2 1.677 3.041 | 0.765 1.977 538 24.2 13.5 12.8
CSUl 1.677 1.14 0.765 1.977 538 24.2 13.5 12.8
CSL1 1.677 -1.014 | 0.765 1.977 538 24.2 13.5 12.8
CSL2 1.677 -3.41 0.765 1.977 538 24.2 13.5 12.8
CSL3 1.677 -4.974 | 0.765 1.789 486 21.9 13.5 12.8
PF1 3.880 7.584 | 1.027 0.974 270 12.2 6.0 6.0
PF2 8.338 6.509 | 0.703 0.472 94 4.2 5.0 5.0
PF3 12.014 3.055 | 0.820 1.262 220 8.7 5.0 5.0
PF4 11.955 -2.465 | 0.703 1.119 164.5 6.3 5.0 5.0
PF5 8.396 -6.748 | 0.820 0.945 220 9.9 5.0 5.0
PF6 4.273 -7.559 | 1.813 0.852 416.5 18.7 6.0 6.0

Main Outstanding Issue for PF Coils

The verification of the performance of the NbTi conductors for the PF coils requires new
R&D activities which must include the manufacture of a coil with a full siZe conductor and

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 3 Page 9
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the testing of this coil in pulsed conditions. These new R&D activities have been initiated and
the design and test programme for the NbTi coil are under study.

Assessment

Apart from the verification of the superconductor performance, there are no significant issues
which would lead to a lack of confidence in the design of the coils.

1.3.1.2 Magnet Coil Power Supplies

A power supply provides the DC coil currents to the different coils from the AC high voltage
grid which supplies the ITER-FEAT site. The various coil electrical loads have different
characteristics in terms of the currents, power, length of pulse, and so the coil power supply is -
made up of several subsystems. In addition, because of the possibility of superconducting
coils quenching (rapid loss of superconductivity) under certain conditions, protective
circuitry is required to discharge the magnetic energy to external resistors (and the helium is
discharged to external recovery tanks).

Main Outstanding Issue for the Magnet Coil Power Supplies

The DC switches used for the extraction of the energy stored in the coils required R&D. The
results obtained so far have determined the design of the various components in detail, but
further limited R&D is foreseen to verify the design margins.

Assessment

For the main components and subsystems, including the AC/DC conversion system, the
reference designs are based on existing technology and products available in the world
market, or on the progress that is expected to be achieved in the near future.

1.3.13 Cryoplant and Cryodistribution System

Liquid helium from a cryoplant is distributed by a cryodistribution system to auxiliary cold
boxes feeding the magnet and other loads as well (e.g. cryopumps for the pumping of the
vacuum vessel). Circulating pumps force the flow of supercritical helium through the load in
each separate circuit, which exchanges heat with a helium bath, whose pressure (and thus
temperature) are controlled by a cold compressor in the return path towards the cryoplant (see
Figure 1.3.1-5). The plant design has to reconcile the pulsed character of the heat deposited in
the magnet coils and the cryopumps, with the steady operation of the cryorefrigerator, which
handles only the average heat load.

Main Outstanding Issue for the Cryoplant and Cryodistribution System
The key design issue for the cryoplant is to make compatible the pulsed character of the heat

deposited in the magnet coils and the cryopumps, and the steady operation of the
cryorefrigerator, which handles only the average heat load.

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 3 Page 10
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Assessment

Even if the envisaged cryoplant is a very large and complex facility, the confidence of
building such a plant with the required performance is very high. This is based on the facts
that the refrigerator unit has already been built for CERN, hot and cold compressors and
pump are presently operating, and the nitrogen liquefaction plant is commercially available.
The cryodstribution systems for large particle accelerators provide good bases for the ITER-
FEAT system design. The cooling capacity of the liquid helium cryoplant is given in Table
1.3.1-4.

Table 1.3.1-4 Cooling Capacity of the LHe Plant

Liquefaction to cool the current leads kg/s 0.066

Static heat load kW 9.3

Averaged pulsed heat load [1] kW 19

Heat loads of helium circulating pumps kW 14.1

Heat load of cold compressors kW 7.5

Torus cryopumps including liquefaction for

fast cool down during their regeneration 2] 4 kW +0.06 ks

Small cryogen users kW 1.0

Total 54.9 kW + 0.126 kg/s

m Pulsed heat loads are shown for the plasma scenario with a pulse repetition time of 1800 s
and 500 s plasma burn phase.

2] Initially 6 cryopumps will be installed. For steady-state operation, 4 additional cryopumps
will be added to the 6 cryopumps in order to allow continuous operation in such a way that
at any time, 6 cryopumps are pumping and 4 cryopumps are under four different stages of
regeneration.

L3.14 Cryostat and Thermal Shields

The whole tokamak (vacuum vessel, magnet and associated structures) is located within a
single-walled cryostat and within the cryostat there are thermal shields at 80K to prevent the
cold portions (~ 4K) from receiving heat from the “hotter” parts (see Figure 1.3.1-6). Bellows
are used to connect the interspace duct wall extensions of the VV ports with the cryostat port
to compensate for differential movements.

Main Outstanding Issues for the Cryostat and Thermal Shields

The only outstanding issue is the development of large elastomer bellows suitable for use
inside the cryostat. The bellows development is the subject of ongoing R&D.

Issues related to the design of thermal shields include the manufacturing tolerances and
application and environmental compatibility of silver coatings to large, non-flat panels. Based
on industrial estimates for achievable manufacturing tolerances, space has been allocated for
the thermal shields between the VV and the TF coils.

Application of Ag-plating to large panels was carried out for JET and Tore Supra. The long-
term emissivity of Ag under neutron irradiation needs to be determined in future irradiation
tests.

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 3 Page 12
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Assessment

The design and size of the cryostat are within industrial experience, e.g. for large nuclear
safety containments. Provided the R&D results confirm the suitability of the intended use of
bellows and Ag-plating, there is no reason to doubt that the cryostat and thermal shields can
be procured and assembled as intended. In case the R&D results should be negative,
alternative, back-up options are available.

1.3.1.5 Vacuum Vessel

The double-walled vacuum vessel is lined by modular removable components, including
blanket modules composed of a separate first wall mounted on a shield block, divertor
cassettes, and diagnostics sensors, as well as port plugs such as the limiter, heating antennae,
and test blanket modules. All these removable components are mechanically attached to the
VV wall. These vessel and internal components absorb most of the radiated heat from the
plasma and protect the magnet coils from excessive nuclear radiation. This shielding is
accomplished by a combination of steel and water, the latter providing the necessary removal
of heat from absorbed neutrons. A tight fitting configuration of the VV aids the passive
plasma vertical stability, and ferromagnetic material in the VV, localised under the TF coil,
reduces the TF ripple. The overall arrangement of one of the 9 vacuum vessel sectors is
shown in Figures 1.3.1-7 and 8, and the overall parameters of the vacuum vessel are given in
Table 1.3.1-5.

Integrated functionally with the VV is the vacuum vessel pressure suppression system
(VVPSS). This system minimizes the peak pressure inside the vacuum vessel during an in-
vessel LOCA, by relieving the pressure (caused by the ingress of a water steam mixture from
damaged water-cooled, in-vessel components) through rupture discs via pipework into a
steam condenser tank.
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Figure 1.3.1-7 Figure 1.3.1-8
Vacuum Vessel Overall Arrangement Vacuum Vessel Cross-Section
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Table 1.3.1-5 Main VV Parameters

Unit ITER-FEAT

Size

- Torus OD m 19.4

- Torus Height m 11.3

- Double Wall Thickness m 0.34-0.75

- Toroidal Extent of Sector ° 40

- Number of Sectors 9

- Shell Thickness mm 60

- Rib Thickness mm 40
Structure

- Inboard Straight Region Cylindrical

- Inboard Top/Bottom (Facets/Sector) 2

- Outboard Region (Facets/Sector) 2
Resistance

- Toroidal pne 8.8

- Poloidal u 3.8
Surface Area / Volume

- Interior Surface Area m’ 943

- Interior Volume m’ 1608

- Structural Volume (cooling channel) m’ 642
Materials

- Main Vessel SS 316L(N)-IG

- Primary Shielding SS 30467

- Ferromagnetic Insert Shielding SS 430
Mass (without water)

- Main Vessel (without shielding) t 2395

- Shielding t 2500

- Port Structures t 1606

- Total t 6500

Note: Parameters are for the VV with the integrated blanket water cooling channels.

Main Outstanding Issues and Remaining Options for the Vacuum Vessel

To reduce the VV fabrication cost, forging, powder HIPing and/or casting is being
investigated for the large number of housings in the VV for the blanket module support that
have a relatively small and simple structure. The preliminary comparison of their fabrication
costs with welded structures shows a cost benefit.

As discussed in 1.3.1.6, the blanket cooling options have consequences for the design and
manufacture of the vacuum vessel, and hence its cost.

Assessment

The manufacture of a full-scale sector of the 1998 ITER design gives a sound basis for the
design of the present vessel.

1.3.1.6 Blanket

The initial blanket acts purely as a neutron shield and tritium breeding experiments are
confined to the test blanket modules which can be inserted and withdrawn at radial equatorial
ports. The shield blanket parameters are shown in Table 1.3.1-6 and the blanket system, made
up of modules, is shown in Figures 1.3.1-9 and 10. The blanket module design consists of a

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 3 Page 15
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separate faceted first wall (FW) attached to a shielding block. This minimises radioactive
waste and simplifies manufacture.

Table 1.3.1-6

Shield Blanket Parameters’

Unit ITER-FEAT

Total blanket thermal power GW ~0.65
Heat flux on FW; nominal, max. MW/m?2 0.2,0.5
Heat flux on limiter; nominal, max. MW/m?2 ~3,~ 8
Average neutron wall loading; nominal, max. MW/m?2 0.57, 0.78
Number of modules; Total, NB injector modules 429, 14
First wall surface area m2 682
Weight of modules t 1813
Weight limit for module t/mod 4.5
Typical blanket module dimension mm 1415x
(Inboard equator) 1095x450
Coolant inlet pressure during normal operation MPa 3.0
Coolant temperature; inlet, outlet °C 100/ 150

(1) Unless stated otherwise, values in this table are based on the nominal fusion power only.

Figure 1.3.1-9 Isometric view of

ettt i

(i W |

Figure 1.3.1-10 Module
blanket system poloidal segmentation
Main Outstanding Issues and Remaining Options for the Blanket

Two methods are being considered for FW attachment to the shield: a central mechanical
attachment, which is bolted to a shield block at its rear side, or a system of bolts (accessed
from the first wall) and small shear ribs, to support EM loads and to prevent sliding due to
thermal expansion.
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Two options are being considered for blanket cooling: one with cooling channels integrated
inside the vessel structure between the two walls, the other with channels mounted on the
vessel in vacuum. With the former, one concern is contamination (above acceptable levels)
of the inside of the VV cooling loop by blanket cooling water. This is unlikely due to the
thick plate, multipass welding used on the boundary between the two cooling channels.
Continuous leak monitoring is proposed to provide an adequate indication of cracks in the
structure. For small leaks, plasma operations could be still maintained with an addition of a
water purification system to the VV primary heat transfer system (PHTS). With manifolds
mounted on the vessel, fabrication costs will be reduced and the cross-contamination risk is
not present. The coolant manifolds could be repaired after the remote removal of blanket
modules. The exact layout of cooling pipes has to be optimised to avoid congestion in the
port region.

Assessment

The R&D performed for the 1998 ITER blanket design gives a sound basis for the present
design. All the blanket materials and joining techniques have been improved and
characterised and fulfil all the requirements. Several small and medium scale primary FW
mock-ups without Be armour have resisted thermal loads up to 7 MW/m” for 1000 cycles.
High heat flux testing of limiter mock-ups with brazed Be armour have resisted up to
12 MW/m® for 4500 cycles. Large and full scale prototypes of the blanket modules have
been successfully manufactured with robust joints and within the required tolerances.
Assembly tests have demonstrated the basic feasibility of the blanket installation.

1.3.1.7 Divertor

The divertor exhausts the helium reaction product of the deuterium/tritium fusion reactions
and limits the concentration of impurities (non-hydrogen isotopes) in the plasma. It
accomplishes this by providing a region in which the magnetic field lines just outside the
plasma boundary are “diverted” to meet a target plate at a small angle of incidence. Charged
particles escaping from the confined plasma will flow to the target, but on the way will lose a
large fraction of their energy by radiation and charge exchange with neutrals, thus limiting
the power density on the target plate.

The divertor itself is made up of 54 cassettes. Figure 1.3.1-11 is a sketch in a poloidal cross-
section of the diverted magnetic field and the divertor showing some features of the
construction of a cassette, in particular the targets which are the surfaces subjected to the heat
load from the diverted particles (peak heat fluxes are less than 20 MW/m?).

Technical Basis for the ITER-FEAT Outline Design Chapter I Section 3 Page 17
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Figure 1.3.1-11 Divertor Plasma Facing Components Arrangement
Main Outstanding Issues and Remaining Options for the Divertor

Much of the performance of the ITER-FEAT divertor has been extrapolated from slightly
different machine parameters, and this needs verification to confirm the heat loads and
performance.

The current design uses carbon at the vertical target strike points. Tungsten is being
considered as a backup, and both materials have their advantages and disadvantages. The
two options need continuous development so that the best judgement of the relative merits
can be made when it comes to procurement. Carbon has the best behaviour to withstand large
power density pulses (ELMs, disruptions), but gives rise to tritiated dust. Procedures for the
removal of tritium codeposited with carbon and tritiated dust from various components by a
number of schemes are under consideration and need further development because some
require the provision of hot surfaces and high temperature baking.

The risk and consequences of cascade failure of flat tiles (one of the options) on the vertical
target of the divertor are being considered by R&D, as well as the benefits in combination
with hypervapotron cooling. The choice of tile curvature (flat or curved) will depend on the
result.

Assessment

The development of carbon and tungsten armoured plasma facing components has advanced
to a level where it meets the demanding requirements of the ITER-FEAT divertor for the
average target heat load. The armour behaviour under large power density pulses could be a
limiting factor. A successful R&D campaign has demonstrated that armoured components
can routinely operate with heat loads of up to 20 MW/m? for carbon and > 10 MW/m? for
tungsten, with a promise of also reaching 20 MW/m?. A prototypical armoured vertical target
compatible with ITER-FEAT divertor requirements has been built and successfully tested.
Furthermore, successful operation in tokamaks, with the scrape-off-layer partially attached to
the divertor targets, has demonstrated that the average heat flux to the divertor can be reduced
to a value where the armour life-time is adequate. This is the basis for the confidence in the
design.

2
>
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1.3.1.8 Water Cooling System

The heat deposited in the vessel-internal components and the vessel is rejected to the
environment via the tokamak cooling water system (TCWS) (which is designed to preclude
releases of tritium and activated corrosion products to the environment), and the heat
rejection system (HRS). The TCWS loops are also used to bake and hence clean the plasma-
facing surfaces inside the vessel by releasing impurities. A schematic flow diagram of the
water cooling system is shown in Figure 1.3.1-12. It shows the TCWS (the primary system)
and the HRS (the secondary system) as well as the associated component cooling water
system (CCWS), the chilled water system (CHWS) and some auxiliary systems; chemical
and volume control systems (CVCSs).

In the worst situation, where all active cooling to in-vessel components is lost because of pipe
breaks or power failure, natural convection in the vessel is able to exhaust their decay heat
and keep components well at a temperature at which there is no significant chemical reaction
between steam (air) and Be-dust.

Main Outstanding Issues and Remaining Options for the Water Cooling System

In the event of a guillotine break (in the TCWS vault) of a main pipe of the VV, blanket or
divertor loops during vessel baking at 240°C, the TCWS vault would have to accommodate
an overpressure of up to ~ 0.37 MPa under a totally closed confinement strategy. As this
would lead to unreasonably complex and expensive reinforcement of building slabs etc.
increasing the expansion volume is being considered for this highly unlikely event. However,
confinement in the vault is retained for a pipe break at a normal operation temperature
(150°C).

The normal operation of active components of the TCWS such as the main pumps, small
pumps, and motor-operated valves under the operational magnetic field, must be guaranteed.
The allowable strength of the magnetic field and the required shielding for each component is
under study now.

The occupational radiation exposure, based on the dose rate map, needs to be evaluated to
confirm maintenance procedures for the components requiring planned or unplanned access.

The option of using sea/fresh water instead of forced flow cooling towers as the ultimate heat
sink is being considered for a site-specific design. It may be that, in this case, an
intermediate cooling water system is required.

The VV cooling system design has not yet been finalized and its design parameters are quite
preliminary. Even its power capacity has to be thoroughly analysed. It is expected that heat
transfer coefficients in the range of ~ 500 Wm™>K™ can be achieved in the VV using natural
circulation. This possibility is being verified.

Assessment
The capacity of the main components in the water cooling system is within industrial
experience (or industrial proven technology), therefore no problematic issues on the

component design and manufacturing are expected.
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L.3.1.9 Fuel Cycle

Plasma density control is provided by the fuelling and pumping system. The tokamak fuelling
system is capable of gas puffing, and pellet injection from the high field side, into the plasma.
These gases are subsequently removed from the plasma together with the helium ash using
the torus cryopumps. These pumps are sequentially exhausted to the tritium plant (Figure
1.3.1-13) where impurities are removed from the hydrogen stream and the various isotopes of
hydrogen are separated and stored. Tritiated impurities are processed to lower their tritium
content sufficiently to allow their release. The tritium plant also detritiates water, ventilation
air and process fluids and solids.

Main Outstanding Issues and Remaining Options for the Fuel Cycle

Pellet launch is from the high field side of the tokamak to maximise pellet penetration for a
given pellet speed, and fuelling efficiency. However, the pellet speeds required are somewhat
beyond those currently achieved without pellet disintegration. As a result, R&D is needed to
improve the design and geometry of the flight tube.

Regarding the tritium plant, nearly all the separation systems have to be present by the start
of DD operation since tritium will be generated during this phase of operation. However,
systems for water detritiation can be deferred to some extent until full DT operation. The
degree of this deferral needs further quantification.

Assessment

Many subsystems in the ITER tritium plant are based on proven, industrial processes at
relevant scale. In some instances, the dynamic nature of ITER operation requires additional
confirmation and this has been and is being targeted by R&D, e.g. of the isotope separation
system and hydrogen storage beds.

The exhaust processing technology is being developed in ongoing R&D. The required
detritiation factors have been routinely exceeded. There is no doubt therefore, that given the
expected outcome of the R&D, the subsystems can be designed, procured and operated as
required.

Following positive R&D results at the component level, a 70% full-scale model of the main
torus cryopump is under construction.
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Figure 1.3.1-13

Fuel Cycle Overall Diagram
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1.3.1.10 Heating and Current Drive

The plasma heating systems, neutral beams (NB), electron cyclotron (EC), ion cyclotron (IC),
and lower hybrid (LH), must also have the ability to drive current in the plasma (current
drive) to extend the tokamak plasma duration beyond the limitations imposed by the
inductive current drive provided by the central solenoid. This lengthening of the tokamak
pulse is an attempt to reach “steady-state” conditions where the current drive would be
entirely non-inductive. The heating and current drive (H&CD) systems under consideration
for ITER-FEAT are shown in Table 1.3.1-7 and Figure 1.3.1-14.

Table 1.3.1-7 Heating and Current Drive Systems
NB EC IC LH
(170 GHz) | (~50 MHz) | (5 GHz)

Power (MW) injected per unit 16.5 20 20 20
equatorial port '
Number of units for the first 2 1 1 0
phase
Total power (MW) for the first 33 20 20 0
phase
1) Each standard equatorial port can provide 20 MW of RF (EC or IC or LH)
2) The 20 MW of EC module power will be used either i) in 2 upper ports to
control neoclassical tearing modes at the g = 3/2 and q = 2 magnetic surfaces, or
i1) in one equatorial port for H&CD mainly in the plasma centre.

Main Outstanding Issues and Remaining Options for Heating and Current Drive Systems

For the NB, the ceramic insulators (1.8 m ID) used for the bushing between the pressurized
high voltage line and the primary vacuum are beyond the common industrial practice. R&D
on the fabrication of ITER-relevant prototypes using porcelain insulators with high alumina
content is foreseen.

The NB duct shielding needs a careful optimization in order to limit strictly the dose rate two
weeks after shutdown inside the cryostat.

For the EC H&CD system, beam injection at different toroidal and poloidal angles is needed
to satisfy all heating and current drive functions and to provide neoclassical tearing mode
(NTM) stabilization of the plasma. This, however, would require two dimensional (2D) RF
beam steering and a large opening at the front end of the EC launcher, which conflicts with
the need for efficient neutron shielding. It is planned instead to mount a launcher with
toroidal steering in the equatorial port, and one with poloidal steering in the upper port. Due
to space limitations, steering mirrors may have to be shared between waveguides. A key
issue is the design of the steerable mirror pivot. Remote steering of the beams, if feasible in
actual conditions, would provide the most desirable solution, but it requires R&D
confirmation.
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Figure 1.3.1-14

Plasma Heating Systems

The IC H&CD system involves several new features in the design of the antenna, in order to
increase its array power handling: parallel tuning, balanced feed, strip-line transmission lines
are used in order to minimise the space requirements, to decrease the operating voltage and to
provide a large radiated power surface density. The estimated performance of the new design
concept should be demonstrated by experiment on a module, testing the key features at full

scale on an existing tokamak.

Several concepts used in the LH design launcher (the PAM launching structure, Hyperguides
and mode converters) and the main transmission line have been submitted to only laboratory
tests at JET and Tore Supra. A full-scale test of the key features of these components should
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be performed on an existing tokamak to demonstrate its overall efficiency and its capability
of operation in long pulse conditions.

Assessment

For NB H&CD, the progress in the R&D (on the ion source and on the accelerators) which
has been performed so far, gives confidence in the possibility of achieving the accelerated
current density (200 A/m?) at 1 MV, as assumed in the design.

The mechanical design of the beam line components is conventional, but beam lines should
not fail during the entire life of ITER (large number of thermal cycles). The R&D of a mock-
up of the NB calorimeter will give the necessary data to prove the fatigue limits.

With regard to the NB system power supplies, in comparison with those for the RF systems
which are essentially state of the art (apart from the gyrotron tubes), the HV components are
without precedent. The R&D performed so far has been very useful, but further progress is
essential for design validation.

For RF systems in general, if a reasonable R&D and industrial development is maintained in
the above-mentioned areas, during the ITER-FEAT construction phase, a combination of RF
systems appears to be capable of providing all requested services with the required
availability.

L.3.1.11 Diagnostics

In order to understand the behaviour of the plasma in ITER-FEAT, a large number of special
devices (diagnostics) will be applied to the tokamak to measure various properties of the
confined plasma, the confining magnetic field and the fusion reaction products. Some of
these diagnostics are not only required to evaluate the experiments but are required for
machine protection (e.g. to avoid excessive heat loads on vessel-internal surfaces and the
consequent damage), and for plasma control (e.g. magnetic field measurements which are
required for the control of the plasma shape and position by the PF coils). A preliminary
arrangement of diagnostics around the machine in the VV ports at the upper and equatorial
levels, is shown in Figure 1.3.1-15.

Main Outstanding Issues and Remaining Options for Diagnostics

For magnetic diagnostics, the lifetime of the in-vessel coils and loops are the important
issues. The results of the supporting R&D on radiation effects indicate that the necessary
lifetime can be achieved. A particularly difficult area is repair and maintenance of the in-
vessel components and this is a topic of current activities. Recent tests with a prototype coil
and integrator have shown a small radiation induced emf (RIEMF) which would lead to an
unacceptable drift during a long pulse (> 1,000 s). Further tests are planned.

The ability of the neutron cameras to provide the total fusion power and the alpha particle
source profile is directly linked to the available access. A wide angle of view is desirable in
both the radial and vertical directions. This is difficult to achieve in the vertical direction. A
view through the intercoil structure for the vertical camera is being considered but the
feasibility has yet to be established.
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The optical/infrared (IR) systems view the plasma with a mirror, and a critical issue is the
lifetime of this component. A solution for the mirrors is believed to exist for those systems
which operate in the visible and IR regions. However, for diagnostics which require a
relatively large solid angle of observation, for example, active CXRS (charge exchange
recombination spectroscopy) and MSE (motional Stark effect), further work is required.
Some systems require the installations of retroreflectors in the vacuum vessel and this is a

difficult design issue.
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Figure 1.3.1-15 Possible Diagnostic Port Allocation

Assessment

Most of the measurements required for the machine protection and basic plasma control can
be made using established techniques. It is believed that the issues involved with the
technical implementation can be resolved by careful design. In a few cases, however, novel
approaches are required. Because of the intense gamma background, the convention