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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 IAEA is pleased to publish the
documents summarizing the results of the Engineering Design Activities.
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INTRODUCTION

Progress of technical work under the ITER EDA Agreement has been
reflected in a number of major milestone reports. An Outline Design Report
was presented in January 1994 to the ITER Council and provided a basis on
which the Parties concluded Protocol 2 to the Agreement. The Report is
contained in ITER EDA Documentation Series No. 6, ITER Council
Proceedings: 1994.

Further developments and enhancements of the design were presented in the
ITER Interim Design Report, Cost Review and Safety Analysis, which, with
companion documents was presented to and accepted by the ITER Council in
July 1995. Following domestic reviews by the ITER Parties, the ITER
Council approved in December 1995 the Report and companion documents
as the "Interim Design Report Package". The Package and documents
relating to its approval were published by the IAEA as ITER EDA
Documentation Series No. 9, ITER Interim Design Report Package and
Relevant Documents. Detailed technical information underlying the Report
was also published as ITER EDA Documentation Series No. 7, Technical
Basis for the ITER Detailed Design Report, Cost Review and Safety
Analysis.

Results of technical work to late 1996 were embodied in a Detailed Design
Report, Cost Review and Safety Analysis, which was presented to the ITER
Council in December 1996 and approved, following domestic reviews in the
Parties, in July 1997. The Report is contained in ITER EDA Documentation
Series, No. 11, ITER Council Proceedings: 1996, and underlying technical
information was published as ITER Documentation Series No. 13, Technical
Basis for the ITER Detailed Design Report, Cost Review and Safety
Analysis.

The fourth major milestone report - the ITER Final Design Report, Cost
Review and Safety Analysis - was presented to the ITER Council at its 13th

Meeting in February 1998 and was accepted for consideration by the Parties.
Having heard the positive views of the Parties, the ITER Council approved
the Report at its Extraordinary Meeting on 25 June 1998.

This volume contains the Report and documents associated with its
acceptance, review and approval.
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1. Introduction

The ITER Final Design Report, Cost Review and Safety Analysis Report is the
fourth major milestone report presenting the progress made in the ITER Design
and is the final such report foreseen during the current phase of Engineering
Design Activities.

An Outline Design Report [1] was presented in January 1994 to ITER Council and
provided a basis on which the Parties concluded Protocol 2 of the ITER EDA
Agreement. Further development and enhancements of the design were
presented in the ITER Interim Design Report, Cost Review and Safety Analysis
("IDR") which, with companion documents, was presented and accepted by ITER
Council in July 1995. Following domestic reviews by the ITER Parties, the
"Interim Design Report Package" [2] was approved by ITER Council at its meeting
in December 1995. Results of the technical work to late 1996 were embodied in
the Detailed Design Report, Cost Review and Safety Analysis ("DDR") which was
presented to the ITER Council in December 1996 and approved, following
domestic reviews in the Parties, in July 1997 [3]. In each of these sets of domestic
reviews, the Parties have concluded that the main machine parameters and
design features were commensurate with the programmatic and technical
objectives, and that the design and related R&D were progressing satisfactorily
towards the EDA objectives. Against this background, the ITER Parties have
undertaken explorations aimed at identifying issues for subsequent negotiations
towards possible agreement on ITER construction, operation, exploitation and
decommissioning.

As the ITER EDA have progressed, the design work has concentrated on the
requirements of operation, with only relatively minor evolution of design
concepts for major components. The. design of supporting systems and plant has
received full attention. The validating technology R&D, now entering its
concluding stages, has been focussed on key issues arising from the developing
system designs, in particular through the establishment of Large Projects of
integrated R&D involving the building and testing of large/full scale models and
prototype components of the ITER basic tokamak.



The work presented in this report covers the full scope of activities foreseen in
Article 2 (a) - (d) of the ITER EDA Agreement, i.e.:

"2 a) to establish the engineering design of ITER including

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

(it) detailed designs with specification, calculations and drawings of the
components of HER with specific regard to their interfaces,

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

(iv) specifications allowing immediate calls for tender for the supply of items
needed for the start-up of the construction of HER if and when so decided.

(b) to establish the site requirements for ITER, and perform the necessary safety,
environmental and economic analyses

(c) to establish both the proposed program and the cost, manpower and schedule
estimates for the operation, exploitation and decommissioning of HER.

(d) 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".

Detailed supporting technical documentation in all these areas has been made
available for review within the ITER EDA framework (see annex). In accordance
with the terms of the Agreement, this documentation and other information
generated in the EDA will be available to each of the Parties to use either as part of
an international collaborative programme or in its own domestic programme.

This Report is the culmination of almost six years' collaborative design and
supporting technical work by the ITER Joint Central Team and Home Teams
under the terms of the ITER EDA Agreement, using, overall about 85% of the
total resources originally foreseen for the activities. It marks the achievement of
the full technical scope of activities indicated in the ITER EDA Agreement, with a
design which meets the programmatic and detailed scientific, technical and
costing objectives set at the start of the EDA.



2. ITER Objectives

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

As required in Protocol 1 to the Agreement, "detailed technical objectives along
with the technical approaches to determine the best practicable way to achieve
the programmatic objective of ITER" were adopted by the ITER Council in
December 1992 and acknowledged in Protocol 2 of the ITER EDA Agreement [4].
A General Design Requirements Document (GDRD), adopted within the project,
provides a more specific statement at the system and component level of the
performance, safety, configuration requirements to be met by the design.

In terms of plasma performance, the detailed objectives require ITER to have the
confinement capability to reach controlled ignition and to demonstrate
controlled ignition and extended burn, in inductive pulses, with a flat-top
duration of approximately 1000 s. HER should also aim to demonstrate steady
state operation using non-inductive current drive in reactor-relevant plasmas.
For purposes of engineering performance and testing ITER should demonstrate
the availability of technologies essential for a fusion reactor, test components for
a reactor and test design concepts of tritium breeding blankets relevant to a
reactor. To this end, the average neutron wall loading should be about lMW/m2

and the machine should be capable of at least lMYfa/m2 to carry out longer-time
integral and materials tests.

The technical objectives and approaches involve two phases of operation, the
Basic Performance Phase (BPP) and an Enhanced Performance Phase (EPP). The
BPP should address the issues of controlled ignition, extended burn, steady-state
operation, and the testing of blanket modules. The EPP will emphasise
improving overall performance and carrying out a higher fluence component
and materials testing programme. Plasma fuelling during this phase might
require tritium breeding in situ.

The ITER Design provides the design for Basic Performance and allows for a
future incorporation of features, including a tritium breeding blanket, which
would be needed to achieve the objectives of the Enhanced Performance Phase.



3. ITER Parameters and Design Overview

3.1 ITER Parameters
The main characteristics and parameters of the ITER Design follow from the
agreed programmatic and detailed technical objectives for ITER, in particular to
meet the objective of demonstrating controlled ignition and extended burn, in
inductive pulses with a flat-top duration of approximately 1000s and an average
neutron wall loading of about 1 MW/m2.

The main parameters and overall dimensions of the ITER tokamak are
summarised in Table 1 below. The essential features of ITER have remained
stable since the DDR, with the following exceptions:
• the TF ripple has been reduced to less than 1% at the separatrix by using ferro-

magnetic material for some of the shielding plates inside the double-wall
vacuum vessel;

• plasma control has been enhanced and plasma triangularity increased by
adding two small radius poloidal field coils at the top and bottom of the
configuration; all PF coils now use NbTi strand.

Overall the parameters reflect a careful balance of physics requirements for
confinement, plasma control and stability, and engineering constraints (e.g. heat
loads and electromagnetic characteristics, need for access) to ensure safe and
reliable operation within reasonable cost.

Table 1 Main Parameters and dimensions of ITER

Total Fusion Power
Neutron Wall loading
Plasma inductive burn time
Plasma major radius
Plasma minor radius
Plasma current (In)
Vertical e longat ion ©95% flux surface
Triangular i ty ©95% flux surface
Safety factor ®95% flux surface
Toroidal field © 8.1 m radius

Maximum toroidal field © TF coil
Toroidal Field Ripple
Auxiliary Heating power

1.5 GW
lMW/m2

> 1000 s.
8.1 metres
2.8 metres
21 MA
1.6
0.24
3
5.7 T
12.5 T
<1% at the separatrix.
100 MW



3.2 Design Overview

Figure 3.1 provides a cut-away view of the tokamak core, showing its major
components. In HER, superconducting toroidal and poloidal field coils
magnetically confine, shape and control the plasma inside a toroidal vacuum
vessel. The magnet system comprises twenty toroidal field coils, a central
solenoid, nine external poloidal field coils, and three sets of correction coils. The
centering force on toroidal magnets is reacted by the central solenoid. Coil cases
for the toroidal field coils are used to support the poloidal coils. The vacuum
vessel is a double-wall structure fabricated from twenty toroidally divided sectors.
It is suspended from the toroidal field coil cases by twenty vacuum vessel vertical
supports, and spaced from them by horizontal supports. Gravity supports bear
the weight of the magnet system together with the vacuum vessel and internals.

Inside the vacuum vessel are modular, removable components, including
blanket modules (mounted on a double walled permanent back plate attached to
the vessel), divertor cassettes, and port plugs which absorb most of the radiated
heat from the plasma and protect the vessel and magnet coils from excessive
nuclear radiation by absorbing the neutron power from the fusion reactions. The
divertor absorbs most of the a-particle power exiting the plasma, exhausts the
helium ash and limits the concentration of other impurities in the plasma. Other
components include, in the vessel ports, the limiter, heating antennae, test
blanket modules, and diagnostics equipment. It is assumed that the initial
shielding blanket of the BPP will be replaced by a breeding blanket for the EPP.
The modular in-vessel components are designed to be readily and safely
removable from the tokamak by remote handling for maintenance and repair in
shielded facilities using a practical combination of remote handling and hands-
on techniques. The components are fabricated from a variety of materials capable,
together, of withstanding the effects of plasma interactions and electro-
mechanical forces whilst providing satisfactory heat transfer for cooling.

The heat deposited in the internal components and the vessel is rejected to the
environment via the tokamak cooling water system which is designed to
preclude releases to the environment of permeated tritium and activated
corrosion products. The tokamak is housed in a cryostat, with thermal shields
between the hot parts, and the magnets and support structures which are at
cryogenic temperature. The cryostat is installed in an underground pit, inside a
building of minimum height. Auxiliary systems and facilities are housed in
galleries around the tokamak pit, in the tokamak building, and in other
buildings and structures laid out within a controlled area of about 38 hectares on
a site of approximately 70 hectares. Figure 3.2 shows a view of the ITER site and
buildings.

An important assumption underlying the detailed technical objectives is that
there will be an adequate supply of tritium from external sources averaging about
3 kg/year during the BPP arid about 1.5 kg/year during EPP.
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Figure 3.1 Cutaway section of ITER tokamak
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71. ITER Control Building
72. rTER Uboratory Office Budding
73. Cryoplant Perimeter Gatehouse
74. Control Room Perimeter Gatehouse
75. Vehicle Entry Perimeter Gatehouse

11. Tokamak Hall & Pit
12. Laydown Hall
13. Assembly HaU
14. Tritium Building
15. Electrical Termination Building
16. West Tokamalc Services Building
17. East Tokamalc Services Building
21. Hot Cell Building
22. Tokamalc Access Control Structure
23. Personnel Access Control Structure
24. Personnel Access Control Structure
25. Personnel Building

31. Magnet Power Supply Switching Network Building
3Z North Magnet Power Conversion Building
33. South Magnet Power Conversion Building
34. NBI Power Supply Switchgear Building
35. RF Power Supply Building
36. Pulsed Power Switchyard Switchgear Building
41. Emergency Power Supply Building
42. Steady State Switchyard Switchgear Building
51. Cryoplant Coldbox / Dewar Building
52, Cryoplant Compressor Building
61. Site Services Building
6Z PF Coil Fabrication Building

Figure 3.2 ITER Site layout



4. ITER operating scenarios and Plasma performance

4.1 Physics Basis of ITER

ITER will represent a major step forward in terms of size, current and power
level from the current generation of major magnetic fusion machines. The
extrapolation from JET and JT-60 is a factor of about 3 in major radius and about 5
in plasma current; in terms of fusion power, the increase from the current
generation is of about 2 orders of magnitude. ITER will provide a critical step to a
magnetic fusion reactor where self-heating is the dominant source of the plasma
heating power.

Recent progress in understanding the physics of plasma performance together
with recent achievements in the Parties' experimental programmes provide a
firm basis from which to extrapolate ITER's expected plasma performances and
operation scenarios.

4.2 Plasma Operation Scenario.

ITER is designed to achieve controlled ignition and extended burn with an
inductively-driven plasma operation scenario. The reference plasma discharge
scenario for ITER follows the familiar sequence used in present Tokamaks. The
pulse will start with breakdown and current initiation (assisted with ECH power)
followed by a 150 s inductive current ramp up. The divertor configuration will be
formed at Ip = -16 MA. Auxiliary power (up to 20 MW in the limiter phase, 50-
100 MW in the diverted phase) can be applied if desired during current ramp up
for control of plasma current profile and toroidal rotation. Plasma density at the
start of current flattop will be 0.2-0.5 1020 nv3; the volume average temperature in
ohmically heated plasma will be 2-4 keV. Auxiliary heating of up to 100 MW
(upgradable to 150MW) will be applied at the start of the flattop to obtain H-
mode, and plasma density will be subsequently increased by fueling until the
ignition and nominal value of the fusion power is achieved. Burn (fusion
power) control, divertor power control for >1000 s and subsequent normal fusion
shutdown over a 100 s shutdown period will be achieved with a coordinated
combination of control of DT fueling, impurity fueling, auxiliary power input,
and poloidal field control.

Representative plasma parameters for inductively-driven plasma operation are
shown in Table 4.1, both for a nominal, full power pulse and a lower-density
reduced power pulse obtained with the plasma density equal to the Greenwald
density.

A certain number of plasma disruptions are expected to occur during the course
of ITER operation, especially during the initial machine commissioning and
burning plasma development phases. The affected ITER systems, especially the
plasma facing components and the vacuum vessel, are designed to accommodate
both the direct effects of disruptions, the related effects of halo current produced

13



Table 4.1 ITER Plasma Parameters*

Parameters

Fusion power (MW)
Burn duration (s)
Auxiliary power, P a u x (MW)

Volume-average beta, <P)(%)'>

PN [= <P>(*) a(m)B(T)/I(MA)]

Safety factor, q

Electron density, ( n) (1020 m"3)
Average temperature, < T) (keV)
Plasma thermal energy Wth (GJ)

Plasma magnetic energy W m (GJ)

Energy confinement time, tE (s)

Impurity fractions (nz/ne) (%): Be/He/Ar

Zeff

Radiation from plasma core (MW)

Ploss/Pth(L-H)<)

Power to divertor targets (MW)

Nominal

1500
1300

0

2.97

2.25

3

0.98

12.8
1.1

1.1

5.8

2/9/0.17

1.8

118

1.3

50

Low Density

1200
1400

0

2.6

2.0

3
0.85
12.7
1.0

1.1

6.3

2/8/0.16

1.8

%

1.2

50

Range21

£1500
500-10000

<1003>

-

<4-5

2.6 - 5.2
0.2-2

3-30
£1.2

£1.2

3.5-9

-

-

-

£1

£100
• for B = 5.7 T, I = 21 MA, Nominal ElMy H-Mode Energy Confinement
1 ( ) denotes volume average of the respective quantity.
2 Including possible operation with reverse-shear or other optimized plasma

configurations.
3 Upgradable to 150 MW.
* Ratio Pioss over nominal L- to H-mode power threshold. A value larger than 1

indicates that no hysterisis between L- to H- and H- to L-mode power thresholds is
required to sustain the H-mode.

by vertical displacement events, and the effects of the conversion of plasma
current to runaway electron current following disruption. There will also be
means provided to rapidly terminate the plasma bum for machine protection
and safety enhancement.

4.3 Assessment of ITER Physics Performance

Most of the elements of ITER plasma performance have already been successfully
tested in current experiments; this testing and resulting experimental data
provide the underlying basis for performance projections of ITER. The three
issues that most directly determine the achievement of the required performance
are:

• energy confinement, edge parameters and capacity to reach and
sustain H mode;

• P (ratio of plasma pressure to magnetic field pressure) and particle
density;

• impurity dilution, radiation losses, helium exhaust and divertor
power handling.
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Each of these issues has been studied throughly in a collaborative framework of
voluntary ITER physics activities, coordinated through Expert Groups, which
draws on the full range of physics expertise throughout the Parties' Fusion
programmes.

4.3.1 Energy Confinement

An accurate prediction of plasma confinement and transport in a tokamak based
on "first principles" is not yet available. The issue has therefore been approached
through developing global scalings for confinement and H-mode power threshold
from an extensive tokamak confinement and performance experimental database
(the recommended reference approach); by undertaking experimental studies of
non-dimensionally similar discharges having all major non-dimensional
parameters (PN, V*, pi*=pi/a, q, a/R, K, etc.) as close as possible to ITER plasmas; and
by developing and applying semi-empirical and /or theoretical models.

The global (empirical scaling) data analysis and non-dimensional plasma
parameter scans have been used to project energy confinement times for HER,
with close agreement in their results. For the ELMy H-mode operation, both
indicate that the expected energy confinement time for ignited ITER plasmas will
be about 6 s. This confinement (with approximately 20% margin) is sufficient to
allow sustained ignition at 1-1.5 GW fusion power, taking into account loss
mechanisms and fuel dilution from helium and added impurities. If
confinement proves to be less than expected, bum can still be sustained using
additional heating or increasing plasma current to 24 Ma. Addition of auxiliary
power to the reference scenario will also allow inductively-sustained extended
burn (up to 6000 s) to be obtained. These projections also take account of the L-H
mode transition which requires a level (currently uncertain) of plasma power
crossing the separatrix [Pioss > Pth (L-H)]-

The development and testing of detailed local transport models have made
significant progress during the EDA. But the point has not yet been reached at
which these models can be used confidently to predict overall plasma
performance^). More work is needed in testing against experiments and in
establishing the confidence limits. Nonetheless, when renormalised, the models
yield some valuable and consistent results concerning detailed features of the
plasma behaviour such as edge parameters, temperature and density profiles.

4.3.2 Beta and density limits

The present design specification for the beta limit in ITER is PN £ 2.5 (P < 3.3% at
21 MA). This specification is based on the normalized beta values achieved in the
experiments with quasi-steady-state discharges, including those with the ITER-
like dimensionless core plasma parameters. Ideal MUD stability has beta limit
values, PN, greater than 3.5 and thus is not expected to be a performance-limiting
issue in the reference high current plasmas.
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The non-ideal MHD beta limits which arise from the possibility of magnetic
islands growing according to plasma collisionality (v*) may, however, be a
significant performance limit. This island growth could be controlled by
localised current drive for instance using ECH. Analysis of the database from
present experiments extrapolated to ITER suggests that operating within the
ITER design specification for PN will generally be sufficient for sustained
operation at 1.5 GW. Study of beta limit in reactor-relevant plasmas and
exploration of possible higher (ideal-limit) beta regimes will be one of the major
goals of the ITER experimental physics programme, as an essential element for
design of a working fusion reactor.

The achievable plasma density may limit plasma performance in ITER. The
density in tokamaks fueled with gas puffing and with both Ohmic and auxiliary
heating is generally (but not always) well represented by the Greenwald scaling
for the line-averaged density, i.e. ncw(10™m'') < 1' (MA)/(7ta'(m)). For ITER, this
empirical relation implies a value of 0.85 . 1O20 nv*at I = 21 MA. Degraded energy
confinement often occurs in operation near the Greenwald value.

The operating density in tokamaks undoubtedly involves the trade-off of a
number of complex processes, and is presently an active area of research for the

: international fusion programme. Recent experimental results, in particular with
pellet fuelling from the high field side in ASDEX Upgrade, have shown
operation with a density beyond Greenwald value while keeping good
confinement; thus indicating that Greenwald scaling does not strictly apply. The
FTER design uses a combination of a highly baffled divertor and pellet fuelling
from the high field side; it is expected to achieve the reference operation with

~_ density of 1.15 the Greenwald value.

! 4.3.3 Divertor operation and fuelling

i The achievement of the ITER performance goals depends on successful power
and particle control and exhaust with the ITER divertor, pumping system and

'_ fueling system. Power exhaust in ITER will be accomplished by radiating most of
the plasma heating power to the first wall and divertor chamber walls, with

i radiation losses due to hydrogen and intrinsic impurities (e.g., He, Be, and Q
j supplemented with small, controllable amounts of added recycling impurities

(Ne or Ar). The additional impurities, which radiate strongly where plasma
temperature is low, are added to limit the divertor target power to acceptable
levels, while not adversely affecting the overall plasma core energy balance. The

! ITER divertor is designed to confine the recycling neutrals to the divertor
chamber. Density control and Particle exhaust will be done with 170 m3/s pumps

'_ in the divertor and with fueling with gas puffing and pellet injection from the
high magnetic field side.

~ Simulations with various 1.5-D transport codes have been used to extrapolate
! results of divertor experiments in present machines to the parameters of the
= ITER divertor concept. These codes have been validated against experimental

16



data. Results from these simulations indicate that, in addition to about 100 MW
radiated from the plasma core (bremsstrahlung + synchrotron radiation), and by
adding a small amount of added impurities, radiation by impurities from the
edge and divertor plasma can allow the heat flux to the divertor target to be
limited to 50 MW without degrading confinement. The plasma is in this case
"partially detached" from the target.

The amount of injected impurity will be dynamically controlled to
simultaneously obtain optimal divertor "partial detachment" and plasma core
performance. Computational simulations of ITER divertor operation and
experiments in present tokamaks with feedback-controlled impurity injection
have demonstrated the feasibility of such control. The simulation models also
predict, as in present experiments, an average He partial pressure in the divertor,
which is adequate to exhaust the He produced. The selected "partially detached"
mode of divertor operation is therefore well-established and favourable in
several respects: low impurity level in the main plasma, low neutral density in
the main chamber, well-distributed radiation, low peak power on the divertor
target plates, and adequate He pumping.

4.4 Advanced operation modes

Alternate plasma operation scenarios and operation modes are possible, using
the flexibility provided by the Poloidal Field and Heating and Current Drive
systems. The PF system is able to control reduced current steady state scenarios—
with higher plasma elongation and triangularity—within the reference in-vessel
components. Steady-state scenarios with reversed central magnetic shear and
high bootstrap current fraction are possible in ITER at increased safety factor with
12 MA current. As in present experiments, the use of heating during current
ramp up will make it possible to create a hollow (reversed magnetic shear)
current profile at the start of the current flat top of the pulse; such profiles can
then be sustained by non-inductive means.'

Reversed- or Negative- central magnetic shear modes of operation are now
being widely studied in various pulsed tokamak experiments, with promising
results. If future experimental studies will demonstrate that these regimes, with
improved energy confinement, and PN > 3-4, can provide adequate helium
exhaust; and the required current profiles can be controlled and maintained in
steady state with similar ion and electron temperatures, then ITER should be able
to implement this steady state operation with total plasma current in the 12-15
MA range maintained by 100-150 MW of auxiliary power with 1-1.5GW of fusion
power. This approach is the primary candidate for ITER steady-state scenarios.

4.5 ITER Physics - Conclusions

The work on expected ITER performance and its nominal operational domain
can be summarised in the two graphs of fig 4.1 which plot fusion power for a 21
MA discharge as a function of the H-mode enhancement factor, HH, which
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characterises the global energy confinement time in relation to its reference
extrapolated value (an uncertainty factor). The plots take account of experimental
results concerning P limits, particle density and L-H power thresholds and
indicate the domain where the three conditions, Pioss/Pth > 1/ n/ncw < 1-5, PN <
2.5 are satisfied either in ignited condition or in driven mode with 100 MW of
heating power. In the case of ignition the available range of operational
parameters around their nominal values is commensurate with the possible
uncertainties in extrapolation of confinement time. In driven modes, the feasible
region is extended to cover a larger range of uncertainties, albeit with some
reduction in fusion power at extreme ends of the range.

Figure 4.1 Fusion Power Domains @ 21 MA
(Ploss/Pth > 1- n /ncw < 1-5, PN < 25)

Ignition Paux = 100 MW

0.0
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In conclusion, exhaustive studies based on most recent experimental results,
modelling and advances in theoretical understanding of relevant plasma physics
provide confidence in extrapolations that ITER can achieve sustained ignition and
adequate divertor target heat load and helium exhaust in ELMy, saw-toothing H-
mode operation. The energy confinement margin is about 20% for sustained
ignition. For driven bum with 100 MW, the feasible region spans a larger range of
uncertainties. The dynamic analysis and simulations indicate that time-dependent
requirements for plasma operation — low divertor heat loads, helium pumping ,
H-mode power thresholds, etc — can be fulfilled and controlled simultaneously.

ITER has played a major role in highlighting reactor-relevant physics issues and
in providing a focus for coordination of fusion physics R&D through the.
network of Expert Groups. At the same time it has benefitted from the efficient,
constructive response that the Parties' laboratories and physicists have given on a
voluntary basis. The key issues should continue to be addressed in the Parties'
programmes. In particular, future experimental studies on tokamaks with
highly-baffled divertors, advanced fueling capabilities, controlled injection of
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radiating impurity and effective divertor pumping systems and also with ECH
systems to suppress neoclassical modes will provide important information for
predictions of ITER performance and will determine the key elements of the
ITER plasma operation and testing plan. Studies towards steady state operation
should continue of non-inductively sustained, high bootstrap current fraction,
high p regimes in current experiments so as to have reliable models for
extrapolating such regimes to ITER.

5. Design features and Engineering assessment

5.1 Summary of design features
The overall policy for ITER engineering design has been to use established
approaches and well characterised materials and to validate their application to
ITER through detailed analysis, manufacturing and testing of large/full scale
models and prototypes of the critical systems.

The main engineering features and materials in the design are summarised in
Table 5.1. Figure 5.1 shows the tokamak features in a cross-section view. In
general the design solutions represent trade-offs among many requirements such
as ease of manufacture, structural integrity under the simultaneous influence of
different life-limiting factors (neutron irradiation, thermal and electromagnetic
loads, cyclic operation, dynamic stresses, etc).

As the designs have evolved to maturity over the period of the EDA, they have
been supported by extensive technology R&D to validate the key aspects and
choices made. In particular seven large projects with significant industrial
content have been pursued, each devoted to one of the main li'bU engineering
systems. Results flowing from these projects influence the design development
and assessments. Similarly industrial studies undertaken primarily for costing
purposes (see Section 7 below) serve also to influence the choices of
manufacturing processes and to confirm manufacturing feasibility.

The work on component and system design and related supporting R&D has
been undertaken in an efficient framework of collaboration between the Joint
Central Team and the Home Teams, through which responsibility has been
formally distributed in line with the terms of the EDA Agreement but
supplemented with a high level of co-operative interaction at all working levels.

5.2 Plant Systems Integration

The design work for ITER has developed from conceptual level along two
complementary main lines. At the component level, the work progresses in
increasing detail and specificity towards eventual procurement, manufacture and
installation. Of equal importance, however, is work at the plant system level to
understand and confirm the operational performance of components working
together as integrated systems and to prepare for control/command of all
operational activities.
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Fig. 5.1 Cross-section of the ITER Tokamak

This plant system integration work examines the functions that cross and
interlink many components, considering in particular dynamic behaviour
during plant operational sequences and transitions — from the state of
Construction or Long Term Maintenance at one extreme through intermediate
states to that of Plasma Operation. The work also focusses on the functional and
physical interfaces between different components involved.
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Table 5.1 Main engineering features of the ITER systems

Superconducting toroidal field coils (20 coils)
Superconductor

Structure

Superconducting Central Solenoid (CS)
Superconductor
Structure

Superconducting poloidal Held coils (PF 1-9)
Superconductor
Structure

Vacuum Vessel
Structure

Material

1st Wall/Blanket (Basic Performance Phase)
Structure

Materials

Divertor
Configuration

Materials

Cryostat
Structure
Maximum inner dimensions
Material

Heat Transfer Systems (water-cooled)
Heat released in the Tokamak during
nominal pulsed operation

Cryoplant
Nominal average He refrigeration / liquefaction
rate for magnets and Divertor cryopumps (4.5K)
Nominal cooling capacity of the thermal shields at
80 K

Additional Heating and Current Drive
Total injected power
Candidate Additional Heating and Current Drive
(H&CD) systems

Electrical Power Supply
Pulsed Power supply from grid

Total active/reactive power demand
Steady-State Power Supply from grid

Total active/reactive power demand

Nb3Sn in circular Incoloy jacket
in grooved radial plates
Pancake wound, in welded steel case
wind, react and transfer technology

Nb3Sn in square Incoloy jacket
Layer wound, 14 layers, 4 conductors in-hand
wind react and transfer technology

NbTi in square Stainless Steel conduit
Double pancakes, typically 2 conductors in-hand

Double-wall welded ribbed shell, with internal
shield plates and ferromagnetic inserts
Stainless Steel 316 LN structure, SS 304 with
2% boron shield, SS 430 inserts

armour-faced modules mechanically- attached to
toroidal backplate
Be armour, Copper alloy heat sink
Stainless Steel 316 LN structure

single null
60 solid replaceable cassettes
W alloy and C plasma facing components
Copper alloy heat sink
Stainless Steel 316 LN structure

Ribbed cylinder with flat ends
36 m diameter, 30 m height
Stainless Steel 304L

2200 MW at -4 MPa water pressure, 150°C

120 kW / 0.25kg*

510 kW

100 MW
Electron Cyclotron, Ion Cyclotron,
Lower Hybrid , Neutral Beam from 1 MeV
negative ions

650MW/ 500 Mvar

230MW/160 Mvar
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Fig 5.2 shows a schematic of the main plant operating systems. The systems
whose integrated operations have been elaborated and assessed include:

• The command cjjntrol and d.ata acquisition and communication (CODAC)
system — a hierarchical structure which controls all system funcions and
monitors plant operation. In parallel, an independent hierarchical interlock
system monitors operational events of the plant, and performs preventive
and protective actions to maintain the system components in a safe operating
condition.

• Magnets and their power supply system by which all coils are energized,
controlled and protected, in accordance with the signals of the overall plant
control, plasma control and interlock systems.

• Water cooling systems which dissipate to the environment the energy
generated in in-vessel components, vacuum vessel, auxiliary equipment, etc.
during plasma pulse operation and dwelling time.

• Vacuum pumping system and Tritium and fuelling systems which together
provide and maintains primary and secondary base vacuum as needed for
operation and which manage the closed loop operation of the tritium cycle in
the torus and related systems and provide for fuelling of the plasma, in line
with operational and safety requirements.

• Cryogenic system which produces, distributes and recycles 4.5 K and 80 K
helium to ITER components that operate at cryogenic temperatures, such as
magnets, cyropumps and thermal shields.

• The steady state electric power network which distributes steady state electrical
power to all ITER loads except magnet coil and auxiliary heating loads.

• Additional heating systems which provide start-up and wall conditioning,
additional plasma heating and current drive, and other plasma
control/stabilisation functions.

5.3 Key components design and assessment

5.3.1 Magnets and structures

The magnet system comprises a monolithic central solenoid, 20 steel-encased TF
coils, 9 PF coils, 3 sets of correction coils, and related structural elements which
combine with the vacuum vessel and in-vessel components to form a compact
integrated assembly which equilibrates the electromagnetic loads. AH the coils are
superconducting and are cooled by supercritical helium through feeder boxes
connected to cryoplant.
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Superconductors

The CS and TF coils are built using a conductor made from a cable of
superconducting strands, housed in Incoloy jacket which serves also as conduit
for the supercritical helium. This high magnetic field superconductor has to
undergo a long heat treatment to react the niobium and tin after being wound on
a coil form, and is subsequently electrically insulated and transferred to its proper
position in the final coil — the so-called "wind, react, transfer" process.

The conductor design and manufacturing process including QA has been
validated for volume production. Some 5.5 km of 40-50 kA conductor (foreseen
for the Central Solenoid) and 900 m of 50-60 kA conductor (foreseen for the TF
coils), containing in total about 30 tonnes of NbsSn strand, have been sucessfully
produced and delivered in the frame of a major R&D project which involves
industrial suppliers in all Parties.

TF coil system

Each TF coil has a welded case that contains a winding pack of radial steel plates
with machined grooves holding circular conductors in a double pancake
configuration. Each double pancake is wound from a single conductor length;
joins between double pancakes are external to the coil. The radial plates transfer
the forces acting on each conductor directly to the cases. The case and the plates
provide the structural stiffness of the TF coils, which are linked to each other by
upper and lower crowns and by intercoil stucrures. In addition, the case supports
the PF coils and vacuum vessel.

Each coil stands about 19 m high by 12 m wide and weighs about 685 t.

The design of the TF coils is at an engineering level such that detailed
manufacturing and cost studies have become possible and have been carried out
by the industries of the four ITER Parties.

A reduced scale TF model coil is being built to demonstrate and optimise the
production process and to test performance. Complementary work is proceeding
to demonstrate fabrication techniques and QA for full scale case and radial plate
sections.

The CS system _

The central solenoid system, comprising the central solenoid and outer and
inner cylinders, supports the TF centering forces. The vertical pre-load structure
and radial pressure from the TF coils keep the system always in full compression
during operation. Otherwise the CS assembly and vertical pre-load structure rest
on a central CS gravity support.
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The Central Solenoid is layer-wound with heavy-walled square conductors. Each
of 14 layers is wound from bottom to top and top to bottom with four conductors
in hand to reduce cooling channel lengths. Electrical terminals and interlayer
connectors are all located in low field regions above and below the winding. The
winding is about 13 m high and has an outer radius of 2.7 m. Total weight is
about 1300 t of which the superconducting cable is about 260 t.

Studies to compare possible alternative designs for the CS coil, keeping its
functional requirements but avoiding its very large monolithic structure have
failed to yield a more appropriate solution.

The CS design is subject of a major R&D programme involving the manufacture
and test of a 1/i scale model coil. This project is validating all the steps needed for
the manufacture of the full-scale coil process and will lead to demonstration of
conductor and coil performance under the expected operating conditions. In
addition, the project will turn into a facility providing static and pulsed high
magnetic fields which can be used, for example, for testing inserts built with
other kinds of conductors.

PF coils system and correction coils

The PF Coil system comprises 9 coils built from thick walled, stainless steel,
square conductors in double pancake configuration wound two in hand (the
smallest two are wound one-in-hand). The coils range in diameter from about 8
m to 32 m. Because of their size all coils are designed to be wound on site using
NbTi superconductor which does not need heat treatment after winding and is
also less expensive than NbsSn, but has lower limits in magnetic field values.
The coils are vertically supported by clamps linked to the TF coil cases through
flexible members, which allow free radial expansion of the coils.

The three sets of Correction Coils - at top and bottom and on the side of the TF
coils are designed to compensate for perturbations of axisymmetry of the
magnetic field — "error fields", which might result from non-ideal position or
orientation of all TF, CS and PF coils and can lead to deleterious magnetic islands
inside the plasma.

Figure 5.3 shows an overview of the magnet and structure systems.
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5.3.2 Vacuum Vessel and internals

The vacuum vessel, blanket and divertor are the main components which
surround the plasma. Figure 5.4 shows an isometric view of these components.

In addition to their specific functions, these components together provide
neutron shielding in particular for the magnets and therefore are actively cooled
by their corresponding primary cooling circuits. The in-vessel components are
modular to allow replacement through the equatorial and divertor ports. This
has the advantage of making the components to be remotely handled relatively
light, and quite specific to any damage or failure, which in turn minimizes any
waste arising.

Cooling Pipe
Vertical Port

Vacuum Vessel

Blanket

Divertor

Horizontal Port

Divertor
Port

Figure 5.4 Segment of the Vacuum Vessel, ports and internals

27



Vacuum Vessel
The primary function of the vacuum vessel is to provide a high quality vacuum
for the plasma, as well as the first safety barrier for confinement of radioactive
materials. The vessel supports the blanket and divertor components, and resists
the forces of plasma vertical displacement events.

The vessel is designed to provide an ultra-high vacuum for plasma operation. It
comprises a double wall structure, joined by stiffening ribs 30-60 mm thick. The
interspace contains neutron shielding material and including ferromagnetics to
reduce toroidal field ripple at the plasma edge. The ribs also form the flow
passages for water cooling to remove nuclear heat deposition during operations
and the whole nuclear decay heat of all in-vessel components in case of complete
loss of their specific cooling. The vessel components will be factory-
manufactured in 20 sectors. After delivery to site, they will be assembled with TF
coils and thermal shielding to form tokamak sectors for assembly in position.
The vessel has 20 vertical, 20 equatorial and 20 divertor port assemblies.

Vacuum vessel materials and proposed construction methods and techniques are
conventional for large scale pressure vessels. The main manufacturing issue is
the size of achievable tolerances, given the large size of a sector and the amount
of shop and field welding that must be done. This has been studied in a major
R&D project by building and testing a full scale sector model. The fabrication of
port structures is also being addressed by the project, part of which involves the
design, fabrication, and testing of the full scale equatorial port extension. As with
the sector model, the most critical issues are the dimensional accuracy, and
achievable tolerances in manufacture and the size of on-site welding distortions.
Preliminary assessment of observed distortions is consistent with target tolerance
values.

Shield/Blanket

The blanket system, acting as a shield, removes the surface heat flux from the
plasma and from bulk heating by the neutrons, reduces the activity in the
vacuum vessel structural material to the level allowable to ensure vessel
reweldability for the ITER fluence goal and, in combination with the vacuum
vessel, shields the super-conducting coils and other ex-vessel components from
excessive nuclear hearing and radiation. The system is designed to offer the
capability of replacing the shield by a breeding blanket, within the same
dimensional, maintenance, and coolant constraints, to provide the tritium to
meet the technical objectives of the Enhanced Performance Phase (EPP). Tritium
breeding blanket modules for reactors and for the EPP can be tested in equatorial
ports.

The blanket system comprises a structural toroidal double walled shell, called a
back plate, with integral cooling in the interspace; some 740 blanket modules
mechanically, hydraulically and electrically attached to the back plate from the
plasma side; and limiters, test modules and other port modules (for heating and
diagnostics) mounted on the vessel equatorial port but penetrating through the
back plate.
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The back plate is attached to the vacuum vessel along its lower inboard and
outboard edges. The blanket modules are 1.5 - 2 m long (in toroidal direction) by
0.8 - 1.1 m wide (in poloidal direction) and are within a limit of 4.3 t per module
imposed by the remote maintenance equipment. They are attached mechanically
to the back plate by flexible supports designed to transfer normal loads to the back
plate while allowing small relative movement due to different structural
rigidities and thermal responses between the modules and back plate.

Each module is made from a combination of copper alloy to diffuse heat to the
coolant, stainless steel for structure and an armour material facing the plasma,
(beryllium or tungsten depending on location).

Critical features of the design, within parameters set by access, transportation and
remote handiing considerations, have been the basic fabrication process and
materials bonding techniques and the mechnical attachment system. An
extensive R&D programme has characterised the various fabrication and
bonding techniques. Two full scale prototypes have been produced to identify
the manufacturing issues, and the resulting cost impacts arising from the
combination of high material quality, large size, and close tolerances required;
more will be produced.

The modular blanket design and its mechancial attachment scheme have been
developed to a high level of maturity. The manufacturing process for the
modules themselves can be optimised and developed further with regard to
inspection techniques, and to maximise series production advantages, as well as
ensuring that special Be handling techniques arp needed as late as possible in the
manufacturing process.

Divertor
The main function of the divertor system is to exhaust the major part of the
alpha particle power as well as He and impurity particles from the plasma. As
the main interface component under normal operation between the plasma and
material surfaces, it must tolerate high heat loads while at the same time
providing shielding for the vacuum vessel and magnet coils in the vicinity of
the divertor.

The divertor assembly consists of 60 divertor cassettes mounted on toroidal rails.
Each cassette is 5 m long, - 2 m high and 0.5 - 1.0 m wide, and weighs -251 and
comprises a reusable divertor cassette body — a robust stainless steel structure —
which provides a mechanical support for different possible arrangements of
plasma facing components (PFC's) cooled by high velocity water. The PFCs have
stainless steel structure, copper alloy heat transfer matrix and bonded armour
(CFC or Tungsten). The cassettes are attached to rails located on the vessel floor.

The PFCs are design to withstand extreme operating conditions. The divertor is
designed to exhaust 300 MW of surface heat load from the plasma plus
approximately 100 MW of neutron bulk heating. The lower part of the vertical
target must accept, in the worst conditions outside normal operation, almost all
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the power conducted in the scrape off layer outside the plasma separatrix. The
maximum heat flux reaches 20 MW/m2 typically for 10 sec, and it is expected to
occur in up to 1000 events for the BPP. The heat loads during disruptions are
-100 MJ/m2 in 0.1-3 ms and those during giant ELMs are -10 M J/m2. Because of
these high loads CFC's are used as armour for target plates in the affected
regions; tungsten is used elsewhere. The co-deposition of tritium with sputtered
carbon will occur. Limiting the co-deposition and cleaning when it has occurred
is an important design consideration.

These conditions set demanding design requirements in terms of geometry,
materials choice, fabrication and bonding process with QA to ensure defect-free
elements, and robust but accurate attachment and assembly arrangements. The
PFC's are also designed to be readily replaceable from modules that have been
transferred by remote handling out of the tokamak to a repair facility.

The PFC design, materials choices and fabrication/bonding techniques have been
developed and validated in R&D programmes including high heat flux tests at
power fluxes and energies considerably greater than those foreseen. All aspects
of divertor manufacture are covered in the frame of a large R&D project which
will enter its integrated testing and assembly programme in late 1998.

The divertor design provides an engineering solution compatible with today's
plasma physics expectations. The design is resilient to the uncertainties in the
plasma physics extrapolation, and corresponding component durability,
providing a system for rapid replacement and refurbishment. The present design
provides an accurate mechanical support, and flexibility to change the divertor
geometry (PFC geometry) as well as the plasma facing materials on the PFCs.
Continuing work will concentrate on further optimisation of the manufacturing
processes and on incorporating the results of integrated testing into the design.

Remote handling and maintenance

Tokamak maintenance is a prerequisite to the success of ITER. Because of the
expected levels ol radio-activity levels inside the vacuum vessel, the
maintenance procedures for in-vessel components will have to be done
remotely. To this end, remote handling and maintenance characteristics are a
central feature of the component design requirements; the design and validation
of remote handling equipment, transfer and maintenance facilities and
procedures are important features of the ITER EDA.

Because of their exposure to the most demanding conditions of plasma operation
the divertor and the blanket are the key components needing fully assured
remote handling capability. The general approach uses modularity,
standardisation and segmentation to limit the scale of items to be treated and to
allow for rapid interchange. Allowance is made where possible, for in-situ repair
by remote handling. More generally the systems provide dedicated RH tools and
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transport equipment to remove modules as required and to transfer them safely
out into movable casks through the ports of the vacuum vessel. After
transportation to a hot cell maintenance can be done through an appropriate
combination of remote and hands on techniques. Fig 5.5 illustrates the rail-
mounted in-vessel vehicle system designed for blanket module handling and
transfer.

Progress has been made in the design such that prototype RH equipment has
been procured and fabricated. Two large R&D projects are under way to
demonstrate that the divertor and blanket can be maintained without undue
constraints on machine availability. Both projects involve proof of principle and
related tests including full scale demonstrations of module removal and transfer.

5.3.3 Heating and current drive

The main functions of the Heating and Current Drive systems are to provide
enough power to the plasma to ensure the initial L-H mode transition; to heat
the ITER plasma to ignition and, in some scenarios, to control the burn; to drive
non-inductive current in the plasma; and to stabilise MHD instabilities. The
heating systems are designed to enable delivery of 100 MW of heating and
current drive power to the plasma with the capability to increase this value
significantly. This power will be delivered by a combination of at least two
different systems. During the EDA, design and R&D efforts have concentrated on
three systems: neutral beam, ion cyclotron, and electron cyclotron heating and
current drive (NB H&CD, IC H&CD, and EC H&CD respectively). The design of a
fourth option using lower hybrid frequency waves is being developed. The
integration of its design into the ITE-R machine is proceeding.

It is not necessary at this stage to select the technologies that will be used; all the
systems have some specific advantages. Consequently, system design and R&D,
are proceeding in parallel for all the candidate technologies. Design of the
tokamak systems, auxiliary systems, and plant facilities has been developed
specifically to allow any of the described methods to be implemented. In
particular the overall design caters for the very demanding space and access
requirements of a Neutral Beam System.

Neutral Beams

The neutral beam (NB) heating and current drive system will deliver 50 MW of
1 MeV D" beams from negative ion source. The NB system consists of three
injectors, each delivering 16.7 MW through separate equatorial ports. Operation
in HO will also be possible with a beam energy of < 0.8 MeV and a power of about
13 MW per injector. The injection is quasi-tangential to the magnetic axis so that
the beams will generate current and inject momentum into the plasma. The
major components of the system are the injectors themselves; the power
supplies; the auxiliary systems including the cryogenic pumping, gas supply
system and cooling water system, and control and data acquisition.
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The design requirements of the Neutral Beam system in terms of access to and
isolation from the plasma and space requirements near to the tokamak, have
significant impact on the overall design and layout of the tokamak and its
periphery.

The main novel feature in the design is the use of a 1 MeV D" ion high current
density beam. The Home Teams have made good progress in the development of
negative ion beam sources, accelerators and suitable insulators. Care has also
been taken in the design of the duct to the plasma to provide adequate shielding
against neutron streaming.

Ion Cyclotron Heating and Current Drive

The Ion Cyclotron Heating and Current Drive system is designed to deliver a
total power of 50 MW to the ITER plasma in the frequency range of 40-70 MHz.
The system is composed of 32 modular subsystems, each able to generate an
output power in excess of 2 MW; they are assembled from four antenna arrays,
each located in one equatorial port. The system comprises the RF power source
and power supplies, transmission lines, matching and coupling systems and the
in vessel antenna arrays with their shielding, support and cooling arrangements.

Design assessment of the system indicates that it appears capable of providing the
required services and of satisfying requirements, subject to further detailing and
validation through R&D principally on the manufacturing feasibility of the
Faraday shield and optimisation of efficiency of coupling power to the plasma,
the edge conditions of which vary.

Electron cyclotron Heating and Current Drive system

The electron cyclotron heating and current drive system is design to deliver a
total of 50 MW of 170 GHz power to the plasma with an array of 60 waveguides
divided equally between two ports. Physics studies have shown that non-
inductive H&CD can be accomplished using fixed frequency EC sources if the
injection system is provided with a modest toroidal steering capability. A
frequency of 170 GHz has been chosen as a compromise between the physics
requirements and present technological limits. Elements of the main system
include the basic generators - 1 MW, 170 GHz gyrotrons and their power
supplies; tranmissions lines and the in-vessel assembly including window block,
mirror shield and fixed and steerable injection optics. As well as the main
system, two start-up and wall conditioning systems are provided, one per port
and each supplying 3 MW of power at a single frequency in the range 90-140 GHz.

Development of the gyrotron has been the subject of successful R&D which has
demonstrated achievement of each of the major performance parameters. Good
results have also been achieved in window technology, another key area. Testing
to achieve simultaneous performance in a single tube is in progress.
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Lower hybrid heating and current drive system

The Lower hybrid heating and current drive system is designed to deliver to the
ITER plasma a total power of 50 MW at 5 GHz. The system is composed of 2
launcher plugs installed in two equatorial ports. Each launcher plug is connected
to main transmission lines fed by 8 LH generator units of each 4 x 1MW
klystrons.

The plasma facing component of the launcher antenna is a new type of
waveguide array which couples a high power density to the plasma: the Passive-
Active Multijunction grill, developed to withstand ITER first wall conditions. It
presents a bulky front face, with relatively thick walls and narrow waveguide
apertures thus providing efficient neutron and radiation shielding.

All other components of the launcher plug have been either used in high power
LH experiments, or are advanced components simplifying the design and
improving its reliability, such as mode converters and hyperguides which have
been already tested successfully.

All ex-vessel components of the LHH&CD System are based on technologically
mature building blocks which can meet ITER needs already or with limited
upgrades.

Each of the four additional heating and current drive systems is designed to
deliver 50 MW to the ITER plasma. They cannot be installed simultaneously on
the torus, since the number of ports is limited and the total power is larger than
required initially (100MW). It is not necessary to make now a definitive choice
how to share the installed power between them, because of their differing
specific advantages, it could well be that the best choice will be to share between
more than two different systems, justifying to continue the R&D in each area.
Should an upgrading of total power to 150 MW appears useful, it could be done
by taking benefit of those methods that are able to deliver the larger power
density from the port launcher.

5.3.4 Plant layout and buildings

The overall ITER layout has been developed to minimise the connection
distances from auxiliaries to the tokamak and the complexity of system
interfaces. To this end, the tokamak is positioned in the centre of the site and the
main types of service, such as electricity, water cooling, waste handling and
information handling, approach from different directions so as to avoid crossing
each other so far as possible.

Figure 5.6 illustrates the layout of the tokamak, cryostat and peripheral
equipment in the pit and galleries. The pit and gallery regions are divided so as
to create rooms for housing equipment, for access to the tokamak and transfer of
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equipment, and for remote and hands-on maintenance, and to provide
radiological barriers between working areas by the combination of direct
shielding and segmentation of the ventilation and air conditioning (HVAC)
system.

Seismic isolation of the whole pit structure, if required, can be achieved by
introducing flexible bearings (steel plate and synthetic rubber) in the load path to
the ground. This requires a gap between the isolated pit and non-isolated
galleries; systems that bridge the gap must either be designed to accommodate
relative movement or be tolerant to failure. Their number is limited by
designing as many sensitive or important systems as possible inside the limits of
the isolated pit. Nevertheless, the vacuum vessel cooling system is the key safety
system that would have to be able to accommodate relative movement. Other
systems such as HVAC can be designed to perform their safety function even if
damaged. Design decisions in these and other areas can be taken case by case,
balancing costs and benefits for the specific seismic risks involved.

The radiologically controlled buildings, the tokamak hall and pit, tritium
building, hot cell, laydown hall, radwaste building and personnel, are arranged
close together and are designed to provide appropriate radiation shielding,
ventilation, drainage and access control.

The remaining structures inside the plant limits are designed to normal
industrial standards according to their function. Effort in these areas has
focussed on refining the requirements and optimising plant layout. Table 5.2
summarises the areas covered by the buildings and other structures.

TABLE 5.2: ITER Buildings and Structures

Buildings/ Structures

Tokamak hall

Other nuclear buildings

Operations buildings

Industrial buildings

Offices and other staff buildings

Total Buildings

Electrical Switchyards and other
outdoor structures

Total buildings and outdoor structures

Footprint m2

5,600

16,800

14,200

54,700

8,600

99,900

126,100

226,000
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The site layout also allows for access, roadways, separation, and similar
requirements and for passage of services such as electrical power, cooling water,
and movement of personnel and materials. In total, the area enclosed in a fence
to control public access is about 70 ha. The agreed site design assumptions also
includes availability outside the fence of approximately 60 ha of adjacent
additional space for construction-related facilities, temporary buildings, vendor
work spaces, cooling towers, and disposition of excavation spoils, although it is
possible that space requirements of this type could be satisfied by non-adjacent
facilities or areas.

In anticipation of regulatory requirements, access to the ITER buildings and
facilities will be controlled in two stages with an outer perimeter, or site area
boundary, which defines the zone where occupancy and land use are restricted;
and a second interior boundary enclosing an area of about 38 ha which contains
all radiologically controlled buildings.

With the progress in detailed design of ITER systems and components, the design
of the ITER plant layout and site has reached the point where significant further
work should await identification of candidate sites, so that site-specific
adaptations may be made. But the basic concepts and design solutions are not
expected to change.

5.3.5 Diagnostic Systems

An extensive diagnostic system (see Table 5.3) is being designed for ITER to
provide the measurement of a wide range of parameters which characterize the
plasma and describe the condition of the first wall and the high heat flux
components. The measurements are used for machine protection, for basic and
advanced plasma control; and for physics study to evaluate the plasma
performance and understand important physical phenomena manifested in
ITER.

Techniques and instrumentation which can measure almost all of the
parameters required for ITER have been developed over many years and are in
routine use on existing tokamaks, in some cases, with radiation levels similar to
those that will be present in ITER, although the pulse duration is much shorter.

For most techniques, the physics basis is already adequate; for a few techniques
the new parameter range of ITER has required a re-examination of the physics
and some new concept diagnostics have been developed.

As shown in Table 5.3, the diagnostic systems foreseen comprise about 40
individual measurement systems which can be grouped into seven generic
groups. Many of the systems, especially those required for protection and basic
control, have to be fully operational at the start of ITER operations - the so-called
"start up" diagnostics. Depending on their principal role, others may be required
with only limited capacity at the start of operations; those required for advanced
control or physics studies may be installed later.
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TABLE 5.3 Provisional List of Diagnostic Systems
Diagnostic System
Magnetic Diagnostics

Vacuum Vessel Sensors*
Back Plate Sensors"
Divertor Coils'
Rogowski Coils*
Diamagnetic Loop*
Halo Current Measurement*

Neutron Diagnostics
Radial Neutron Camera*
Vertical Neutron Camera*
Microfission Chambers (In-Vessel)* N/C
Neutron Flux Monitors (Ex-Vessel)*
Gamma-Ray Spectrometers
Activation System*
Lost Alpha Detectors* N/C
Knock-on Tail Neutron Spectrometer N/C

Optical/IR Systems
Thomson Scattering (Core)*
Thomson Scattering (Edge)
Thomson Scattering (X-Point)
Thomson Scattering (Divertor)
Toroidal Interferometric/Polarimetric System*

Polarimetric System (Pol. Magnetic Field Meas.)
Collective Scattering System N/C

Bolometric System
Bolometric Array For Main Plasma*
Bolometric Array For Divertor*

Diagnostic Neutral Beam

Spectroscopic and Neutral Particle
Analyser systems

Active Spectroscopy (based on DNB)
H Alpha Spectroscopy*
Impurity Monitoring (Main Plasma)*
Impurity Monitoring (Divertor)*t
X-Ray Crystal Spectrometers*!
Visible Continuum Array*
Soft X-Ray Array
Neutral Particle Analyzers* (NPA)

Two Photon Ly-Alpha Fluorescence N/C
Laser Induced Fluorescence N/C

Microwave Diagnostics
ECE Diagnostics for Main Plasma't
Reflectometers for Main Plasma't
Reflectometers for Plasma Position't
Reflectometers for Divertor Plasma
ECE for Divertor Plasma
Microwave Scattering (Main Plasma)
Fast Wave Reflectometry N / C
Microwave Scattering (Divertor) N /C

Plasma-Facing Components and
Operational Diagnostics

Wide Angle Viewing IR/Visible*
Thermocouples*
Pressure Gauges*
Residual Gas Analyzers*
Hard X-Ray Monitor*
IR Thermography Divertor*
Langmuir Probes/Tile Shunts*

* Start-up diagnostic
*t Single-channel or limited capability at start up
N/C New concept diagnostic

Assessment of the probable performance of the diagnostic systems has shown the
feasibility of measuring satisfactorily most of the basic plasma parameters: for
example the plasma position and shape, plasma current, electron density and
temperature, low (m/n) MHD activity, impurity species, temperature of the first
wall, neutron fluence, and the ratio of hydrogenic species (nx/no, nH/no) in the
edge. Further work is required in other areas to ensure that defined
measurement requirements will be met. Plasma diagnostics is a rapidly
developing field. Provided that the interfaces are designed and requirements for
necessary space and services for diagnostics are included in the machine layout,
there are advantages in delaying final detailed design so as to allow the latest
developments to be incorporated. Besides these provisions for detailed design of
interfaces with the machine, design and procurement of diagnostics should be
the responsibility of the Parties' laboratories in preparation of their physicists in
the ITER exploitation.
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6. Safety and Environmental analysis

6.1 ITER Safety and Environmental objectives
A central objective of the ITER EDA is to design ITER to operate safely and to
demonstrate the safety and environmental potential of fusion power. To this end
the ITER EDA include rigorous design and assessment activities to ensure the
safety and environmental acceptability of ITER and to ensure that ITER can be
sited in any of the Parties with a minimum of redesign to comply with specific
detailed regulations.

In this work, detailed safety-related design requirements have been established,
in consultation with the Parties' safety experts, based on internationally
recognized safety criteria and radiological limits following ICRP and IAEA
recommendations, and in particular on the ALARA principle. On-going
assessments are made to evaluate the success in meeting these requirements in
the facility, system, and component designs.

Comprehensive non-site-specific safety and environmental assessments of ITER
design and operation have been completed with the involvement of the Home
Team safety experts, and encapsulated in a Non-Site-Specific Safety Report
(NSSR). These assessments include:

• evaluation of public safety and operating personnel safety during normal
operation and in case of accidents;

• review of environmental impacts of ITER operations including
operational waste management and decommissioning.

The ITER design seeks to meet the safety and environmental objectives by
exploiting the inherent safety characteristics of fusion as compared with other
power sources and by following a design policy of defence in depth.

6.2 Fusion Safety Characteristics

The fusion reaction is self-limiting and bounded by plasma physics
characteristics. Stringent conditions for maintaining plasma burn mean that off-
normal events automatically shut down the fusion reaction. The quantity of fuel
in the plasma at any time is small. Moderate energy density and low radioactivity
decay heat density can obviate the need for an emergency cooling system and
allow time to intervene even in the hypothetical case that all cooling loops
would become inoperative. In addition, mobilisable inventories of radioactive
materials in ITER, tritium and activated metallic dust from plasma-wall
interaction or from corrosion by water coolant, are modest. Even in a
hypothetical situation of mobilising 100% of vulnerable inventory during the
most conservative assumed weather conditions, the ultimate performance of
confinement barriers in accidents needed not to require emergency evacuation of
the nearby population will be just one order of magnitude reduction (10% of the
inventory becoming unconfined), which can be compared with six to seven
orders of magnitude reduction for iodine and rare gas needed for fission power
reactors.
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Major components needed for the successful operation of ITER — the Vacuum
Vessel and Cryostat which are built to ultra-high vacuum standards —
intrinsically provide two confinement barriers for the mobilisable hazardous
materials.

The full realisation of fusion's potential safety advantages would require the use
of low-activation structural materials to limit the activation induced by the
neutron flux. However the development of such materials is not advanced
enough for use in the ITER design. In particular, near-plasma components will
typically have to use stainless steel and copper alloys. This leads to production
of activation products with higher decay power and longer half-lives than would
be desirable for use in a commercial fusion power plant. In normal operation,
decay heat is removed by the normal facility cooling systems. In case of system
failure the capability for passive cooling of the Vacuum Vessel means that, even
with no in-vessel cooling, maximum temperatures of in-vessel components will
not exceed the safe value of 500°C.

6.3 ITER Safety Design and Assessment

A high level of safety is incorporated into the ITER design. This is achieved by:
• a conservative engineering approach both for construction and operation,

including structures which are robust to static, seismic and transient loads
during operation and design margins in High Heat Flux components;

• defence in depth, using a multiplicity of barriers for the control of
hazardous materials. Maximum safety benefit is taken from equipment
already needed for operation, supplemented with additional confinement
features tailored to the nature of hazards in various compartments;

• multiple cooling systems available to remove decay heat, including a
passive heat removal for the plasma chamber which works in a natural
circulation mode;

• tolerance to failure of mitigating systems such as failure of vacuum vessel
and cryostat penetration line isolation and failure of the fast fusion power
shutdown system.

Conservative limits have been set for effluents and emissions during normal
operation following the internationally accepted criteria and the ALARA
principle. Environmental assessment of the design indicates that the ALARA
principle is well integrated into the design, i.e. releases are less than the
restrictive design guidelines set during normal operation including
maintenance. Similar restrictive design guidelines set for hazards to ITER
operating personnel have been integrated into the design.

To assess any potential public radiation exposures and the effectiveness of •
implementation of the safety requirements and functions in the ITER design
against potential accidents, a comprehensive analysis has been performed of
different reference events (along with multiple sequence variations) which,
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together, provide an envelope for all postulated initiating events and event
sequences. Event families considered include plasma events, loss of electric
power, coolant leakage inside the vacuum vessel, coolant flow decrease, coolant
leakage outside the vacuum vessel, loss of vacuum, accidents during
maintenance, accidents in magnets, accidents in the tritium system, etc.

ITER safety margins were also assessed by analyses of hypothetical event
sequences, which are accidents where additional failures are postulated in the
analysis leading to typical frequencies that would be less than 10~6/a. A safety goal
for the design is that, combined with the inherently favorable safety
characteristics and appropriate safety approaches, it should be possible by safety
analysis to show that for internal accident initiators, there would be no
reasonable technical justification for requiring an emergency plan involving
evacuation of the nearby population. This goal has been met using the
international guidance of 50 mSv early dose averted.

6.4 ITER Safety and environment - conclusions

ITER has an important role in demonstrating that the attractive inherent safety
and environmental characteristics of fusion are real and can be relied upon, in
fulfilling the safety potential of fusion. Safe operation of ITER itself will help
demonstrate fusion's general safety and environmental potential in areas such as
personnel exposure, effluent control, and machine control. Data gathered
though the progressive stages of operation will provide validation of safety data
and analyses. In addition, operational data and experience from ITER will
provide information on which to base the safety design of future fusion facilities.

The ITER design takes advantage of the inherent characteristics of fusion and
embodies strict safety and environmental principles and requirements, applied
conservatively. The comprehensive safety assessments performed by the project
have shown that the ITER design has successfully met all of the ITER safety-
related design requirements that were set with the involvement of the Parties'
safety Experts. Therefore, it is concluded that the design could meet the specific
safety-related requirements of any of the potential host countries with only
minor modifications required to satisfy specific local regulations. Moreover the
facility could be constructed and operated with a high level of protection of the
health and safety of the occupational work force and the general public, and with
minimal environmental impacts.

In summary, the NSSR shows that ITER can be constructed and operated
without undue risk to health and safety, and without significant environmental
impacts, thus demonstrating the favourable characteristics of magnetic fusion.
The analyses and assessments completed with the involvement of Home Team
experts offer a well-developed technical basis to start licensing applications with
regulatory authorities of potential hosts.
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7.1

Schedule and Cost Estimates

ITER Reference Schedules

The overall planning schedules for ITER construction, commissioning,
operation and decommissioning has been established as required by the EDA
Agreement. The plans are based technically on the design and its underlying
scientific and technical features. Implementing the plan will depend also on
many non-technical considerations such as the management and organisational
arrangements set up for construction and operation, the regulatory processes in
the host country and the host's policy on ITER decommissioning.

7.1.1 Conditions for start of ITER construction

It is assumed that ITER activities will continue after July 1998 in order to make
necessary technical, and other preparations for the siting/construction decisions
and to enable an efficient start of actual construction. Figure 7.1 summarises the
sequence of events foreseen during this interim period, the length of which is
not known at this time.

Figure 7.1 Initial Conditions for start of ITER Construction
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7.1.2 Construction and commissioning

The start of the actual construction on the site depends upon when site license or
construction license is issued by the regulatory authority at the Host Party and
which of them controls the start of physical work on site. It is assumed that the
Host Party will have made necessary preparations to allow the regulatory process
to proceed efficiently after the ITER construction/siting decisions. Other key
assumptions about the initial conditions at the start on construction on site
include:

• Preparations of contracts of equipment/material for the longest lead
items and critical buildings are complete including procurement
sharing among Parties so as to permit placing of critical contracts at
appropriate time;

• Site preparation will have been started earlier by the Host Party so as to
allow site excavation to start immediately;

• The organisation for procurement and construction team will have
already built up to take responsibility for the work without any hiatus.

The overall construction schedule that leads up to the first hydrogen plasma
operation is shown in Figure 7.2. It represents a reference scenario for
procurement, construction, assembly and commissioning of ITER. From the
start of construction, two successive periods of 48 months - the first to build and
have the tokamak building ready for operations, the second to assemble the
whole machine core - will be followed by one year of integrated commissioning.

Critical initial elements of the construction schedule are the procurement process
for the superconducting magnet coils and the excavation and construction of the
Tokamak Building. Limitations in current world production capacity for of
NbaSn and NbTi, make it necessary to purchase the strands from many suppliers
starting immediately after the construction agreement.

Once the Tokamak Building is prepared, the dominant feature of the schedule
becomes the tokamak assembly which follows a precise logic defined at this stage
at the level of about 17,500 separate operations. Assuming that other major
tokamak components such as the Cryostat, the Vacuum Vessel and other in-
vessel components are procured as planned, the overall critical path during
assembly remains linked to the TF, PF and CS coils manufacturing, delivery and
assembly.

All commissioning (integrated or otherwise) will be done according to a master
commissioning plan which is part of the overall schedule. As much as possible,
individual subsystem tests will be done before installation or before connecting
to other subsystems. Testing of the individual plant subsystems will start as soon'
as permitted by the corresponding assembly work. In the pit area, there will be
some overlap of assembly and commissioning to save time. Following
completion of assembly and sub-system tests, the integrated commissioning of
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the entire system will take place under CODAC control, including such items as
vacuum leak and pressure test; hydraulic test and wall conditioning; magnet cool
down and TF coil excitation; pulse without plasma.

At the end of this phase, the tokamak and all subsystems needed for hydrogen
operation will be ready for the first plasma at a time estimated at some nine years
from the start of on-site construction.

Figure 7.2 Overall Construction Summary Schedule
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7.1.3 Operations schedules

The ITER plant operation is divided into two phases, i.e. the basic performance
phase (BPP) and the enhanced performance phase (EPP).

The BPP is expected to last a decade. This phase is divided into Hydrogen Plasma
Phase, Deuterium Plasma Phase with limited Tritium use, and Deuterium-
Tritium Plasma Phase. As a plasma experimental facility, ITER operation starts
from the first plasma with hydrogen and the ITER machine will be fully
commissioned and operated with the full plasma current and the full heating
power with H plasma discharges. Then, as a nuclear fusion experimental facility,
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ITER will start nuclear commissioning by using D plasma discharges with
limited use of tritium; the full D-T operation will follow, leading to an extended
burn at full performance. The enhanced performance phase (EPP) is also expected
to last a decade with high availability operation.

ITER will be the first experimental fusion reactor — possibly the only one
foreseen to exist during most of its operation phase. Therefore its efficient and
careful use is essential. From this point of view, the operation schedule should
be as compact as possible. Commissioning should proceed as rapidly as possible,
but with adequate time devoted to identifying and fixing machine problems.

ITER operation should also make efficient use of the machine, by:

• Participation of remote experimental sites;

• Continuous operation, i.e. 3 shifts - 24 hours/day;

• Long operation cycle and a relatively long break, e.g. 10 days continuous
operation and 1 week break;

• A few months break per year for maintenance.

The plan for the Basic Performance Phase (BPP) is shown in Figure 7.3 below.

Figure 7.3 Plasma Operation Plan for the BPP
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In the first period of the BPP, no fusion reaction occurs, and ITER in-vessel
components are not activated and not contaminated by tritium. However, ITER
will be commissioned and operated with tokamak discharges with the same
electromagnetic characteristics as during active operation.
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In this 2!/2 year H-phase, a reference operational scenario is developed, i.e.
plasma current initiation, current ramp-up, formation of divertor configuration
and ramp-down. By the end of the phase, the maximum plasma current of
21 MA will have been achieved at the maximum toroidal magnetic field of 5.7 T
and about 100 MW of external heating power with a flat top duration of a few
hundred seconds. In addition, major scientific and technical aims for this period
include confirmation of the adequacy of heating power for the L-H mode
transition and initial study of transient phenomena such as disruptions or
vertical displacement events.

The total number of experimental pulses (ie excluding commissioning and wall-
conditioning pulses) foreseen during this period is about 2-3000.

The period also serves an important purpose in terms of pre-nuclear
commissioning. In parallel with H-phase operations, commissioning of the
remote maintenance system, tritium system and other additional systems is
completed. The final test of safety systems is also done. By the end of the phase,
ITER is ready to go to active operation starting with a short period of Deuterium
plasmas with limited Tritium use. The phase of full D-T operation is then
scheduled to last about seven years, including a few thousand hours of
operations during which ITER must address the issues of controlled ignition,
extended bum, steady-state operation and the testing of blanket modules.

Development of a reference scenario will "be intensively done as follows: by
optimizing plasma and increasing tritium fueling, fusion power and bum pulse
will be gradually increased and reference operation with fusion power of - 1.5
GW and flat top duration of -1000 s is planned to be achieved within the first two
years of this phase. In this process, the key topics will be investigated and
development of a reliable reference operation without severe disruptions and
vertical displacement events will be finalized.

Additional scenarios including steady state operation will also be studied for
future operation.

After developing a reliable operation scenario, series of experiments including
continuous operation for 3-6 days are planned mainly for engineering tests of
breeding blanket modules. Accumulation of average neutron fluence on the first
wall is planned to be about 0.3 MW a/m2.

At present, four tritium breeding DEMO relevant blanket concepts are planned in
the Parties' programme for testing in ITER, in addition to one for the breeding
blanket for the EPP of ITER to produce a large fraction of the tritium fuel. The test
programme requires installing the blanket test modules early in the BPP of ITER
operation, before the DT operation. ITER has assigned four equatorial ports
during the BPP for testing tritium breeding blankets. The tests foreseen on.
modules include the demonstration of a breeding capability that would lead to
tritium self-sufficiency in a reactor, the extraction of high-grade heat, and
electricity generation.
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During the BPP, all tritium will be supplied by external sources. For
commissioning of the tritium plant, several tens of grams of tritium will be
needed; it will be done in parallel with the hydrogen plasma operation in the
first 2.5 years. A small amount of tritium will be burned during the deuterium
plasma operation in the third year. The total tritium transportation per year will
be about 2 kg/year in the beginning of the DT bum period and about 6 kg/year in
the last year of the DT bum period. Assuming a 100 g transport tritium container,
there will be one shipment every 1-3 weeks.

For the EPP-Phase, the shielding blanket modules will be replaced by the breeding
blanket modules because external tritium resources are not sufficient for a
significantly higher fluence than that of the BPP. This process requires about 2
years. A tritium breeding ratio greater than 0.8 would be needed to provide about
1 MWa/m2 during 10 years operation assuming an external supply of about 1.5
kg tritium per year.

A detailed operational plan for the EPP has not been developed because it will
depend on the plasma performance and operating experience obtained during
the BPP. However, it is foreseen that there will be less emphasis on physics
studies, and more emphasis on optimization of performances and reliable
operation to produce high neutron fluxes and fluences, using the most
promising operational modes developed during the BPP.

7.1.4 Deactivation and Decommissioning

The ITER project policy is to ensure that there is a comprehensive radiological
characterisation of the entire facility at the end of operations and to provide a
feasible and flexible plan for the decommissioning of the ITER machine and
associated active components/plants which can be easily adapted to the suitable
decisions of the Hosts who will have full responsibility on this matter. The
present plan does not include the dismantling of the buildings and of the non-
active components (except, when applicable, for the ex-vessel components) nor
the disposal of wastes from decommissioning; these are matters for the Host to
decide.

The plan is based on the following general considerations:
1 The equipment, tools and expertise developed for remote handling and
maintenance during operations will provide a resource available at the end
of ITER operations which can be used efficiently for decommissioning
activities.

2 Items of internal equipment that cannot be re-usable within a period of
less than 100 years are to be removed and safely stored relatively early using
the available remote handling equipment and procedures, thus rapidly
reducing the radioactive inventory on site.
3 The remainder of the machine can be rendered safe and its radioactivity
allowed to decay over two or more decades before final dismantling and,
accordingly, disposed of or re-used.
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With this general framework, four main phases are foreseen. Phase 0 — de-
activation — which is assumed to be the responsibility of the ITER organisation,
is aimed at bringing the machine into a safe state soon after end of operations
using the facilities and consist mainly of the removal of all removable activity
(tritium) from the in-vessel components and of recoverable activated dust and
beryllium dust from the vacuum vessel using the existing remote handling
equipment. The phase will terminate with the handing over of the facility, fully
characterised, to the Host Country organisation in a ready-for-decommissioning
status.

The aim of phase 1 — in-vessel components dismantling — is to remove all in-
vessel components, i.e. blanket, divertor and backplate and all equatorial and
divertor port mounted systems. This work can be done using existing remote
handling equipment and procedures. Should there be a wish to minimise overall
decommissioning time or to enable early re-cycling or re-use of some
components, there is an option during phase 1 also to dismantle most ex-vessel
components. This work could be done in parallel to the in-vessel work but
would require some additional equipment and staff on site.

Phase 2 is a waiting period during which radioactivity will continue to decay in
the vacuum vessel. During this purely passive phase, site activities are reduced
to a bare minimum and consist mainly of vacuum vessel radioactivity
monitoring and maintenance of remaining plant systems and cranes to be used
for phase 3 activities.

Phase 3 would comprise the final dismantling of all remaining ex-vessel
components and disposal of ITER components. The main activity is the
removal of the toroidal field coils and dismantling of the vacuum vessel, by
remote handling, largely using components and plant which have been
maintained during phase 2.

The vacuum vessel activity decay and the requirements of the Host together
determine the length of phase 2. The minimum period (20-30 years from end of
operation) would obviate the need for special heavy additional shielding for
worker protection during vacuum vessel dismantling. A period of 50-80 years
would provide a time frame to allow reuse of all major materials except the in-
vessel components.

Table 7.1 summarises a possible overall schedule and phases for de-activation,
and decommissioning. The phase durations and activities can be modified to
accommodate the ITER Host Country organization requirements and constraints.

The plan offers a framework to help the Host Country organization decide when
and how to implement the ITER facility decommissioning, depending on the
financial, schedule, resources and/or any other priorities actually applicable at
the time.
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Table 7.1 Summary of ITER De-activation and decommissioning

Phase

0

Activity

De-activation

Description

a) removal of -mobilizable tritium and dust from the
machine using available techniques & equipment

b) classification & packaging of active, contaminated and
toxic material

Duration

- 3 months

THE ITER FACILITY IS HANDED OVER TO AN ORGANIZATION AT THE HOST COUNTRY
1

2

3

In-vessel
(and possibly
ex-vessel
components
dismantling)

Radioactivity
decay

Final
Dismantling
&
Disposal

a) removal of all the in-vessel components including the
backplate

b) Optional: removal of ex-vessel components

c) classification & packaging of active, contaminated and
toxic material
The vacuum vessel radioactivity is left to decay to a level
which allows extraction of vessel sectors into the tokamak
building (during phase 3) for size reduction & disposal.

Site activities are limited to safety monitoring and
maintenance of site equipment
a) removal of vacuum vessel sectors and their size reduction
by remote/seml-remote operations

b) removal of ex-vessel components (if not done in phase 1)

c) classification & packaging of active, contaminated and
toxic material

- 6.5 years

- 2 3 years

- 9 years
(6 years if b is
done in Phase
1)

7.2 ITER Construction Costs

7.2.1 Approach to construction cost estimates

The approach to cost estimating for the construction and commissioning of ITER
is based on the presumption that ITER will be constructed as an international
joint Project in which the participants' contributions will mainly be specific
systems or components contributed directly to the project. Estimates are based on
the results of detailed costing studies, undertaken by industrial firms throughout
the Parties, of all the ITER components and systems. The estimates have been
developed from the engineering designs following a "bottom-up" approach
which emphasises physical estimates (such as labour hours, material quantities,
physical processes, etc.) so as to ensure that the data are comprehensive and
coherent and provide a basis for evaluating results from different Parties.
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The cost estimating approach reflects the facts that:
• General economic conditions can vary widely over time with impact on

quoted prices for first-of-a-kind supplies;
• Economic conditions between Parties vary in ways that are not necessarily or

adequately reflected in relative monetary exchange rates;
• The overall ITER management approach and specific procurement and

contracting practices have not been determined and the host party has not
been selected;

• The aggregate costs that will be incurred in constructing and commissioning
ITER will depend greatly on how the responsibilities for specific
components are distributed between the different participants, and on the
procurement policies pursued by each.

In these circumstances, the approach focusses on establishing an evaluated cost
estimate which normalizes the industrial estimates from the Parties. The full
scope of ITER is costed using itemized material and component pricing; this
approach provides for consistent comparison of estimates over the duration of
the ITER collaboration. Manufacturing/installation costs are arrived at using
uniform explicit assumptions about the costs of the main categories of industrial
labour and industries' estimates of labour productivity. The approach allows the
Parties, jointly, to appreciate the full cost of ITER and the relative contributions
that each might make to building ITER and, individually, to estimate from
underlying physical data the absolute costs that each might expect to incur in
providing a given contribution.

7.2.2 Industrial Studies of procurement packages

In order to elicit the basic data for ITER cost estimates, about 80 so-called
"procurement packages" have been developed to cover all the elements of the
project Work Break-down Structure (WBS). Each package is defined at a level
consistent with a plausible procurement contract and comprises comprehensive
information, including the functional requirements, detailed designs,
specifications, interfaces and other relevant data that would be needed by
potential suppliers in order to prepare for contract quotations, eg the proposed
split of responsibilities between supplier and customer and the necessary QA
arrangements.

Industrial companies or large laboratories with relevant experience were invited,
through the Home Teams, to generate from the Procurement Packages, their best
estimates of the costs of supply, assuming that all information necessary to
support procurement would be available on schedule. To allow review and
comparative evaluation of the estimates, the participants were requested to
provide detailed supporting data according to standard costing formats and to
detailed descriptions of the potential deliverables. Responses were provided from
the industries of two or more Parties for all the major ITER systems. The
information thus generated offers a comprehensive data base for cost analysis,
comparison and evaluation.
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In consultation with the Home Teams concerned, the data were subjected to
detailed analysis and comparison to check for consistency and completeness and,
as far as possible, to identify and eliminate anomalies. Where multiple estimates
were provided these were evaluated in detail and compared to identify missing
items, possible misunderstandings and opportunities from design or process
improvements to achieve cost reductions. When necessary or possible, the
estimates were discussed with industrial staff concerned to gain a thorough
understanding of cost considerations.

As a result of the detailed JCT review and interaction with industry, many
improvements were made in the estimates to assure the resulting JCT cost
estimate was consistent with the technical -design requirements. In some cases,
industries suggested changes to reduce costs; these were considered and, where
feasible, the cost saving changes were made. Thus, in addition to providing
reliable cost estimates, the procurement package costing exercise also served to
enhance understanding of and to validate the manufacturing processes foreseen.

After analysis of the proposals from the different Parties for amounts of tooling,
material quantities and labour hours to manufacture each identified item, the
JCT has established its assessed numbers for these cost driving elements and,
using the above-mentioned lists of standard materials prices and labour costs, has
derived an "evaluated cost estimate" for each identified item. Summing all
items per procurement package, the JCT provides through this methodology a
credible normalised cost for each package, based on the industrial responses and
which has been reviewed by Experts from the four Parties. Because this detailed
"evaluated cost estimate" clearly defines itemized quantities and manufacturing
manhours, this aids the "design to cost" and, later, the "manufacture to cost"
approaches by which design/process changes are made to maintain costs within
the budgetted amount.

7.2.3 Summary of Construction Cost Estimates

The evaluated construction cost for ITER is estimated at 5460 klUA including an
allowance for indeterminates (a small number of necessary items whose design
has not reached the level of detail needed to make a cost estimate). Allowing for
inflation to mid 1997 money values, the figure 5460 klUA is equivalent to about
7210 M$, 6550 MECU, 787,000 M¥ or 41,000 MRb (new).
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A summary breakdown of the total figure to main areas is shown in table 7.2.

Table 7.2 Summary Breakdown of ITER construction cost estimates

Components/Systems

Magnets and structure

Vacuum vessel, blanket and divertor

Cryostat, cryoplant, fuelling, pumping and heat transfer

Power supply, control and diagnostics

Additional heating and current drive

Buildings and other structures

Assembly and remote handling tools

Total

klUA

1807

847

666

599

3631

874

304

54602

% of total

33

15

12

11

7

16

6

100

1) Based on 50 MW each of Neutral Beam and ECH heating- the most costly combination of options.

2)Total excludes:

- Costs from variations of the site characteristics from the ITER Site Requirements and Design Assumptions;

- Items assumed to be provided by the Host such as land, infrastructure, and utility services to the site;
- Items that can be deferred into the Operations Phase because they are not needed before, and/or can be

optimized according to the initial operating results. (-4% of total)

Table 7.3 below shows comparisons with estimates of ITER construction costs in
the CDA report and in previous milestone reports.

Table 7.3 ITER Construction Cost Estimates (klUAs)

Construction Costs
including Allowance for
indeterminates (AFI)
AFI
Cost Uncertainty

CDA

4900

-
+ 700

ODR

5600

-
+ 933

IDR

5850

270
(+770/-800)

DDR

6000

240
(+670/-900)

FDR

5460

47.4
+ 240/-240

The present estimates are broadly consistent with those provided previously.
Because they have been obtained "bottom-up" by building a cost from detailed
estimates to obtain/manufacture subcomponents according to an available
detailed design, the estimates are complete and well founded on industrial
expertise. Differences in estimates at the level of individual components result
mainly from fact that the greater level of detail about the design, specifications
and manufacture process contained in the procurement packages have enabled
industry to estimate in more realistic conditions. As recognized by Experts from
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the four Parties, who have reviewed the details of the component/systems
costing which support these estimates, they are not intended to be the lowest
values which could be obtained, keeping the same technical specifications.

Moreover the cost estimating process, with its focus on industrial estimates for
realistic procurement packages, has also helped to validate the design of the main
components from the point of view of manufacturability.

For ITER construction they represent the most credible cost estimates, given the
present uncertainties on ITER Construction Management, Siting and Cost
sharing. Within the figures, there is still room to achieve substantial savings in
some areas already identified through more feedback with industry on design
and optimising of manufacturing processes, to offset possible areas of cost
increase, thus providing confidence that the global cost estimate is robust to
normal estimating variations. Thus, during construction, it should be necessary
only to provide access to a reserve, under the control of the Parties' supervisory
bodies, for force majeure problems such as failures, unrecoverable losses, possible
regulatory delays, etc which are outside of the responsbility of ITER management.

The estimates comply with the cost objective established for ITER at the start of
the EDA.

7.3 Other costs during construction

The structure of the construction organization, and the manner of contracting
and of managing contracts is not known. For costing purposes it is assumed that
the management and engineering structure to support construction will be
progressively operational after the presently envisaged extension of the EDA and
will comprise:

• a core management group to act as the overall project/construction
manager.

• a "central" engineering group to follow the technical tasks related to the
procurement, manufacturing, delivery and installation of the major
systems/components.

• a "management" group in each Party with planning, legal, and
administrative staff,

• professional engineering group in each Party to support the procurement
and commissioning of systems contributed to the Project

• support personnel for the core management (mostly administrative), for
the central engineering group (mostly CAD) and for the management and
engineering organizations of the Parties.

The total number of professional staff years that would be involved in
construction management/engineering support and procurement activities
(including identification and support of R&D performed during construction)
would be about 2600 for a construction period of about eight and a half years, in
line with the reference construction schedule. The distribution of these staff
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between Parties would largely depend on the relative contribution of each to the
construction.

In addition to personnel costs, some R&D will be required during the period of
construction, even after the EDA extension, for instance because process changes
or unexpected difficulties during manufacturing of components require new
tests. In addition, further R&D will be required to prepare for the EPP. It is
prudent to expect a spending in R&D of 150 klUA during the construction period.
Total estimates and comparisons with previous estimates are shown in Table 7.4
below.

Table 7.4

Construction
Management/
Support
R&D

Other Costs During Construction (klUAs)
CDA

800

300

ODR

not given

not given

IDR-DDR

800-900

300

FDR

780

150

7.4 Estimated Operating Costs

Operating costs for FTER include the following items:

• Project Personnel and Overheads;

• Energy Costs and Fuel Costs during operations;

• Spare Parts and Materials/Capital Improvements;

• Operational Waste Management.

Some of the above costs are related directly to the usage the machine receives,
whereas others depend directly on the project duration. The estimates of the
above costs are based on the reference operation scenario for the device.

7.4.1 Project Personnel and Overhead

Direct personnel costs and related costs including the costs of extra personnel
brought in from time to time to aid in maintenance of the device, for example,
are costed assuming an average level of 300 professional staff at 300 IUA per PPY.
This cost is typical of a support ratio between professionals and support technical
staff of roughly 1:2.

The estimate excludes visitors to the site to conduct experiments
(experimentalists or theoreticians) whose costs are assumed borne by their home
laboratories.

7.4.2 Energy and fuel costs

Electric power costs, which include the power required for pulse operation and
energy consumption during various levels of standby/maintenance of the
machine, depend on aspects of the load time profile and on the characteristics of
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the national electricity network of the host site. The cost estimates are derived
from simplified technical estimates of main parameters of electricity demand
evaluated through an assumed charging system based on actual experience.

During ITER operation, the between-pulse energy consumption, given the
expected availability of the machine, is expected to be the main driver for the
electricity costs, which depend on the conditions of the Host Country, except for
the high fluence EPP scenarios (higher availability and long flat top steady state
pulses) when the energy consumption during pulse may dominate.

Fuel costs include deuterium and tritium burnt during operation, plus that lost
by decay, during plant operation, of the inventory (taken as 3.5 kg here). A
specific cost of 2 IUA/kg for deuterium is used. There is no market for tritium for
the quantities required, and thus tritium may have little or no monetary value.
Nevertheless a largely hypothetical 10 klUA/kg for tritium purchased off-site is
used. The total tritium consumption should be compatible with external
resources, which are evaluated to be about 50 kg during the project life.

7.4.3 Capital improvements, spare parts, maintenance costs

Considering all the various ITER systems, the required annual maintenance cost
is estimated to be 2.5% of the initial investment, about 125 klUA/year. To these
costs should be added investments deferred initially to operation costs and the
following large identified cost items : Plasma Facing Components of the divertor
will be replaced 5 times [twice in Basic Performance Phase, 3 times (including
initial installation) during Enhanced Performance Phase] and that the shield
blanket will be replaced with a breeding blanket during a two years shutdown at
the start of the Enhanced Performance Phase.

7.4.4 Waste disposal costs

The total cost of waste disposal during the life of the project amounts to about 20
klUA, including one first wall shield (-300 m3) and 5 divertor exchanges (high
heat flux components, -100 m3), i.e., less than 400 m3 in total.

In total, the operating costs of ITER amount to an average of 350 klUA/year with
years of significant capital improvements being higher, divided roughly as 1/4-
for staff, 3/16 for power, 1/16 for tritium supply, and 1/2 for capital
improvements /maintenance costs.

7.5 Decommissioning costs

Estimated decommissioning costs are based on the decommissioning policy and
illustrative schedule outlined in section 6 above. Even if the Host Party may'
consider other options, the global cost to be borne will not change drastically so
long as a full dismantling of the machine is not required before the vacuum
vessel activity has decayed substantially.
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Because of the remote maintenance implemented during operation, the ITER
facility offers initially the tools and equipment, procedures, (and possibly trained
staff to work under the responsible organisation), to accomplish the
decommissioning operations. Use of this capacity will keep decommissioning
costs down.

The manpower estimate is based on the requirements for the dismantling of the
main active parts of the ITER facility only. The non-active parts are not
considered, because their residual values are expected to be higher than their
dismantling costs (excluding buildings).

For the technical operations described with their schedule, the integrated work
force over 13 years (phase 0 + phase 1 + phase 3) amounts to about 2 500
manyears. In addition, it is assumed that new hardware may be required to
replace a few aging tools, to procure new needed ones and to enhance the Hot
Cell radwaste processing efficiency. One third of the manpower cost is put as an
AH , as noted in previous experience.

Other costs (dependant on the Host country) are not included in the present
estimate:

• radwaste disposal;

• components and facilities salvage value after dismantling where
applicable (e.g. materials below "clearance");

• Site restoration;

• Financing related costs, if spending is made at a later stage.

Under the assumptions and limitations listed above, the estimated cost of
decommissioning amounts to 300 kTUA, 225 klUA for manpower costs and
75 klUA for possible hardware costs.

Table 7.5 summarises the estimates of operating costs as they have developed
over time.

Table 7.5 Operating/Decommissioning Costs (klUAs)

Operating Costs
(annual)
Decommissioning
Costs (total)

CDA

390

excluded

TAC4

not given

not given

IDR-DDR
350-400

300-900

FDR

350

300
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8 Conclusions

1 This Report is the culmination of almost six years' design and supporting
technical work by the llbR Joint Central Team and Home Teams under the terms
of the ITER EDA Agreement.

2 As required by the Agreement, the design constitutes a complete description
of the ITER device and of its auxiliary systems and facilities. All outstanding
design issues have been settled except for any adaptations that may be required to
accommodate the design to specific characteristics of the site to be chosen for ITER.
Detailed designs exist for the components of ITER and the coherence of the parts
with the whole is established. Specifications are being prepared to allow the
immediate call for tender for long lead-time items that would be needed upon the
start of ITER construction, if and when so decided.

3 The design has been validated by wide-ranging physics and engineering
work, including detailed analyses, experiments in existing fusion research
facilities, and dedicated technology developments and tests. The assessment of the
ITER Physics Basis draws on extrapolations from the databases of current
experiments and advanced modelling calculations and concludes that ITER can be
confidently expected to meet the programmatic and detailed scientific and
technical objectives set for it under the terms of the Agreement. Unavoidable
uncertainties remain in the extrapolation of performance from current experience
to the ITER size and parameters; these can only be fully resolved through
experiments at ITER scale. But the provision^ up to 100 MW of auxiliary heating
gives assurance of achieving about lMW/m2 of 14 MeV neutrons within a wide
range of uncertainties, in order to meet the required levels of neutron flux and
fluence. Within the ITER framework, the Parties continue to conduct well-
focussed physics investigations which strengthen further the physics database,
reduce the ranges of uncertainty in extrapolation and explore wider options for
possible ITER operation.

4 The non-site specific safety and environment report (NSSR) provides a
comprehensive assessment document which indicates that ITER will meet the
objective of demonstrating the safety and environmental potential of fusion
power. The NSSR is a generic report which has been developed so as to be readily
extended to meet the specific regulatory needs of possible host Parties. Such an
extension remains to be done, in consultation with the relevant authorities of
potential host Parties.

5 Technology R&D has focussed on key issues arising from the developing
system designs, in particular through the establishment of large, integrated R&D
projects aimed at establishing and qualifying the applicable technologies and,
manufacturing techniques, including QA, and the subsequent building and
testing of large/full scale models and prototype components of the ITER tokamak.
These projects are now entering their concluding stages for the purpose of
confirming performance and understanding operating margins. Some are
foreseen to continue thereafter in order to broaden operating experience.
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Assessment of results to date indicates, from an engineering and technology point
of view, that the design is feasible, that it can be manufactured to specifications
and that it will be capable of meeting its operating objectives.

6 A planning schedule for ITER construction and commissioning, operations
and decommissioning has been developed. Given appropriate preparations,
construction is expected to last about 9 years from the start of on-site construction
until first plasma. Detailed operating plans have been developed for a ten year
basic performance phase (BPP) focussed on issues of controlled ignition, extended
bum, steady-state operation and the testing of blanket modules. An enhanced
performance phase (EPP) of operation during the following decade would
emphasise improving overall performance and carrying out a higher fluence
component and materials testing programme. The decommissioning plan
provides for safe deactivation and dismantling and removal of the ITER
components and auxiliary systems over a timespan to be determined largely by the
authority that would take responsibility for these activities.

7 A comprehensive set of project cost estimates has been established, based on
studies by the Parties' industries of procurement packages for the supply,
fabrication and assembly of all the ITER systems/components. By focussing on
plausible potential contracts, the costing study itself strengthened understanding
of production and manufacturing process foreseen in the design. The evaluated
cost estimates resulting from analysis of the data provided from the Parties are
expressed in a form appropriate to possible joint construction in a collaborative
framework. Total costs for constructing ITER are estimated at 5460 klUA (- 7210
M$, in mid 1997 money values) .for direct capital costs plus 780 klUA for
construction management/support and 150 klUA of R&D during the construction
period. Yearly operating costs average about 350 klUA. The overall estimated costs
comply with the general cost constraint set at the start of the EDA and remain in
line with previous estimates.

8 The delivery of this milestone report, with the volumes of detailed
supporting technical information now available, marks the achievement of the
full technical scope of activities indicated in the ITER EDA Agreement, with a
design which meets the scientific, technical and cost objectives agreed at the start
of the EDA. As set out in the Purpose of the Agreement, the Parties have at their
disposal a detailed complete and fully integrated engineering design of ITER and
all technical data necessary for future decisions on the construction of ITER. The
design and supporting documentation are at levels of maturity and detail that
would readily justify, on technical grounds, a decision to construct ITER.

9 In the absence of a site decision which was not foreseen in the Agreement,
the design is generic and will need adaptation to the actual site and to the.
regulatory environment of the Host country. Finalisation of the ITER design will
depend upon specific characteristics of the site at which it will be built and on the
regulations that would apply. In the absence of such information, the design has
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used a set of Site Design Requirements and Site Design Assumptions agreed
among the Parties to ensure that ITER is potentially acceptable in the territory of
any one of them, given the necessary site-specific adaptations. The next logical step
for ITER is to characterise sites in possible host countries so as to assess and to
undertake the necessary design adaptations and to align the safety and
environmental assessments with the particular requirements of potential host
countries.

10 The ITER project has so far been an unprecedented and successful model of
international co-operation in science and technology in which all participants
benefit not only from the technical results but also from the broadening of
capability that comes from exposure to different approaches to project organisation
and management. The effective and efficient modes of co-operative, focussed
research in physics and technology should continue in order to yield further
advances in shared understanding and expertise. At the same time, preparatory
organisational and administrative activities could be undertaken with the aim of
enabling an efficient start of ITER construction if and when so decided.
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Final Design Report, Cost Review and Safety Analysis
Distributed Supporting Documentation
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II. Achievements
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61



Detailed Design Descriptions

ITER Plant System
Integration Report

ITER Parameter Set
Design Description
Documents (DDD)

1 ITER Plant Basic Configuration
2 Plant General Layout
3 Plant Operation Sequence
4 Functional description of the Plant Systems
4.1 Plasma Confinement and Control
4.2 Water Cooling System
4.3 Fuel cycle
4.4 Cryogenic Heat Removal System
4.5 Vacuum
4.6 Electrical Pulse Power System
4.7 Confinement Systems
4.8 Tokamak Integrated Structural System

1.1-1.3 Magnets
1.5 Vacuum Vessel
1.6 Blanket System
1.7 Divertor
1.9 Plasma
2.1 Machine Layout
2.2 Machine Assembly and Tooling
2.3 Remote Handling Equipment
2.4 Cryostaf '
2.6 Tokamak Cooling Water Systems
2.7 Thermal Shields
3.1 Vacuum Pumping and Leak Detection Systems
3.2 Tritium Plant
3.4 Cryoplant & Distribution
3.5 Heat Rejection System
4.1 Coil Power Supply & Distribution
4.2 Additional Heating Power Supplies
4.3 Steady State Electric Power Network
4.5 Supervisory Control System
4.6 Interlock System
4.7 Poloidal Field Control
5.1 ICH &CD
5.2 ECH&CD
5.3 NBH &CD
5.4 LHH&CD
5.5 Diagnostics
5.6 Breeding Blanket Test Module
6.2 Buildings
6.4 Radiological Protection
6.5 Liquid Distribution System
6.6 Gas Distribution & Compressors
6.8 Plant Sampling System
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ITER Nuclear Analysis
Report

Material Assessment
Document

I. Introduction
II. Radiation Design Limits
III. Analytic Methods of Radiation Shield Design
IV. Radiation Transport Codes and Nuclear Data
V. ITER Nuclear Parameters
VI. One-dimensional Analyses
VII. Two-dimensional Reactor Analyses
VIII. Three-dimensional Reactor Analyses
DC . Radiation Maps
X. Water Activation Analyses
XI. Miscellaneous Analyses
XII. Uncertainties
Xm. Observations and Conclusions

1. Structural Materials
2. Plasma Facing Materials
3. Manufacturing Process Coating
4. Repair Technologies
5. Plasma-Wall Interactions

Handbooks, Manuals, Standards
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Material Properties
Handbook

Overview of ITER
Structural Design Criteria

Structural Design Criteria
for In-vessel components

1 - ITER Quality Program
2 - Quality Classification
3 - Procurement Quality Specification

Engineering properties of materials used in ITER and
materials studied in ITER EDA, including:
Austenitic steels, Ferritic steel. Copper and copper
alloys, Inconel 625, Incolloy 908, Vanadium alloy,
Titanium alloy
Beryllium, Tungsten, CFC

1. Introduction
2. Basis and Summary of criteria
2.1 Superconducting coils and structure (SCCS)
2.2 Vacuum Vessel (W)
2.3 In-vessel components: blanket and divertor
2.4 Cryostat
2.5 Tokamak heat transport systems
2.6 (etc. for other component groups)

Details of structural design criteria, presently
written only for in-vessel components, including
effects of irradiation on material, high temperature
rules (TBD), and multi-layer materials (TBD).

Appendix A. Material design limit data

Appendix B. Guidelines for analysis, in-vessel
components

Appendix C. Justification of design rules, in-vessel
components
Appendix D. Guidelines for design by experiments,
in-vessel components (TBD)..
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ITER TECHNICAL ADVISORY COMMITTEE
Thirteenth Meeting -TAC-13

12-16 January, 1998
San Diego Joint Work Site, USA

REPORT OF TAC-13 MEETING

1. INTRODUCTION

The ITER Council requested the Technical Advisory Committee (TAC) to conduct
a thorough review of the technical documentation for the ITER Final Design Report
(FDR). The TAC review was based on the draft, "Technical Basis for the ITER Final
Design Report, Cost Review and Safety Analysis," which was issued by the Director on
20 December 1997.

In addition to the technical documentation for the FDR, a complete set of Design
Description Documents (DDDs) was made available at the meeting. A draft of the
second version of the Non-Site-Specific Safety Report (NSSR-2) was also made
available.

Twelve TAC members, eighteen invited TAC experts and all four Home Team
Leaders participated in the review. A total of forty-three presentations were given by the
Joint Central Team (JCT) and Home Team staff.

2. OVERALL ASSESSMENT

The purpose of the ITER Engineering Design Activities (EDA) has been to
produce a detailed, complete, and fully integrated engineering design of ITER and all
technical data necessary for future decisions on the construction of ITER.

In the TAC's view, the work that has been carried out during the EDA and is now
nearing completion fulfills this purpose.

The detailed technical objectives of ITER are:

- to demonstrate controlled ignition and extended bum with a pulse duration of
at least 1,000 seconds;

- to aim at steady-state plasma operation using non-inductive current drive;
- to demonstrate technologies essential for a reactor in an integrated system,

for example superconducting coils and remote maintenance;
- to test plasma power and particle exhaust;
- to test concepts for a tritium breeding blanket;
- to demonstrate the safety and environmental potential of fusion.
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In the TAC's view, the present ITER parameters and overall design are adequate
to fulfill all of these technical objectives.

The ITER design has evolved from the Outline Design, through the Interim and
Detailed Designs, to the present Final Design, with successive improvements at each
stage. As a result of these improvements, the TAC concludes that the present design
provides a robust mechanical structure for the magnets and other components, efficient
remote maintenance procedures, adequate plasma power and particle exhaust, and
flexibility to accommodate a range of optimized plasma configurations.

The EDA has included an R&D program aimed at confirming the design and
establishing manufacturing methods for all major components. In the TAC's view, the
R&D results are now sufficient to qualify the major design choices, but final confirmation
requires completion of the full committed EDA R&D program.

The ITER EDA has served as a stimulant to the world tokamak program,
focussing expenmental and theoretical efforts on key issues of reactor tokamak physics.
Confidence in the performance of the ITER plasma has been increased, both by major
advances in physics characterization and understanding and by appropriate
modifications of the design, where necessary. In the TAC's view, the physics operating
range at full performance in ITER is acceptable, although modest; the operating range
will continue to broaden assuming sustained flow of relevant information from a strong
world tokamak program.

In the TAC's view, the demonstration of the safety and environmental potential of
ITER has been effectively achieved; this is a result of importance for any future fusion
reactor.

An additional objective of the EDA has been to maintain the cost within an
agreed range of the CDA cost estimate. The estimated construction cost of ITER has
now been established through detailed and comprehensive costing of procurement-like
packages by industries of all four Parties. The costs of operation and decommissioning
have also been estimated. In the TAC's view, the estimated construction cost is valid,
and it remains within the range agreed at the start of the EDA.

The TAC commends the Director, the JCT and the four Home Teams for
producing design documents and accompanying technical data that are impressive both
in technical quality and depth of detail. In the TAC's view, the ITER FDR documentation
is superior to what has existed at a comparable stage of previous projects.

In the TAC's view, the ITER design and the accompanying technical data would
be sufficient to allow a construction decision to be taken immediately after the presently
scheduled end of the EDA.
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3. PHYSICS

3.1. Physics Overview

Confidence in the performance of the ITER plasma has been increased, both by
advancement of physics understanding and by design modifications. The world tokamak
program has produced improved projections of confinement, stability, disruption
characteristics, and power and particle control. The TAC-11 recommendations for a
more flexible poloidal field system, ripple reduction by ferromagnetic inserts, and
inclusion of error-field reduction coils have been adopted.

The voluntary ITER Physics R&D effort, very efficiently coordinated by the
Parties and the JCT, is now in full swing. It has already produced crucial results which
provide the basis for today's confidence that ITER will achieve its objectives of
controlled ignition and extended burn. The TAC recommends that the momentum of this
integrated world-wide effort be sustained, bringing with it additional information to
confirm further the physics basis for ITER and to increase the versatility of the device.

3.2. Physics Basis for Plasma Performance

ITER will operate in a sawtoothing ELMy H-mode regime in a single-null divertor
configuration with small quantities of recycling impurity to promote pre-divertor radiation
cooling. Three issues impact directly on the achievable plasma performance:
confinement, operation limits and divertor physics.

3.2.1. Confinement

Quasi-stationary ELMy discharges with ITER-like plasma geometries have now
been demonstrated in all major divertor tokamaks; important new confinement data has
recently been provided from C-Mod, JT-60U and deuterium-tritium (D-T) shots in JET.
An extensive data-base specific to this regime has been assembled, and a scaling law
has been derived which confirms earlier estimates for the confinement projection to
ITER. Reformulation of this scaling in dimensionless variables supports the gyro-Bohm
scaling, which is favorable to ITER. Reliance on local transport models for predicting
ITER energy confinement would be premature until the results of these models
converge among themselves and are more fully tested against experiments.

A new data-base of density and temperature for the H-mode pedestal has been
assembled, and preliminary analysis shows favorable scaling for ITER.

Recent D-T experiments on JET have shown a favorable isotope dependence of
the L-H transition power threshold scaling. More accurate predictions of L-H and H-L
transition power thresholds and confinement near the threshold will be available from
ongoing experimental programs.
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3.2.2. Operation Limits

The beta limit in ITER may be determined by "non-ideal" effects, e.g.,
neoclassical tearing modes. However, confidence in ITER's performance was reinforced
by the JET achievement of plasmas with beta-normal values of 3.0 (40% above the
nominal ITER value) in low-collisionality regimes without sawteeth. Furthermore,
electron cyclotron current drive is still expected to be a key knob to suppress the
neoclassical tearing mode, if it should occur in ITER.

If operation is constrained by the Greenwald density, by processes which are not
physically understood, this would restrict ITER's projected fusion power. However,
H-mode operation above the Greenwald density has been achieved in ASDEX and
Dlll-D. High-field-side pellet injection is now included in the ITER design. Alternatively,
deeper fueling in ITER may be possible by compact toroid injection.

3.2.3. Divertor Physics

Achievement of detached and partially-detached plasma modes in many
tokamaks and the simulation of such modes of operation with divertor codes have
relieved previous concerns about power and particle control. Applying these codes to
ITER results in reasonable target power loads and sufficient helium exhaust for the
expected cross-field transport and edge densities.

3.3. Plasma Operational Regimes

A substantially enlarged operational space (fusion power Pf, confinement
multiplier HH, density relative to the Greenwald value n/ncw) has been delineated for
both the ignited and driven scenarios, which will facilitate performance optimization and
which increases confidence that ITER can achieve its performance objectives. The
machine design has been shown to be capable of allowing plasma currents as high as
24 MA, which allows full-power ignited performance below the Greenwald density. Since
ITER appears to be able to produce and control reversed-shear plasmas for achieving
steady state, experiments in current devices should focus on establishing long-pulse
high-beta reversed-shear regimes with high-confinement.

A parametric divertor geometry study performed with two-dimensional edge
codes shows that a slot-like divertor (long dome) results in a high peak power loading
on the divertor targets. The dome size has been optimized balancing the target power
load and the need for reducing the neutral flux into the plasma near the separatrix
X-point.

Ferritic inserts to reduce toroidal field ripple substantially improve energetic
particle confinement, with only minor impact on start-up, plasma control and non-
axisymmetric error fields. Experimental validation of their effectiveness in current
devices is desirable.
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3.4. Plasma Disruptions

Very significant progress has been made in compiling a comprehensive data-
base for halo currents in tokamaks, and key new data from large tokamaks such as
JT-60U and JET have been recently added. The data have made it possible to establish
a design basis for halo-current magnitude and toroidal asymmetry in ITER. However,
further investigation would be useful to clarify the indication that large tokamaks have
somewhat lower halo current fractions and asymmetries than medium and small-size
tokamaks. Major progress has also been made in applying two-dimensional
(axisymmetric) dynamic equilibrium-evolution codes to predict the details of halo current
evolution and distribution in ITER's in-vessel components. However, development and
validation of a capability to predict three-dimensional equilibrium effects (i.e., toroidal
asymmetry of halo current) remains a continuing topic for research.

The importance of production of runaway electrons during disruptions in ITER
has been recognized. Further study is necessary on means of suppressing the
generation of runaway electrons, and on the decay of the runaway electron population
in fluctuating magnetic fields during plasma disruptions. Further experiments and three-
dimensional modelling of vertical-displacement-events (VDEs) are required to
understand the effects of magnetohydromagnetic (MHD) activity on runaway electron
confinement.

3.5. Plasma Measurement and Diagnostics

All measurement requirements for the operation and evaluation of plasma
performance are included in the diagnostic list, but further design, R&D and coordination
with the ITER experimental program are necessary to establish the final measurement
capability. There is concern that in some areas (e.g., current profile and alpha-particle
density) the target measurement specifications will not be met. New techniques to
address some of the difficulties will hopefully be developed in the ongoing experimental
programs.

4. MAGNETS AND EX-VESSEL SYSTEMS

4.1. Magnets

The mechanical structure of the machine is an integrated structure formed by the
twenty toroidal field (TF) coils bucking against the central solenoid (CS) and connected
by an intercoil structure. This system supports the nine poloidal field (PF) coils external
to the TF-coils, the vacuum vessel and the in-vessel components. This integrated
structure reacts the forces arising from interaction with the plasma and from seismic
events.

4.1.1. Design and Analysis

In the TAC's view, the magnet design is well advanced and provides an adequate
response to the objectives of the EDA.
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The layer-wound monolithic niobium tin (Nb3Sn) CS has been confirmed as the
right solution, and in combination with nine PF coils, now all in niobium titanium (NbTi),
is adequate in assuring the needed flexibility in plasma control.

In the TF coils, the inner joints have been eliminated. A double-pancake solution
has been adopted, which decreases the total number of joints by 50%, although at the
expense of a more complicated manufacturing process. The nuclear heating in the TF
coils has been determined through a detailed three-dimensional calculation, and the
value has been found to be lower than previously assumed in the TF-coil case and to be
negligible in the superconducting material.

From the extensive stress analysis performed, the mechanical structure formed
by the cases of the TF coils, the intercoil structure, the crowns and the bucking cylinder
around the CS appears well validated.

The behavior of the interface between the CS and the outer cylinder has been
investigated, and a sensitivity analysis with respect to the influence of the friction
coefficient has been performed, demonstrating that the shear stresses in the CS are
acceptable over the range of friction coefficient values expected during the life of the
machine.

4.1.2. R&D Program

The R&D on the magnets is well underway. The manufacturing process for the
cable-in-conduit conductor has been demonstrated in the framework of the model-coil
manufacturing.

The previously established procedure to avoid oxygen-induced crack formation in
Incoloy conductor jackets (Stress-Accelerated Grain Boundary Oxidation, SAGBO) has
been shown to be adequate.

Full industrial qualification of the jacket-welding procedure and joint manufacture
remain to be completed.

Model coil production is in an advanced stage.

Tests of the model coils is considered to be a prerequisite for proceeding to the
manufacture of the real coils, as recommended in the TAC-12 report.

Development of the NbTi conductor for the PF coils and joints should be pursued.
Test of a NbTi insert coil in the CS model coil might be opportune.

4.2. Cryostat and Thermal Shields

The design of the cryostat and the vacuum vessel pressure suppression system
has been successfully developed. Primary progress has been the specification of the
shape and main dimensions of the cryostat access ports and penetrations, and
completion of a comprehensive structural analysis, including buckling and seismic
effects.
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The design of the thermal shields is well underway and will be completed before
the end of the EDA.

4.3. Power Supply

The design of the power supply has progressed to an adequate definition stage.

The R&D results on vacuum breakers, disconnecting switches and thyristor
rectifiers have so far validated the proposed power-supply schematic. Additional results
are still to be produced, in particular concerning the combined parallel operation of
bypass switches and vacuum breakers and development of pyrobreakers for the CS
power supply. Testing of this system, in real operating conditions, would be desirable.

4.4. Cryoplant

Design progress has focused on the interface between the essentially-
steady-state cryoplant and the magnet system (and other cryogenic systems) which
produce pulsed heat loads. The design solutions adopted and the sizing of components
are, to the greatest practical extent, based on existing industrial practice in large
cryoplants.

Further work will include more detailed analysis of the different operating modes,
including cool-down, warm-up, normal operation and stand-by condition, as well as coil
quench and quench-recovery scenarios. The design of the cryoplant appears sound.

4.5. Neutral Beam Injection

The design of the neutral beam system has progressed to a level where the TAC
now has confidence that the neutral beam system will meet the performance
requirements and can be maintained in the ITER environment. The present design
forms a good basis for resolving concerns about error fields and radiation-induced
conductivity in the pressurized insulation of the source.

5. IN -VESSEL COMPONENTS

In-vessel components include the double-walled vacuum vessel with steel plates
in the interspace for nuclear shielding, and a back-plate structure on which the shielding
blanket and breeding blanket modules are fixed. The back-plate is mounted on supports
at the bottom of the vacuum vessel. Divertor cassettes are mounted on rails at the
bottom of the vacuum vessel to ensure ease of replacement. The radio-frequency (RF)
heating and current-drive systems, each capable of delivering 50 MW to the plasma,
have launcher modules which are mounted off the vacuum vessel port assemblies, as
are the limiter, diagnostics, and test blanket modules.

5.1. Vacuum Vessel

Detailed design changes have resulted in the vacuum vessel being capable of
withstanding the stresses arising from toroidal field quenches and the most demanding
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VDEs, as well as from disruptions initiated by seismic events. Ferromagnetic inserts
have been introduced which reduce the toroidal field ripple to the desired level. The
coolant flow within the vessel is designed to ensure that natural convection cooling is
available under loss-of-flow conditions in all other in-vessel components, and R&D is
necessary to validate the conditions for adequate natural convection.

Impressive progress has been achieved with the production, within the required
tolerances, of two full-scale vacuum-vessel half-sectors, using different welding
techniques.

The vacuum-vessel ports are designed to accommodate standard modules for
heating, diagnostics, limiters and test blankets, which are attached to port assemblies.
Alternate vertical ports are available for improved diagnostic access. Ways should be
established of confirming the structural integrity of the vessel during its lifetime, as well
as methodologies to ensure that the confinement function can be retained in the event
of postulated accidents. Integration of the vacuum vessel, particularly the ports, with
other systems, especially the NBI system, remains to be completed.

With the joining together of the two half-sectors and the mid-plane port extension,
the TAC believes that the R&D is adequate to confirm the vacuum-vessel design.

5.2. Blanket and Back-Plate

The back-plate structure has been strengthened to accommodate the full range
of disruption and VDE loads. The shield modules, which are attached to the back-plate
by flexible connections, with interlocking insulated keys between adjacent modules, can
accommodate the thermomechanical and electromagnetic loads. Welding methods
have been developed and are acceptable for the helium content expected, at least for
the Basic Performance Phase neutron fluence.

A breeding blanket has been selected with adequate tritium breeding ratio, but
this is in an early design stage. Given the thinner first-wall structure in the design, the
plasma heat flux arising from disruptions will need careful consideration.

The port limiter modules improve maintainability but require a high degree of
alignment. Given the problem of high power loading from disruptions on the limiters
during the current rise, it may be appropriate to use carbon-fiber composites (CFCs) for
the plasma-facing components on the limiter in the initial hydrogen phase.

There has been good progress in R&D on mock-ups, with many successful tests
on joining beryllium and tungsten to copper, including testing at high heat fluxes. More
irradiation tests remain to be carried out with the appropriate joining details. During
industrial fabrication, a method will need to be developed to detect defects.

The impact of runaway electrons on the armor is a concern, and disruption
mitigation techniques should seek to minimize their production. The in-vessel inspection
techniques developed will be very helpful in monitoring the state of the armor.
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The TAC believes that the prototype shield-modules being manufactured will
confirm that the design can be fabricated.

5.3. Divertor, including High-Heat-Flux Materials

The divertor design has been modified by the removal of the wings in the private
flux region, and the dome has been modified to provide neutral baffling and neutron
shielding. The justification for the size of the dome needs to be better quantified, but the
design is sufficiently flexible to accommodate future changes.

Detailed design analysis remains to be completed to be confident that the
stresses in the cassettes arising from the most powerful VDEs are within allowables,
and that simplifications to the design are sought wherever possible.

The selection of plasma-facing materials is based on physics requirements,
thermomechanical performance, erosion lifetime, tritium retention and the possibility of
repair. Carbon-fiber composite is used for the dump target, and tungsten is used
elsewhere.

Tritium retention, particularly in the light of the results from JET, is a concern.
There is a need for R&D on existing tokamaks to investigate tritium retention together
with removal techniques, although baking with oxygen and electron-cyclotron discharge-
cleaning look promising.

There have been good results on the joining of armor and heat-sink materials
and tests of lifetime at high heat fluxes. There is also a concern with regard to dust
formation, methods for detection and the implications for safety, which requires an on-
going R&D program.

Overall, the key issues on materials development are well covered by the existing
R&D program.

The TAC believes that the divertor design retains sufficient flexibility to respond
to the evolving understanding of divertor physics.

5.4. Radio-Frequency Heating Systems

Three radio-frequency (RF) systems are being developed for possible use for
heating and current drive in ITER, namely ion cyclotron (IC), electron cyclotron (EC) and
lower hybrid (LH).

For all the RF systems, a modular approach has been adopted, which simplifies
installation, stress analysis, design of specific shielding blankets, and design of remote
handling equipment. The shielding of RF modules is designed to permit more hands-on
operations at the vessel closure point, in accord with the approach for other shield
modules.

Key elements of the RF systems are the power sources, feedthroughs, windows
and launcher structures. Good progress has been made on each of these.
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For the electron cyclotron system, there has been significant progress in the
development of 170 GHz gyrotrons at the MW level and the production and testing of
diamond windows.

The ion cyclotron antennae have been modified to make them more compatible
with operation with the limiters on the outer horizontal mid-plane and to improve
coupling to the plasma. This could result in higher heat loads on the front face of the
antennae during the current rise phase, especially from disruptions, and further work is
necessary to analyze the situation.

A lower-hybrid launcher consisting of a passive-active multi-junction grill with
improved robustness has been developed. The limiters also affect the LH coupling, but
methods have been developed to improve the situation.

The TAC considers that the level of design of the RF heating systems and the
ongoing R&D are adequate at this stage to ensure that the necessary heating power
and current-drive capability is available for ITER to meet its objectives.

6. PLANT

The plant design related to the items discussed below defines properly the
facilities and services in all the relevant areas. In the TAC's view, the plant design is
adequate to meet the technical objectives of the ITER project.

Specific findings, in particular some of the noteworthy improvements since the
DDR, are given below.

6.1. Fuel Cycle and Tritium

The TAC notes that design integration between the tritium plant and the fueling
and pumping system has been achieved. Some of the new design aspects adopted
since the DDR are highlighted below.

During normal operation, sixteen cryopumps work, i.e., twelve pumps for
pumping the torus and four pumps for regeneration at every 75 second cycle. The
design of the system has been optimized through dynamic analyses to predict the time-
dependent tritium inventory distribution in the various components within the system.
The highest tritium inventory in the tritium handling system has been analyzed to be
about 260 grams located in a single isotope separation component, but release of
tritium from any of the components in the system can be controlled properly under any
postulated conditions.

In the pellet injection system, a continuous fuel pellet screw extruder has been
incorporated into the design. The pellets are injected into the plasma from the high field
side. For tritium storage, the system now uses ZrCo beds instead of uranium beds.
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A conceptual design of the tritium recovery system for the test blankets to be
tested during the BPP has been developed, and a design is progressing for the
Enhanced-Performance-Phase (EPP) breeding blanket tritium recovery system, to be
housed also in the tritium building.

6.2. Cooling Systems

The tokamak cooling system has been designed, within tolerances, to meet all
the operational conditions of the coolant temperature, flow rate, and pressure.

The primary heat transport system of the tokamak consists of fourteen blanket
cooling loops and four divertor cooling loops. In addition, the tokamak has two
independent cooling loops for the vacuum vessel; each has a capacity to remove the
total decay heat of the tokamak by natural convection, while keeping the temperatures
of aN the in-vessel components below an acceptable level of 500°C. The final heat
rejection system consists of three forced-flow cooling towers, assuming that no nearby
water heat sink is available since the actual ITER construction site is not known yet. The
water piping layout between the tokamak and the cooling towers has been developed.
Water chemistry to be applied for the primary heat transport system has been studied,
and the total quantity of the possible activated corrosion products that would accumulate
in the loops is estimated to be well within acceptable limits. The cooling systems for the
plant auxiliary equipment have also been developed.

6.3. Assembly

The procedure for initial assembly of the tokamak has been developed to
address the problems of maintaining tolerances within allowable limits, during on-site
assembly of large, massive components, such as the vacuum vessel, the back-plate, TF
coils and PF coils. The detailed procedures together with the necessary tools and
manpower have been studied. Forty-seven months are necessary to complete the
tokamak assembly.

One of the issues of tokamak assembly is the dimensional accuracy of the
installed devices. However, the ongoing R&D for the vacuum vessel is producing
encouraging information and the R&D for the back-plate is being implemented. These
R&D results are expected to provide the technical data to ensure the necessary
accuracy of the planned tokamak assembly.

6.4. Buildings and Balance of Plant

The TAC notes that the FDR contains adequate designs of equipment and piping
layout for all the major systems, and these designs provide a sound basis for cost and
schedule estimates.

A seismic design option has been studied which utilizes seismic isolators for the
tokamak pit. This design could accommodate possible SL-2 earthquakes with a ground
acceleration significantly greater than 0.2 g, should the site selection make this a
requirement.
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The designs of the tokamak building and the tokamak pit that houses the reactor
core, and the layout of the relevant equipment, have been improved to give more
efficient use of the space around the tokamak. This includes relocation of remote
handling cells at the equatorial level, a 100 t lift to Port No. 3, and insertion of stair
towers and lifts. Better equipment layout allows optimization of the overall layout,
maintenance feasibility studies, and integration with the other systems. The plasma
heating equipment layout was studied, resulting in reduction of the wave-guide lengths
and retention of an option for increasing heating power capacity in the future. Building
services, including the heating, ventilation and air conditioning (HVAC) process flow
diagram for various buildings, general fire protection specifications, etc., have been
addressed.

The steady-state electric power supply and distribution have been optimized.
Tunnels and conduit layout, expanded electric load list with cable data, and detailed
cable routing and specifications have all been developed. Liquid and gas distribution
systems within the site have also been developed.

7. NUCLEAR ANALYSIS, MAINTENANCE, AND DECOMMISSIONING

7.1. Methodology for Occupational Safety and Nuclear Analysis

The ITER team has developed a methodology to comply with the as-low-as-
reasonably-achievable (ALARA) process and to satisfy the International Committee on
Radiation Protection (ICRP 60) recommendations. This methodology allows iteration
between the design, the nuclear analyses of the design, and consequential
maintenance procedures to minimize exposure to personnel. The TAC fully endorses
this methodology.

Three-dimensional nuclear analysis, which has been benchmarked through the
R&D process, has been used to improve the design through material-tailoring and
shielding optimization. The material selections have improved the maintenance
properties of the material, decreased the thermal neutron flux, and reduced the contact
dose rate at the cryostat level. The utilization of the methodology has resulted in a
design which would allow hands-on access within the cryostat in case of an emergency.

As the EDA R&D tasks are completed, and additional design details are
provided, the TAC believes that further iteration between nuclear analysis and design
details will result in additional reductions in personnel operational exposure.

7.2. Remote Maintenance

This is an area that has experienced significant maturation during the EDA. The
TAC finds that the requirement of remote maintenance is fully incorporated into the
existing design. In particular, the required tools have been designed, full-scale
prototypes have been manufactured, test facilities are becoming operational, and
remote maintenance procedures will be validated for planned in-vessel operations.
Significant progress has been made in the demonstration of in-vessel viewing and
metrology inspection tools which meet the ITER operational requirements. In addition,
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procedures have been identified to address the remote handling needs of major,
unscheduled magnet replacement.

7.3. Decommissioning

The ITER JCT has developed a decommissioning plan based on a detailed
characterization of the radioactive materials in various components in the entire plant.
During a first phase, lasting about six-years, the in-vessel components are removed,
processed, and prepared for disposal using the ITER remote maintenance tools and
trained personnel of the ITER facility. After a second phase lasting about 20 to 30 years,
the radioactivity has decayed to a level which allows extraction of vessel sectors,
cryostat and support components into the tokamak building, without major shielding
precautions and using the existing facilities. The proposed decommissioning scenario
efficiently utilizes the maintenance equipment and procedures.

8. ITER SAFETY

The safety-related objectives of the ITER EDA are (i) to demonstrate the safety of
ITER, (ii) to demonstrate the safety and environmental potential of fusion, and (iii) to
provide the technical basis necessary to prepare for the regulatory application in any
country which would be interested in siting ITER. To meet these objectives, the JCT in
concert with Home Team safety experts has established safety design requirements
based on internationally recognized safety criteria, radiological release limits, and safety
design approaches such as defense-in-depth, ALARA and ICRP dose limits. These
safety criteria, limits and approaches have been well integrated into the ITER design.

The FDR, supplemented by the ITER Non-Site-Specific Safety Report-2
(NSSR-2), provides a comprehensive safety and environmental assessment of the ITER
Final Design. The TAC commends the JCT and Home Teams on the major
improvements that have been made to the depth and breadth of the assessment over
the course of the ITER EDA, responding to both TAC and Home Team concerns. In
particular, a large amount of high-quality work has been performed in the following
areas:

• identification of a comprehensive list of potential initiating events and reference
accident sequences using top-down and bottoms-up probabilistic analyses with
an appropriate mixture of deterministic techniques;

• quantification of inventories of energy and hazardous materials incorporating
the results of safety R&D performed during the EDA;

• detailed state-of-the-art safety analysis to show that releases during ITER
reference events are below project limits with sufficient margin;

• ultimate safety margin analysis to show that there is no technical justification for
evacuation of the public even under worst case conditions;

• development of an ALARA process for occupational safety to guide the design,
including optimizing the degree of hands-on and remote maintenance with the
ultimate goal of complete implementation in the design including defensible
worker and collective dose estimates;
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• characterization of effluents during normal operation;
• quantification of waste streams during each phase of ITER operation and

analysis to show that most of the waste can be reused, recycled, or cleared
from regulatory control following adequate time for radioactive decay;

• analysis of an idealized set of selected external events proposed by the ITER
Special Review Group and approved by the ITER Council.

The NSSR-2 and the related ITER safety documents show that the design meets
all of the safety-related requirements that were established, and that all safety-related
technical objectives of ITER have been met. Although the TAC recognizes that the
formal safety analysis is a critical part of a regulatory approval process whose format
and content depend strongly on the potential host country of ITER, the NSSR-2 and the
available safety-related documents are a good technical basis and provide all the
information necessary to begin discussions with regulators.

The results of the safety analysis and of ongoing R&D needed for computer code
validation, taken together with the high level of safety integration into the design, give
TAC confidence that ITER can achieve all of its safety targets and could be sited in any
of the Parties with only modest modifications to accommodate characteristics of the
specific selected site.

9. COST ANALYSIS

9.1. Costing Methodology

The costing methodology employed by the JCT presumes that ITER will be built
as an international collaboration under a multi-Party construction agreement, with
contributions-in-kind from the Parties.

The FDR cost estimate is based on "bottoms-up" industrial estimates for
essentially all components, construction and assembly, including detailed quantification
of materials, manufacturing processes and labor. By contrast, the IDR and DDR cost
estimates had many systems which were estimated primarily on the basis of scaling
from previous experience.

Three types of specifications are anticipated for ITER construction, namely
(i) build-to-print, (ii) detailed design, and (iii) functional specifications. Approximately
50% (by cost) of the components are in the build-to-print category.

Eighty procurement-like packages were provided to industry, covering essentially
all ITER components, with a standardized format for responses. Each package defined
in detail the work to be estimated and identified the anticipated procurement type.
Multiple responses were received on essentially all packages.

All estimates were converted to ITER Units of Account (lUAs) for consistent inter-
Party evaluations and for comparison with previous ITER cost estimates.
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The industrial responses were used to prepare "JCT-evaluated" cost estimates,
which normalized materials and labor costs so as to provide consistency for all
components.

A feedback loop was established between the JCT and industries after the
industrial responses had been received, usually through the Home Teams, but in some
cases involving direct contact between the JCT and industry.

9.2. Cost Estimates

The "JCT evaluated" estimated construction cost (capital cost) is 5,460 klUA.
When the stated escalation rates are applied, this is equivalent to approximately
7,210 M$, 6,550 MECU, 787,000 M¥, or 41,000 MRb (new) in mid-1997 currencies.

The FDR estimate represents an approximately 9.1% reduction from the DDR
estimate. This reduction from the DDR estimate is due to (i) detailed definition of the
design, enabling more accurate costing by industry, (ii) simplification of the designs for
some systems, and (Hi) feedback from industry on ways to lower manufacturing costs.

The estimate excludes approximately 214 klUA of capital costs which are
deferred to the operating phase, for items (e.g., waste management plant, upgraded
diagnostics, and upgraded capabilities of the tritium, cryoplant and heat rejection
systems) not needed until after the start of D-T operations.

All four options available for plasma heating and current drive (NBI, ICH, ECH,
LHH) have been costed. For the purpose of developing the total construction cost
estimate, it has been assumed that 50 MW NBI and 50 MW ECH (the two most costly
options) will be utilized.

The "allowance for indeterminates," is reduced substantially from the IDR/DDR
estimates, because essentially all components have now been sufficiently well defined
to allow specific costing.

As with all previous estimates, the FDR estimate excludes all site infrastructure
costs outside of the fence.

There is an additional cost of 930 klUA for management and R&D during the
construction phase, which is assumed to begin immediately after the end of the EDA
extension.

Operating costs are estimated at 350 klUA per year, averaged.

Decommissioning costs for the active part of the machine are estimated at
300 klUA, excluding disposal of material.

9.3. Assessment of the Cost Estimates

It is evident that a very substantial effort has gone into the FDR cost estimates by
the Parties' industries, the Home Teams, and the JCT.
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In the TAC's view, the FDR cost estimate is the most complete and well-founded
ITER estimate that has been produced to date, and is superior in level of detail to
estimates that normally exist at the pre-construction commitment stage.

The estimate is considered fully valid for the Parties' use in assessing
commitments to ITER construction and in evaluating relative costs and resources
required for cost-sharing contributions.

The "JCT-evaluated" cost estimate also provides a detailed understanding of the
manufacturing costs for all components, which will facilitate cost control and further cost
optimizations of the design and manufacturing processes.

Additional factors impacting the actual construction costs, not yet quantifiable, will
be site characteristics, host regulatory requirements, management systems, and the
cost-sharing and procurement approach. Thus, the TAC considers the FDR estimate to
be the most accurate and credible estimate that could be provided given the present
uncertainties in these areas.

The extensive costing data that has been compiled can also be used by the
Parties to estimate their actual costs to be incurred in providing specified contributions-
in-kind.

In the TAC's view, the stated range of uncertainty for the total cost estimate
appears to be low at this time, but should be confirmed as the remaining R&D is
completed. Ultimately, however, it is anticipated that the individual Parties will determine
appropriate uncertainty allowances for components assigned to them, based on their
individual management and procurement systems.
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IC-13 RECORD OF DECISIONS
18-19 February 1998, San Diego

2.2 The Council took note of the Report of TAC-13 (IC-13 ROD Attachment 5)
and expressed satisfaction with the view of TAC that the ITER design fulfills
the detailed technical objectives and cost target set for it and provides a
technical basis sufficient to allow a construction decision to be taken
immediately after the presently scheduled end of the EDA.

2.2.1 The Council expressed its appreciation to the TAC Chair and Members for
their excellent work done to this point in the EDA period. The Council
extended particular thanks to the TAC Chair for his personal contribution to the
success of TAC activities and invited the Council Chair to send a letter of
appreciation to each TAC Member.

2.3 The Council accepted for consideration by the Parties the ITER Final Design
Report, Cost Review and Safety Analysis (FDR) (IC-13 ROD Attachment 6)
with a view to providing informal comments to the Director as soon as
possible leading to approval at the IC-14 Meeting.
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PARTIES' VIEWS
ON THE ITER FINAL DESIGN REPORT
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EU Domestic Review

of the ITER FINAL DESIGN REPORT

18 June 1998
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OPINION
OF

THE CONSULTATIVE COMMITTEE FOR THE FUSION PROGRAMME
(CCFP)

ON
THE INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR

(ITER)
FINAL DESIGN REPORT, COST REVIEW AND SAFETY ANALYSIS

(FDR)
AND

VIEWS ON THE EXTENSION OF THE ITER EDA AGREEMENT

Abingdon, 18 June 1998

INTRODUCTION

The ITER Final Design Report, Cost Review and Safety Analysis (FDR) was accepted by the
ITER Council at its 13" meeting (18-19 February 1998) for consideration by the ITER
Parties. The FDR is supported by the Technical Basis for the ITER Final Design Report,
Cost Review and Safety Analysis together with other design documents, and by the Non Site
Specific Safety Report.

The Services of the Commissidn have asked the CCFP to conduct the European assessment of
the FDR, with the involvement of industries and laboratories. The organisation of this
assessment was assigned by the CCFP to the Fusion Technology Steering Committee -
Planning (FTSC-P).

The FTSC-P appointed a European ITER Assessment Group consisting of 93 experts
addressing the four areas of the project: Physics, Engineering, Safety, and Cost and Schedule.
Industry participated heavily in the assessment: 4 out of the 8 co-chairmen of the subgroups

were from industry.

Moreover, the CCFP had the opportunity to discuss the "ITER Special Working Croup (SWG)
Report to the ITER Council on Task SI Results ", dated May 1998. This report was requested
by the ITER Council at its 13* meeting, "recognizing that in case the Parties would eventually
be unable, for financial reasons, to proceed to the construction of the presently foreseen
device, it is prudent to plan now to have available, at the time of decisions on construction,
option(s) of ITER whose cost for the partners would be reduced. This should be
accomplished by reducing the detailed technical objectives and possibly decreasing physics
margins while ensuring that the engineering margins remain such that safety and performance
of the device are not impaired and retaining the overall programmatic objective of ITER

The CCFP, having had an in-depth exchange of views on the basis of the report from the

FTSC-P issued on 30 April 199S, endorses the "Recommendations of the FTSC-P on the

European Domestic Assessment of the ITER Final Design Report, Cost Review and Safety-
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Analysis" (attached), and, in the light of the discussion on the SWG Report on Task HI,
expresses the following Opinion and Views. It thanks the ITER Director, the FTSC-P and its
experts, and the SWG for having provided a solid basis for its work.

OPINION ON THE ITER FINAL DESIGN REPORT, COST REVIEW
AND SAFETY ANALYSIS (FDR)

• ITER represents the first comprehensive design of a fusion reactor, based on well
established physics and technology.

• ITER, as described in the FDR, can meet the intended objectives of controlled ignition
and extended burn when operating at the nominal values of the basic parameters.
Confidence in ITER physics has increased during the EDA, based, in particular, on an
improved global confinement scaling derived from an extended data base. Experimental
work on the tokarnaks with ITER-like geometry, especially on JET, has to continue on the
regimes and operating scenarios envisaged for ITER.

• The engineering of the machine is considered adequate to provide the expected
performance with appropriate technical margins. It is being validated by an extensive
R&D programme and prototypes testing - in particular in the fields of superconducting
magnets, remote maintenance and repair procedures - which are nearing completion. If a
device of reduced size and objectives would be considered, further analysis of possible
adaptations would be appropriate in specific areas.

• The safety analysis of ITER has confirmed the potential safety and environmental
advantages of fusion; in particular it shows that no evacuation of the public will be
required, even in case of the worst possible accident. Additional work will have to
continue on a number of issues concerning in particular occupational doses and
decommissioning when site characteristics will be available.

• The direct capital cost of the ITER plant has been confirmed (with a slight reduction
compared to the previous estimates). The present estimate is 6.5 BECU of 1997 money.
From the technical point of view, the time schedule is tight but credible. It will have to be
reassessed once inputs on licensing procedures become available from possible host
countries.

• The FDR and accompanying documents would be sufficient, when complemented by site
specific adaptations of the design, to provide the necessary technical basis io a
construction decision.

VIEWS ON THE EXTENSION OF THE ITER EDA AGREEMENT

• The CCFP welcomes the three year extension of the ITER EDA Agreement in order to
finalise the on-going ITER activities and to perform, inter alia, sites specific activities and
reduced-cost-option design. It is pleased to note that one of the Parties has already signed.
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The CCFP reconfirms the importance of identifying European site(s) for specific ITER
design adaptation and licensing preparatory work, is pleased that Italy has already
proposed site(s) characteristics for such specific work and would welcome other such
initiatives. It recommends that the informal dialogue with the national licensing
authorities be as far as possible widened to all interested European countries.

The CCFP is pleased to note that following a European initiative, the Parties
representatives in the ITER Council have stated willingness to examine the feasibility of
establishing an appropriate international forum to inform the Parliaments of the Parties on
the ITER developments.

The CCFP takes note that a quadripartite meeting of industrialists is being organised in
Fall by European industry. It recommends that industrialists of level commensurate with
the importance of the problems to be discussed be invited to the meeting, with a view to
prepare the Community to participate with maximum efficiency and benefits in the
possible construction of the Next Step.

The CCFP notes that the SWG was chartered to carry out two tasks:

Task#l: the SWG would propose technical guidelines for possible changes to the
current 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 (-task fulfilled by the above-mentioned report);

Task "2: pursuant to Article 2(e) of the ITER EDA Agreement, the SWG would also
provide information on broader concepts as basis for its rationale for proposed
guidelines, and articulate likely impacts on the development path towards fusion energy
(report expected by the end of 1998).

The CCFP agrees with the ITER Council that in the current financial circumstances it is
prudent to consider lower cost option(s) of ITER: The success of the ITER studies and
the know how acquired make it possible to advance speedily in the design of such
option(s) whose detailed objectives would be less demanding than those of the present
ITER, while still in line with the overall programmatic objective of the ITER agreement.

The CCFP agrees that the ITER Council should ask the Director to follow the SWG
recommendations making the most cost effective use of existing design solutions and their
associated R&D which should be completed as planned; it agrees also that the Director
should propose by the end of 1998 a set of major parameters and design features of the
reduced cost option.

The CCFP notes the on-going SWG efforts to also provide, according to its Task r2
charter, information on the possible impact of broader concepts on the development path
toward fusion energy.
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INTRODUCTION

The ITER Final Design Report, Cost Review and Safely Analysis (FDR) was accepted
by the ITER Council at its January 1998 meeting for consideration by the ITER Parties.
The FDR is supported by the Technical Basis for the ITER Final Design Report, Cost
Review and Safety Analysis (TBFDR) together with the other design documents
produced by the Joint Central Team (JCT) and by the Non Site Specific Safety Report
(NSSR-2).

The organisation of the European domestic assessment was assigned by the CCFP to the
Fusion Technology Steering Committee - Planning (FTSC-P), under the chairmanship
of Dr. R. Andreani.

The FTSC-P appointed a European ITER Assessment Group (see Annex) consisting of
93 experts from Research Institutions and Industry addressing the four areas of the
project: Physics, Engineering, Safety, and Cost and Schedule. The Engineering sub-
group had 50% of its members, including the co-chairman, from EU industry. The Cost
and Schedule sub-group consisted of industry members with one addition from JET.
The Group' started working in February 1998 and prepared its findings for
consideration by the FTSC-P at its meeting on 30 April 1998.

On the basis of the ITER Assessment Group findings, the FTSC-P makes the following
recommendations to the CCFP.

1. STATUS OF THE PRO JECT

The design of ITER has not changed substantially with respect to the Detailed Design
Report, Cost Review and .Safety Analysis (DDR). A large amount of design and
computational analysis work' has been performed during this period by the JCT and
Home Teams to validate the'technical solutions adopted in the DDR. R&D activities in
the Parties have been progressing satisfactorily and their results have supported the
solutions chosen. The cost of the machine, evaluated at the time of the Interim Design
Report, Cost Review and Safety Analysis (IDR) and partially reviewed on the occasion
of the DDR, has been completely re-estimated resulting in a 10% decrease.

Continuous progress has also been made in the field of safety in line with the
requirements of the project and the recommendations made, inter alia, by the European
Home Team. An updated version of the Non Site Specific Safety Report (NSSR-2) has
been published and will be used as a starting base for preparing site specific reports to
conduct the licensing exercises during the EDA extension.

2. PHYSICS

The ITER performance predictions are based on robust physics supported by an
extended database which has provided an improved scaling of global confinement.
Flexibility exists to accommodate uncertainties in key parameters (confinement quality
and threshold power needed for achieving enhanced confinement, density as well as
pressure limit). There has been significant progress on an integrated scenario linking the
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core and edge plasma at densities somewhat below the empirical limiting (Greenwald)
value. Confidence has increased that the divertor design will meet its requirements.
Recent R&D has provided further support that adequate helium exhaust rates can be
achieved. The heating and current drive systems now considered provide some margin
for achieving the required high performance. Control and diagnostics have been
developed to a point such that the remaining issues can be solved during the
forthcoming transition phase or during construction of ITER.

ITER can meet its objectives of controlled ignition and extended bum at the nominal
values for plasma current and additional heating power (21 MA, 100 MW). Reserves
exist, typically in the region of 20% - 30%, to meet the individual technical objectives
in scenarios which include: allowing for reduced fusion power, increasing the additional
heating power, and increasing the current within ranges identified in the FDR.
Advanced modes of operation are not sufficiently well developed to form a design basis
for ITER. The flexibility to investigate them on ITER is now available, however, with
the introduction of ferromagnetic inserts which make fast particle losses acceptable for
both neutral beam heating and advanced scenarios. Disruptions, vertical displacements
events and runaway production have been taken into account in the design within the
uncertainties in the databases.

R&D should be actively pursued on confinement scaling close to operational limits, in
particular the density limit, control of edge localised modes (to avoid undue ablation of
plasma facing elements), on the further improvement of disruption mitigation and
avoidance techniques, and on diagnostic methods for some aspects of measuring the
plasma performance.

The control philosophy is robust and should continue to evolve in line with current
developments with emphasis on maximising the control capability near operational
limits.

High reliability and continuous operation are paramount for heating and current drive
systems and there is good confidence that this can be achieved with appropriate and
timely R&D.

3. ENGINEERING

The engineering of the machine is considered, as a whole, adequate to. provide the
expected performance and is being validated by the extensive R&D programme.
Further analysis of possible improvements is suggested in specific areas.

3.1 Overall Mechanical Structure

The mechanical structure of the machine is an integrated one formed by the toroidal
field coils connected by the outer inter-coil structure, bucking against the central
solenoid, the vacuum vessel and the back-plate. The design of this complex structure is
now well defined. However some issues remain open, in particular: the choice of type
of steel for the toroidal field coil casings, the level of stresses in the insulator of the
shear keys in the outer inter-coil structure, consistency in the use of nuclear and non-
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nuclear codes for the pressure boundary (vacuum vessel), and sensitivity to friction
between the toroidal field coils and surrounding structures. It has to be noted that, in
the present configuration, the vacuum vessel is not fully inspectable, and the back-plate
has become a very complex structure. An increase in interface clearances between the
back-plate and the vacuum vessel is suggested to allow for possible deviations from the
light design tolerances. Feasibility tests on models to solve manufacturing problems
(tolerances, welds, etc.) for the back plate and characterisation of low friction material
are necessary. The impact of seismic events on the machine in all operating conditions
will have to be re-assessed when the site characteristics become known.

3.2 Superconducting Magnets

After analysis of alternative options concerning the central solenoid (CS), the
monolithic layer wound solenoid is confirmed as the reference solution for the present
toroidal magnet configuration, while the number of poloidal field (PF) coils is increased
from 7 to 9 (all NbTi) resulting in an improvement of plasma shape control and
positioning and in cost saving.

R&D on the magnets is at a well advanced stage. The strand production, cabling and
jacketing for the two model coils (TFMC and CSMC) have met the specifications. The
established procedure to avoid embrittlement of the jacket material (incoloy) has been
followed successfully for the heat treatment of all layers of the CSMC (both in Japan
and in the US), although QA procedures for the industrial production of the incoloy
tubes would still need to be.improved.

Development and qualification of joints (Nb3Sn for TF and CS, and NbTi for PF)
should be pursued further. A test of a NbTi insert coil in the CS model coil would be
opportune.

3.3 In-Vessel Components

Much progress has been made on the shield blanket system, although the design cannot
yet be considered in a final stage. For instance the assembly and maintenance of the
shield blanket could be facilitated by integrating the filler shields in the modules.

Three different armour materials, beryllium on the first wall, carbon fibre reinforced
composite (CFC) in the divertor and tungsten alloy on the baffles are proposed. The

• design, layout and the choice of materials of the high heat flux components will evolve
in response to ongoing R&D, in particular concerning the life-time, fabrication route
and tritium retention of armour materials. •

3.4 General Machine Assembly and Maintenance

Significant progress related to assembly and maintenance includes: standardisation of
divertor and equatorial ports, backplate and blanket module attachment, and choice of
poloidal coils using NbTi superconductor allowing' rewinding in situ. Machine
assembly critically depends on the ability to predict, control and correct welding
distortion. The related R&D is under way. In the present machine configuration, the
replacement of either a TF or the CS coil- would be such an onerous and lengthy
operation that these components have to be classified as permanent. The same applies
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to the vacuum vessel and the backplate. For ex-vessel maintenance a further review of
the occupational radiation dose rates is required. For the decommissioning, the overall
plan is satisfactory.

3.5 Fuel Cycle

On the whole, the evaluated design concepts of the fuel cycle comprising the fuelling
and vacuum pumping system and the tritium plant appear capable of fulfilling the
design requirements for ITER. The processes that have been selected are based to a
large extent on proven technologies. Where this has not been possible comprehensive
R&D tasks to validate the innovative processes and components are well advanced.
Future research activities should more strongly be directed towards demonstrating
components and processes in extended tritium service (including wall conditioning and
off-normal modes) with the aim of further reducing inventories (including leak detection
and localisation system), increasing availability, simplifying designs and reducing costs.

3.6 Balance of Plaot

The balance of plant (BOP) does not present any critical issues for the feasibility of the
project. Both the BOP and layout design will be affected by the site finally selected.
The BOP design should guarantee performance and safe operation of ITER during all
expected project operating scenarios. In general, the BOP design is conventional, the
processes are based on proven technologies and so the BOP is less technologically
demanding than other areas of the ITER project. Some very specific items require R&D
tasks for validation. Some specific areas of the BOP were identified as candidates for
simplification and cost reduction, i.e. the tokamak building complex, hot cell, utility
tunnels and galleries, site services etc..

4. SAFETY

Overall, the documentation presented in the TBFDR and in NSSR-2 represents a major
improvement in the analysis of ITER safety, both in content and presentation. NSSR-2
provides the technical information necessary for the initiation of licensing procedures.
The overall safety aims of the EDA have therefore been achieved.

The assessment of public safety gives confidence in the licensibility of the design. In
particular, the analysis demonstrates that the ITER design meets the no-evacuation
criteria in worst hypothetical accidents. Three main areas of work are still open, related
to:

(i) Topics where effort needs to be concentrated in order to minimise the potential for
safety driven design changes requested by licensing authorities,:

• Operational safety with regard to reducing operator dose to levels consistent with
best industrial practice 'in accordance with the ALARA (As Low As Reasonably
Achievable) principle.

• Improvement of the justification of the safety classification of components and
systems, as well as the related topic of defence in depth.
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• The analysis of seismic events should consider in a deterministic manner the
consequences of seismically induced failures.

(ii) Decommissioning waste quantities: design effort should continue to minimise the
volume of waste from the steels to be used for ITER. It is acknowledged that long term
programmes are developing low activation materials suitable for future reactors.

(iii) Topics where existing information should be developed:

• Codes used for transient and ultimate safety margins assessment.

• Identification of faults and related accident sequences.

• Quantification of uncertainty in the radiological and energy source terms.

Demonstration that the quantities of effluents and waste generated during operation
and maintenance are ALARA.

5. COST and SCHEDULE

The hardware construction cost estimates have been consolidated by the costing of
about 80 clearly defined procurement packages. The FDR estimate resulted in a cost
reduction of about 10 % in the point estimate (5,460 klUA, @ 6,550 MECU (1997))
compared to the DDR. The cost uncertainty range has been reduced from -11/+15% to
±4.4% by this methodology. The costs for R&D during construction have been reduced
from 300 kTUA to 150 klUA taking account of the proposed 3 years extension period
for ITER EDA. The costs for management and engineering support during construction,
and the costs for operation and for decommissioning were estimated to be at the lower
boundary of the DDR estimated range. More details have been presented regarding the
proposed ITER construction management organisation comprising a central project
management level and a Party level together with an extensive in-kind contribution
scheme. The general layout and the order of sequences of the ITER construction
schedule remained as in the DDR.

The methodology applied by the JCT for ITER costing, namely a "bottom-up" approach
based- on clearly defined procurement packages, is considered as adequate for the
objectives to be reached for ITER costing at the end of EDA. It results in cost estimates
with sufficient reliability and accuracy, and also reflects the progress of ITER design.

European industry has costed systems and components amounting to about 95% of the
total cost of ITER. The EU estimates confirmed the JCT estimates of the cost as a
whole. The range of uncertainty of ±4.4% in the total cost is rather low compared to
what is generally observed in industry for projects at the same stage of design but is
considered acceptable due to the particular conditions of the FDR costing (e.g. high
level of detail of the design of the machine core, remaining flexibility of the purchase
policy, design-to-cost potential). However, the EU estimate is somewhat higher for the
machine core primarily due to different assumptions for material and labour costs, and
somewhat lower for the balance of plant. Cost reduction could be achieved through a
further optimisation of the design and of the manufacturing processes.
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The construction management and the procurement schemes proposed by the JCT
require the establishment of a strong central project management and requires that the
Parties' deliverables are clearly defined and the individual and the joint responsibilities
are accepted by the Parties. In addition, the in-kind contribution scheme requires clearly
defined functional units and simple interfaces. In general, the management and
procurement schemes proposed appear to be applicable for the specific situation of the
ITER Parties' individual and joint responsibilities. The proposed staffing of the central
project management appears to be adequate under the anticipated boundary conditions.
Concerning decommissioning it should be noted that the costs cover only the
dismantling of the highly activated components.

The JCT schedule for ITER construction, commissioning, operation, and
decommissioning is adequately set-up from the technical point of view taking into
account the present status of the design and the not yet available site conditions. The
construction schedule implies that a number of components (e.g. magnets) will be on
the critical path, but in addition the possibility of delays due to construction start-up
problems (e.g. licensing procedures, procurement of tools and erection of facilities for
manufacturing) should be taken into account.

6. GENERAL CONCLUSIONS

ITER can meet its intended objectives of controlled ignition and extended bum at the
basic operating parameters, and additional reserve exists by operating at the extended
performance foreseen in the FDR. Confidence in ITER physics has increased since the
DDR, based on an improved global confinement scaling derived from an extended data
base.

The engineering of the machine is considered, as a wnole, adequate to provide the
expected performance and is being validated by the extensive R&D programme.
Further analysis of possible improvements is suggested in specific areas.

The safety analysis of ITER has confirmed the advantage of fusion in requiring no
evacuation of the public under any circumstance. Additional work will have to continue
on a number of issues concerning in particular occupational doses, analysis of seismic
events and decommissioning.

The cost of the ITER plant has been confirmed (with a slight reduction compared to the
TDR and DDR estimates) by a thorough analysis conducted by European industry. The
point estimate is 6.-5 BECU with about ± 5% uncertainty margin. Management and
procurement schemes, as proposed, appear well suited to the construction of ITER
under the assumption of detailed definition of the individual and the joint
responsibilities of the parties. Although a number of important components and
activities are on the critical path, the time schedule appears adequate from the technical
point of view.
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Annex

Membership of the European ITER FDR Assessment Group

The EU ITER Assessment Group was chaired by Dr. R. Andreani, and was divided into
four working groups assessing the Physics, Engineering, Safety, and Cost& Schedule
aspects of the FDR. The group membership was:

Physics:
D. C. Robinson, UKAEA, Chairman
P.E.M.Vandenplas, ERM/KMS, Chairman
C. Alejaldre, CIEMAT
R. Bartiromo, Consorzio RFX
H. Bruhns, DG XII
M. Chatelier, CEA
J. Cordcy, JET
F. De Marco, ENEA
F. Engelmann, Consultant
G. FuCman, IPP
O. Gruber, IPP
T. Hellsten, NFR
S. Karttunen, VTT
M. Kauftnann, IPP

Engineering:
R. Andreani, ENEA, Chairman
A. Vallee, EFET, Chairman
F. Alonso. EFET
D. Banks, EFET
D. Besson, EFET
J. Bottereau, CEA
M. Blaumoser, CIEMAT
P. Bordignon, EFET
O. Cara, EFET
D. Ciazynski, CEA
G. Claudet, CEA
J. Cordier, CEA
A. Curzon, EFET
J. Duchateau, CEA
M. Febvre, EFET
M. Ferrari, ENEA
J. Friconneau, CEA
A. Frizot, EFET
A. Galli, EFET
A. Gerber, EFET
L. Giancarti, CEA
R. Gottfried, EFET
M. Graltarola, EFET
M. Heller, EFET
J. Icaran, EFET

K. Lackner, IPP
J. Lister, CRPP
B. Lloyd, UKAEA
D. Moreau, CEA
A. Morris, UKAEA
F. Romanelli, ENEA
U. Samm, KFA
C. Schiiller, FOM
E. Speth, IPP
P. Stott, JET
C. Varandas, 1ST
G. Vlases, JET
R. Weynants, ERM/KMS

A. Illescas, EFET
P. Komarek, FZK
E. Kny, Seibersdorf
P. Libeyre, CEA
R. Manso, EFET
J. Martinez, EFET
A. Maschio, Consorzio RFX
R. Meyder, FZK
M. Pascual, EFET
R.-D. Penzhom, FZK
M. Pick, JET
R. Pindado, EFET
J. Pirson, EFET
A. Pizzuto, ENEA
J. Pugh, EFET
I. Smid, Seibersdorf
M. Spadoni, ENEA
J. Tail, JET
T. Todd, UKAEA
B. Turck, CEA
A. Ulbricht, FZK
G. Vecsey, CRPP
F. Vivaldi, EFET
F. Zacchia, EFET
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Safety:
L. Ingham, EFET, Chairman
J. Jacquinot, JET, Chairman
A. Bell, JET
S. Ciattaglia, ENEA
I. Cook, UKAEA
L. Devell, Studsvik
D. Favet, EFET

G. Franzoni, EFET
H. Loffler, GRS
G. Marbach, CEA
J. Mustoe, EFET
M. Porfifi, ENEA
E. Stubbe, EFET

Cost & Schedule:
M. K6hler, EFET, Chairman
G. Sable, EFET, Chairman
E. Bertolini, JET
E. Bogusch, EFET

J. Gilroy, EFET
G. Gfibel, EFET
J. Ostolaza, EFET
F. Vivaldi, EFET

General editor: L. Baker , NET
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JA Domestic Review, of the
ITER Final Design Report

May 14, 1998

Fusion Council

In the long term fusion policy of Japan, the International
Thermonuclear Experimental Reactor (ITER) has not only been regarded
as an important milestone to demonstrate the scientific and technical
feasibility of fusion energy in the research and development of a fusion
reactor, but also assigned to be one of the most important fusion projects as
an "experimental reactor" that satisfies the criteria defined in the Third
Phase Basic Program of Fusion Research and Development. ITER has
therefore, been strongly promoted.

In the ITER Engineering Design Activity (EDA), the design and
technical R&D have proceeded almost as expected in the originally planned
six year period since July 1992, and significant accomplishments have
been made. During this period, the Interim Design Report and the
Detailed Design Report were sequentially submitted reflecting the advance
of the design, and both were accepted after thorough reviews by the Parties.
The draft of the Final Design Report (FDR) that summarizes the
accomplishments of the entire EDA was submitted to the ITER Council in
February 1998 for the review by the Parties.

Upon the domestic review of the FDR in Japan, the Fusion Council
deeply appreciates the effort by the ITER Joint Central Team and all other
personnel who have contributed to produce this draft of the report. In the
actual evaluation process on this report, the ITER/EDA Technical
Subcommittee under the Fusion Council has intensively examined the
technical aspects of draft report. The result of the technical review was
recently reported by the Subcommittee as attached. The Fusion Council
judges that the report by the Subcommittee is appropriate, and considers as
follows:

l.In the physics and technology area, the Council gives a high rating to
the considerable progress of the design that reflects the comments
identified in the previous review of the DDR, and substantial
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improvement made by the physics R&D after the DDR that enhanced the
accuracy of various predictions. It is appreciated that appropriate
technical options were identified for the issues that had not been given a
design philosophy in the DDR, and that adequate design changes were
made for some important elements and components for aspects of system
integration such as maintainability and assembly. It is expected that
further improvements of database, various analysis and assessments, will
be made in the extended EDA period.

2. In the safety area, improvements in safety assessment after the DDR
based on detailed and comprehensive safety analysis are highly rated.
Further R&D to improve the database and enhancement of reliability on
analysis codes are expected.

3. The Fusion Council thus judges that, while further improvements that
are still expected, the completed design is sufficiently mature to predict
with confidence that the current technical objectives of the ITER will be
accomplished, and therefore the report should be accepted as an adequate
product of a design under the standard criteria that presumes no
particular construction site.

4. Although the reported cost estimate for the entire project was given
with an improved accuracy as one of the major deliverables of the design
activity, it was found that the project cost remained as a serious concern
under the current financial circumstances in the Parties. The Fusion
Council considers that a substantial reduction of the cost while keeping
the overall programmatic objective is essential in order to enhance the
probability of effective initiation of construction of ITER.

5. The Council also expects that the specification of the ITER will be
further improved to be more realistic, as a result of the site adaptation
design planned in the extended EDA period that aims to assist an
accurate construction decision, and based on the progress of the above
mentioned study for cost reduction.
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Report of JA Domestic Review on the ITER Final
Design Report

Apr. 24, 1998
Fusion Council

ITER/EDA Technical Subcommittee

1. Introduction

1.1 The status of the Detailed Design Report

The Engineering Design Activities (EDA) of the International
Thermonuclear Experimental Reactor (ITER) have been conducted under
the cooperation among the four Parties; EU, Japan, RF, and US, since July
1992 for the demonstration of the scientific and technological feasibility of
fusion energy for peaceful purposes. Following the domestic review of
the Interim Design Report, this subcommittee completed the technical
review of the Detailed Design Report (DDR) presented by the Director in
December 1996. In the review, general design consistency, design
consideration on the safety, application of latest knowledge to the design
and analysis, and flexibility in construction and operation phases were
evaluated with particular attention as far as the technical objectives of the
ITER is satisfied. As the result, the subcommittee has concluded the DDR
to be appropriate. The DDR was then finally accepted, based on the
evaluation of the each party, by the ITER Council at its 12th meeting held in
July 1997.

At the 13th ITER Council, the draft of the Final Design Report
(FDR) was submitted by the Director for each party's review. This
Subcommittee understands that this draft of the report was worked out to
conclude the effort of the ITER/EDA for six years, and reached to the
following assessment.

1.2 Viewpoints of the Review

In the review of the ITER FDR, considering the previous processes
of the reviews, we focused on the following two points:

1) Progress from the Detailed Design Report,

2) Responses to the comments that Japan pointed out in the review of
DDR.
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Technical issues to be clarified in the future activities were also
considered.

This Technical Subcommittee recognizes that the current
ITER/EDA provides the design basis that does not presume actual country
or location of the construction , and that adaptation of the design that
takes into account the citing country and location is necessary toward the
actual construction. Also in the flexibility of the operational region and
safety, some design issues are identified to require investigation before the
beginning of the construction. Particularly, since expandability of the
operational region and the issues related to safety feature are to be
determined by the time of initiation of the fabrication (construction), or, the
safety assessment for licensing , and the present review does not evaluate
these areas.

2. Evaluation
2.1 General assessment

The ITER/EDA Technical Subcommittee judges that the draft Final
Design Report is appropriate as the final product of the ITER EDA at
present time. Technical issues that require further clarification in the
future activities in the extended ITER/EDA and later are described in the
later part of this report.

This Final Design Report is a great product obtained from the works of
day and night conducted by the members of the ITER Joint Central Team
lead by the ITER Director and the Home Teams. Also, the Physics expert
group has actively conducted the physics R&D and made a large
contribution to the enhancement of plasma physics database which is the
basis for the core plasma design. The Subcommittee expresses its sincere
respect to the significant endeavor devoted to obtain these accomplishments.

2.2 Assessment of the progress of design
The ITER/EDA Technical Subcommittee highly evaluates the fact

that, in the Final Design Report, valuable progresses as shown below have
been attained.
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Physics area
- Regarding to prediction of energy confinement time and physics of
diver tor plasma, there had been a significant enhancement of database as a
result of a remarkable progress of the physics R&D, and there was a
great improvement of the reliability of performance prediction.
-The dependence of the fusion output power on the H factor which is an
index of improvement factor of the plasma confinement, on the Greenwald
normalized plasma density which is an index of the density limit and on the
beta value which is an index of the confinement efficiency of the magnetic
field, have been shown and the operating parameter region and the margin
have been clarified.
-There were progresses in the experimental and theoretical investigations
on the physics of alpha particles and the behavior of related high energy
particles.
-There were progresses of divertor plasma physics in the existing
experimental devices, and the reduction of heat load to the target plates by
the radiative cooling and high efficiency helium exhaust are being realized.
The ITER divertor design is supported by a proper model established in line
with those experimental results.
-In order to suppress disruptions due to locked mode, the Neutral Beam
Injection having plenty of experimental results has been adopted as the
method of controlling distribution of plasma rotation. And the database has
been enhanced by the physics R&D, and the accuracy of prediction of the
value and the spacial distribution of the halo current by disruptions has been
improved.
-As for the magnetic diagnostics, there was a progress in the integrated
design of the diagnostic devices and plasma control system.
-A practical scenario of plasma termination has been shown.
-The allowable limit of ripple loss has been clearly shown, and in order to
suppress the loss within this limit, a reduction of ripple has been made by
using a magnetic material. In addition, the effect of the magnetic material to
the plasma operation has been evaluated.
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-Requirement items to the diagnostics for the.operation control and the
assurance of plasma performance have been shown.

Reactor engineering area
-Not only for the vacuum vessel which is an important device for the
assurance of the safety, but also for components inside the vessel which are
replaceable, preparations for codes and standards have been proceeded and
documented as a Structural Design Criteria which is one of supporting
technical documents (of ITER).
-For the design of vacuum vessel ports and their periphery, standardization
of shield structures, integration of devices and improvement of
maintainability have been proceeded considering each devices inside each
port. .As for the structure design of the vessel and in-vessel components,
there has been a progress of design such as an increase of structure strength
of the vacuum vessel without any increase of one turn electric resistance.
-As for the design of the back side of blanket, they were designed to stand
for electro-magnetic forces of every assumed disruption condition, and the
inner structure of the breeding blanket has also been decided and the design
study has been proceeded. In addition, the design of the limiter modules
which should be frequently maintained has been changed to be installed in
horizontal ports to make the plasma control easier and to improve
maintainability.
-Three dimensional analysis has been conducted for major components such
as divertor cassettes, and a design was made to fulfill the requirements. And
the analysis of electro-magnetic force has been made for every disruption
condition, and the design has been progressed to improve maintainability
by simplifying the structure of heat accepting devices, for example, and the
flexibility has been enhanced.
-The design of the toroidal field coils has been changed to the double pan-
cake type, and the study of shape and materials for the poloidal field coils
has also been proceeded. The design of coils has been improved to be more
realistic.
-As for the central solenoid, the design has been decided to be non-divided
type because the backing method is adopted as the supporting structure and
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also because of necessity of maintaining the present region of non-
circularity.
-The preparation of the Plant System Integration Report which is one of the
supporting technical reports has been progressed.

Safety Area
-In the technical document of the Final Design Report and the Non-site
Specific Safety Report 2 (NSSR-2) which is one of its technical support
documents, an assessment has been rnade.andjhe investigation was deepened
for the safety and characteristics of environmental side of ITER based on a
detailed and general analysis.
-The representative abnormal events for which the quantitative analysis of
the event sequence were conducted had been selected based on a systematic
study of a number of credible abnormal events in order to assure the
completeness.
-The most recent results of the R&D have been incorporated in the database
including source term of radioactive materials for analysis, A wide range of
analysis has also been made for the safety of workers and the characteristics
of wastes.
-As for the safety assessment related to the final design of ITER, although
focused mainly on the basic performance phase, assessments for all
operation phases and decommissioning period are included.

2.3 Investigation items during and after the extended ITER/EDA period
It is expected that the following items would be clarified in the future

time during and after the extended ITER/EDA period.

Physics area
-Regarding to the ELMy H mode which has a good confinement
characteristics around the Greenwald limit of density in large devices,
further data should be accumulated and physics R&D on long pulse
operation with high density and ELMy H mode including fuel supply
method should be conducted, and using the result of these research, the
operation scenario should be established.
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-It is desirable to obtain a prospect to a long pulse operation of the radiative
cooling. Namely, because a vertical divertor which have tighter baffle
plates is proposed in order to prevent the back flow of neutral particles
from the divertor region to the main plasma, it is important to verify
experimentally or by simulation that the outflow of neutral particles from
the divertor region can be controlled and that the good confinement can be
maintained.
-It is expected that an assessment would be made on the transport of the
particle and energy flux accompanying the sawtooth oscillations and a
quantitative study on the allowable range of sawtooth oscillations for
maintaining ELMy H mode would be made.
-Because the database to assure the energy confinement time assumed in
ITER at a high density region has not been well established, a further
research on this point is desirable.
-The alpha particle physics is one of the most important research items of
ITER. More theoretical study is expected on instabilities which will induce
a reduction of alpha particle heating efficiency such as the Alfven Eigen
Mode induced by the toroidal effect (TAE).
-More detailed study and practical structure design are expected for
diagnostics system necessary for the burn control of the plasma.
-As for disruptions, it is expected the relating database would be further
accumulated in order to establish its suppression scenario and search for the
original" cause of the runaway electrons would be made to establish a method
to suppress runaway electrons.
-An experimental verification with existing devices is expected on the
ferritic steel to be adopted to reduce ripple.

Reactor technology area
-Related to codes and standards, it is important to establish the test method
of welded zone.
-As for the vacuum vessel, the detail design on ports and their periphery
including base part of ports and bellows shall be continued and an
assessment of them is expected to be made. As for the ferritic steel to be
inserted to reduce ripple of the toroidal magnetic field, an assessment of
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effect against electro-magnetic forces etc. is expected. And as for the
cooling method of the vacuum vessel, it is important to verify carefully by
analysis and R&D etc. the validity of securing the heat conduction by
natural convection expected at the time of loss of flow accident (LOFA).
-As for the in-vessel components, it is desirable a design analysis would be
conducted considering each of the neutron irradiation effect and the water
environmental effect, and the combined effect of these. As for the design
based on the results of the neutron irradiation test with fission reactors and
application of results with small test sample to large structures, it is
desirable that the logic and methodology as the basis of the design would be
urgently established.
-As for blanket, it is desirable that the problems such as the electric
insulation of the blanket module of the mechanical connection type, etc. and
feasibility of assembling would be further clarified as a preparation to
construction. It is expected that the assessment of tritium inventory of
beryllium would be continued to improve the accuracy of inventory
assessment including the reliability of test data.
-As for divertor, it is expected that a data base for evaluation of impurities
would be constructed. That is, it is desired that assessments of the heat
load (dome, baffle) accompanying changes of plasma shape, sputtering by
charge exchange with neutral particles and tungsten impurity by generation
of volatile gas ( tungsten oxide gas) due to oxygen impurity would be made.
-A careful study and decision are expected on adoption of correction coils
with a overall point of view on the general design including the solution by
plasma operation techniques.
-For systems other than the isotope separation system and important for
safety with large inventories in the tritium circulation system, it is desired
to further reduce the uncertainty by conducting the investigations on tritium
inventory and tritium permeation into the cooling water. And it is also
desired that the dynamic model of the tritium circulation system would be
developed into a integrated model including control system of each
subsystem.
-As for maintenance inspection of in-vessel components, it is expected that
the development of a scenario of inspection and repair by remote handling
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considering the operation environment and the detailed device design up to
the parts level would be continued. The continuation of investigation
work is also expected on the assessment of radiation of the environment of
hands-on works and means to reduce radiation exposure.
-It is desired that the Plant System Integration Report would be further
strengthened in future. Particularly, an overall investigation is important
on the interfaces between systems and operation status of the plant.

Safety area
-Further progress of R&D is expected for improvement of reliability of
various assumptions and technical data used for safety assessments.
-Further progress of R&D is expected for validation of applicability of
analytical codes and models to ITER conditions.
-According to the progress of the design, further progress of assessment of
waste characteristics is expected.

Construction cost / fabrication schedule / construction schedule
-As for the total cost, it is desirable that the range of evaluation be clearly
shown, particularly those not included in the described cost.
-As for fabrication schedule / construction schedule, it is necessary to make
a re-assessment when the results of R&D become clear and the assumption
of the construction organization is made.
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RF COMMENTS-

on the
"ITER Final Design Report, Cost Revie>v and Safety Analysis"

The document "ITER Final Design Report, Cost Review and Safely Analysis" was

discussed by the RF Home Team with the involvements of the leading RF institutions and

enterprises on ITER project, al the Scientific - Technical Council of RF Ministry for

Atomic Energy and in the Russian Academy of Science. It received positive overall marks.

All main project goals were achieved; the Report and its supporting documents give the

basis for a practical ITER construction. The RF Party consider FDR as a good reference

document for any kind of fusion reactors.
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US COMMENTS

on the
"ITER Final Design Report, Cost Review and Safety Analysis"

The US Fusion Program conducted an intense review of the DDR and provided

comments to the Director. The general view from that review was very positive on the

quality of the work, and recommended continuation of the work with an emphasis on

reducing costs. As the FDR builds derectly on the DDR, the specific US comments on

the FDR complement the earlier, in-depth review.
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EIC-1 RECORD OF DECISIONS
25 June 1998, Tokyo

2.1 Having heard the positive views of the Parties, based on their in-depth
domestic assessments of the Final Design Report, Cost Review and Safety
Analysis (FDR) and related technical documentation (see attached comments,
EIC-1 ROD Attachment 3), which complement those made on the DDR), the
Council approved the FDR (IC-13 ROD Attachment 6). The FDR provides
the first comprehensive design of a fusion reactor based on well established
physics and technology. The FDR and accompanying documents would be
sufficient, when complemented by site specific adaptations of the design, to
provide the necessary technical basis to a construction decision. The Council
agreed that the fully documented design presented in the FDR should serve as
the reference design from which to initiate the site-specific joint technical
activities and informal interactions with regulatory authorities.

2.2 The Council expressed its appreciation to the Director, the JCT and the Home
Teams for fulfilling the task set for them and for the quality and depth of the
work completed.
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