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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 and shall remain in force for six years, with the EDA
being 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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1.0 INTRODUCTION

1.1 Background

The ITER Detailed Design Report, Cost Review and Safety Analysis is the third
major milestone report presenting the progress made in the ITER Engineering
Design Activities.

An Outline Design Report 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 Technical Basis for the ITER Interim Design Report, Cost
Review and Safety Analysis ("IDR") [ITER EDA Documentation Series No. 7]
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" [ITER EDA Documentation Series No. 9] was approved by ITER
Council at its meeting in December 1995. Against this background, the ITER
Parties have entered explorations aimed at identifying issues for subsequent
negotiations towards possible agreement on ITER construction, operation,
exploitation and decommissioning.

With the approval of the IDR package, it has been possible to freeze the main
concepts and systems approaches for ITER and to develop the design in more
detail for the individual components and sub-systems. The programme of
validating R&D has been focussed on key issues arising from the developing
system designs. Overall safety and environmental analyses are being undertaken
on this firm basis.

1.2 Contents

The Technical Basis for the ITER Detailed Design Report, Cost Review and Safety
Analysis ("DDR") has the following contents:

I Introduction
II ITER Plant Design Description (IPDD)
III ITER Physics Assessment
IV ITER Safety Assessment
V ITER Project Cost Estimate
VI ITER Construction Plan & Project Schedule

This report, although designed to be fully understandable as a separate
document, does not always provide a comprehensive description of all design
details, but focusses in particular on the main changes since the IDR. A more
comprehensive report (the Technical basis for the ITER Final Design Report, Cost
Review and Safety Analysis, or "FDR") will be produced at the end of 1997.

1.3 Supporting documents

This report is supported by detailed technical documentation, referred to in the
various chapters of the report. These include the "Design Description

DDR-Introduction Chapter 1-Page 1
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Documents" (see Chapter II.l), as well as final reports of R&D and design
activities conducted by the Home Teams, amongst other documents. This
illustrates the fact that the work reported in the DDR is a collaborative effort
relying on the work of the Joint Central Team and the Home Teams of the
Parties. Further information on the ITER EDA may be found in these supporting
documents and the above references, and in the ITER EDA Agreement, its
Annexes and Protocols.

1.4 Design overview

For convenience, an overview of general information about the design is
summarised in this chapter.

1.4.1 Operation

The Basic Performance Phase (BPP) and the Enhanced Performance Phase (EPP)
are each planned to last about ten years. The BPP plan is shown in Figure 1.4-1-1.
Plasma operation will be preceded by a year of integration of the sub-systems,
followed by several years of initial operation in hydrogen to allow for the testing,
integration and commissioning of the tokamak sub-systems, and a brief DD
phase before proceeding to operation with DT. Various operational modes are
envisaged, including ohmic and additionally heated pulses, 1000 s ignited pulses,
and longer pulses assisted by current drive. The operating plan allows for
maintenance, including an extended down time during the sixth and seventh
year following the first full year of ignited operation. 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 reliable operation to produce high neutron fluxes and fluences, using the
most promising operational modes developed during the BPP.

DDR-Introduction Chapter 1-Page 2
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FIGURE 1.4-1-1
Tentative ITER Plasma Operation Plan

for Basic Performance Phase

1.4.2 Main parameters

ITER is a long pulse tokamak with an elongated plasma and a single null
poloidal divertor (Figure 1.4.2-1). ITER is designed to produce a nominal fusion
power of 1.5 GW for a minimum ignited pulse length of 1000 s. The magnetic
field is provided by NbsSn and NbTi superconducting magnets. There are
20 toroidal field coils and 8 poloidal field coils including the central solenoid.
Neutron shielding is provided by a stainless steel and water blanket in
combination with back plate and vacuum vessel. Two barriers for tritium
confinement are provided by the vacuum vessel and the cryostat. There will be
100 MW of additional heating and a complete set of plasma diagnostics. Plasma
control is provided by the poloidal field system, and the pumping, fueling and
heating systems. An overview of general design requirements and
representative design parameters are listed in Tables 1.4.2-1 through 1.4.2-3.
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TABLE 1.4.2-1
ITER Major Design Parameters

Plasma Major Radius, R, (m)

Plasma Minor Radius, a, (m)

Plasma Configuration

Nominal Plasma Current, (MA)

MHD Safety Factor for nominal plasma current, q95

Toroidal Field at Major Radius, (T)

Reference pulse duration, (s):
Inductive pulse flat-top under ignited conditions
Nominal repetition time

Nominal Wall Loading, (MW/m2)

Nominal Fusion Power, (GW)

Maximum excursion of the fusion power, (%)

Maximum duration of the power excursion, (s)

Total Neutron Fluence, (MWa/m2)
- during the Basic Performance Phase
- total for the machine lifetime

Total numbers of pulses, including shorter, lower power pulses
and disruptions (not including short test pulses)

- during the BPP
- during the EPP

Goals for the number of major disruptions during the BPP
- at full current, full energy
- at full current, half energy
- at 5 0.5 current, 5 0.1 of the nominal stored

thermal energy

Goal for the number of plasma disruptions during the EPP

8.14

2.8

Single-Null Divertor

21

-3.0

5.68

1000
2200

-1.0

1.5

20

10

-0.3
>1.0

5 50,000
< 15,000
5 35,000

5 3,000
5500
5 600
51900

51000
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TABLE 1.4.2-2
Representative Plasma Parameters

Volume-average temperature (To = 0.5*[TeO+Tio]) (keV)

Volume-average density, neO (m'3)

Impurity fractions (fee/ hie, fAR)

Zeff

Radiated power fraction, frad

Energy confinement time corrected for core radiation
loss TE (s)

Normalized confinement multiplier
Ho.85*93H-mode

DT Triple product, <noT0"Ti>-TE (m-3keVs)

Ignition margin, Mjgn

Normalized toroidal beta (total), P N =(P(%)/(I/aB)]

Poloidal beta, (JpOi

Poloidal beta range, (3p

Nominal plasma internal inductance, {{(3)

Inductance range, /j(3)

Plasma energies:
Thermal, Wth (GJ)
Magnetic, W m a g (GJ)

Plasma triangularity, 895

Plasma elongation, K95, KX

10 -12 keV

1.0-1.3X1020

0.02,0.09 -0.14,0.002

1.5 - 1.8

0.36 - 0.40

5.7-5.9

1.0

5.0 x 1021

1.1

2.2

0.8 - 0.9

0SPpS1.2

0.9

0.7 £/i(3) £ U

1.0 -1.2
1.1

-0.24

-1.6, -1.75
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TABLE 1.4.2-3
System Design Requirements & Parameters

1.1 Toroidal Field Coils (TFC):

Number of coils

Basic design approach:

Conductor

Materials:
-Superconductor
- Stabilizer
-Conduit
- Cases and radial plates

Maximum magnetic field at superconductor(T):
- toroidal field, including local ripples
- total field (toroidal plus poloidal)

Conductor current density at maximum field, including conduit
(MA/m2)

Inner leg overall current density, including insulation and
structure, (MA/m2)

Nominal voltage (for normal 15s discharge), (kV)
- between terminals
- terminal-to-ground

Peak TF insulator dose with 1 MWa/m2 at first wall, (Gy)

Maximum toroidal field ripple at the separatrix, %

20

Welded cases with enclosed grooved
radial plates,with each conductor in a
separate groove

Cable-in-conduit, force-cooled,
circular cross-section

Nb3Sn
Cu
Incoloy 908
316 type Stainless Steel

12.3
12.5

37

10

10
5

3X106

<2
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TABLE 1.4.2-3
System Design Requirements & Parameters (Cont'd)

1.1 Toroidal Field Coils (TFC) (Cont'd)

Space allocation at room temperature in the bore of the TF
coil, for the current baseline, (m):

- for inner legs, Rmin
- inner bore width, ARmax
- inner bore height, AZmax

3.99
9.41

14.81

1.2/3 Poloidal Field Coils (PFC) and Central Solenoid (CS)

Total inductive flux swing, (Wb)

Nominal inductive flux swing for burn for 21 MA, (Wb)

Loop voltage for plasma initiation, (V)

Nominal plasma loop voltage during burn, (mV)

Maximum voltages between terminals, (kV)
- C S
- P F coils

Number of independent coils, including the CS as PF1

Basic design approach:
- C S

-PF2-PF8

Conductor design:

Materials:
Superconductor

-forCS,PF2andPF7:
- for PF3 - PF6 and PF8:

Stabilizer
Conduit

- for the CS
- for the ring PF coils

Maximum Ampere turns(design capacity) (MAt):
- CS (as PF1)
-PF2
-PF3
-PF4
-PF5
-PF6
-PF7
-PF8

Maximum magnetic field at superconductor, (T):
- at the Central Solenoid (PF1)
- at the Nb3Sn PF coils (PF2 and PF7)
- at the NbTi PF coil

530

>80

18

£80

15
10

8

Layer winding, 14 layers, 4 conductors
in-hand
Double pancakes, typically two
conductors in-hand

Cable-in-conduit, force-cooled, square
cross-section

Nb3Sn
NbTi
Cu

Incoloy 908
Stainless Steel

141
18.5
9.4
17.6
19.0
12.7
27.3
3.5

13.0
8.6
5.0
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TABLE 1.4.2-3
System Design Requirements & Parameters (Cont'd)

1.2/3 Poloidal Field Coils (PFC) and Central Solenoid (CS) (Cont'd)

CS conductor current densities, including conduit (MA/m2):
- for inner section (CS 1)
- for middle section (CS 2)
- for outer section (CS 3)

CS overall current density, including insulation,excluding
inner & outer cylinder (MA/m2):

16
20
20

15

1.7 Divertor

Configuration

Basic design approach

Length of channels along the separatrix,
each inner and outer, (m)

Surface heat loads including power excursions (MW)
- total for both channels
- design value for the inner channel
- design value for the outer channel

Total heat load including power excursion and volumetric
neutron heat (MW)

Local thermal load at normal operation conditions, nonnal to
surface, (MW/m2):

— nominal value
- local peaks for sub-pulses of 10 sec

Required design lifetime

Required replacement time, (months)
- for entire divertor
- for one cassette

Materials
- plasma facing material
- heat sink material
- structural base material

Baking temperature, (°C)

Divertor coolant:
- type
- maximum design pressure, (MPa)
- inlet temperature (°C)

Divertor toroidal resistance, (uO)

Single null poloidal divertor with
X-point at the bottom

Solid replaceable cassettes

1.8

£300
£150
5 200

5 400

5.0
15.0

More than 1000 standard pulses plus
200 full power disruptions

56
52

Be, W and/or C
Cu alloy orDS-Cu
316 LN-IG (ITER Grade) SS

240 for Be, Steel & W components
(240 for CFC)

water
5 4.0
150

£100

DDR-Introduction Chapter 1-Page 8
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TABLE 1.4.2-3
System Design Requirements & Parameters (Cont'd)

1.6 Blanket
Basic design approach

Surface heat loads, (MW/m2)
• primary wall, local peaks without power excursion
• baffles, surface average without power excursion
• baffles, local peaks
• limiter, peak

for start-up
for shut-down

Volumetric nuclear heating local peaks with power excursion
(MWAr?)
Required design lifetime:

- for primary modules

- for baffles

Materials for the module first wall:
- plasma facing material
- heat sink
- structural base

Materials for the baffles:
- plasma facing material
- heat sink
- structural base

Baking temperature, (°C)
FW coolant:

- type
- maximum design pressure, (MPa)

Lifetime of shield and backplate in terms of neutron fluence on
the FW, (MWaAn2)
- for the blanket itself - full duration of the BPP
- for the W reweldability and dose on the magnets

Total dimensioned thickness for inboard area, (m)
incl. Module, BP, W and interspaces, at room temp.

Replaceable modules

0.25
0.5
1.0

3.0
5.0

15.0

full duration of the BPP but with the
possibility of the module replacement
3000 standard plasma pulses plus
150 full power disruptions

Be
Cu alloy
316LN-IG SS.

Be
Cu alloy
316LN SS

240.

water
<4.0

0.3
3.0

1.028

1.5 Vacuum Vessel (W)
Basic design approach:
Internal design overpressure, absolute, restricted by
an overpressure protection system, (MPa)
W material (for current baseline)

Baking temperature, (°C)

VV coolant:
- type
- maximum design pressure, (MPa)

Double-wall welded ribbed shell

0.5
Stainless Steel 316 LN

200.

water
<2.0

DDR-Introduction Chapter 1-Page 9
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TABLE 1.4.2-3
System Design Requirements & Parameters (Cont'd)

1.5 Vacuum Vessel (WMCont'd)

W space allocation in the bore of the TF coil, at room
temperature, for the current baseline, (m)

— minimum radial coordinate
- maximum radial coordinate
- total vertical dimension

Total toroidal resistance for the VV combined with all in-
vessel components, (|ift)

Maximum electrodynamic forces including loads transfered
from in-vessel components, (MN):

- total vertical force directed up
- total vertical force directed down

Maximum local electrodynamic pressure on the VV wall,
(MPa)- directed to the plasma

4.11
13.01
14.45

2 4

80
150

0.4

2.7 Thermal Shield

Design approach

Material

Acceptable heat leaks through entire Thermal Shield, (kW)

Space envelope for the Thermal Shield, (mm)

Actively cooled shield with passive
foils

Stainless Steel

7

70

2.4 Cryostat

Design approach

Material

Internal design overpressure restricted by
overpressure protection system, absolute (MPa)

Maximum inner dimensions, (m):
- radius
- height

Toroidal resistance of the cylindrical portion, (uQ)

Double-wall welded ribbed vessel

304L Stainless Steel

0.2

18.0
30.35

£34

3.4 Cryoplant

Nominal average refrigeration and liquefaction rate:
~ 4.5 K (kW, (kg/s |)

- thermal loads within magnet system including
circulating pumps, cold compressors

- divertor cryopumps
- total for magnets and divertor cryopumps

Maximum cooling capacity of 80/100 K (kW) cooling loops

-96 (0.23)

~7 {0.13}
-100 {0.35}

225

DDR-Introduction Chapter 1-Page 10
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TABLE 1.4.2-3
System Design Requirements & Parameters (Cont'd)

5.1/2/3/4 Auxiliary Heating and Current Drive

Total injected power, (MW)

Feedback control power rate, (MW/s)

Start-up ECRF system
-two frequencies between, (GHz)
-total power, (MW)

Candidate Auxiliary Heating and Current Drive Systems
(100 MW total)
EC H&CD (electron cyclotron frequency) system

- number of ports
- frequency, (GHz)
- total power, (MW)

IC H&CD (ion cyclotron frequency) system
-number of ports
- frequency range, (MHz)
- total power, (MW)

NB (neutral beam) Injection system
-number of ports
- beam energy (keV)
- total power, (MW)

LH (lower hybrid frequency) system

100

60

90-140
6 (2x3MW)

2
170
50

4
40-90
50

3
400-1000
50
In process of development by Home
Teams

1.8 Fuelling

Mode of fueling: Gas puffing and pellet injection

5.6 Test Blanket Module

Type:

Number of test modules for the BPP

Total Area (m2)

Neutron flux (MW/m2)

Blanket test modules located in
Equatorial ports

4 - 5

22

-1.2

5.5 Major Diagnostic Systems

Major Diagnostic Systems
1. Magnetic
2. Neutronic
3. Optical/Infrared
4. Bolometric
5. Spectroscopic and NPA Systems
6. Microwave
7. Plasma facing component & operational systems
8. Diagnostic neutral beam

Tentative number of subsystems
5
10
7
2
10
8
6
1
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TABLE 1.4.2-3
System Design Requirements & Parameters (Cont'd)

5.5 Major Diagnostic Systems (Cont'd)

Number of equatorial diagnostic ports,
including shared ports 5

3.1/2 Vacuum Pumping and Tritium Plant

Base pressure: (Pa)
Hydrogen isotopes:
Impurity gases (He, O, CO, etc.)

Pumping Speed/Throughput

D-T flow rate from plasma - blended average (mol/1)

Fuelling rate for deuterium or DT with up to 60 % tritium

(Pa m3/s)

Fuelling rate for 90% tritium (Pa m3/s)

Tritium consumption for 1000 s full power burn, including burn
consumption and hold-up in tritium handling system (g)

Minimum tritium consumption (due to burn) during the BPP
(kg)
Tentative tritium breeding ratio at the Extended Performance
Phase

10-5
10-7

200 Pa m3/s

80

200

50

3.3

30

0.8

2.6/3.3/3.5 Heat Transport System

Heat released in the tokamak for the nominal operational
regime, excluding power excursions (MW)

- neutron heating including
power multiplication (xl.5)

- alpha heating in plasma
- auxiliary heating power in plasma
- total

Design capacity of heat transport system including power
disssipated due to pumping the cooling water, (MW):

- first wall/shield blanket including baffles
- limiters and outboard baffles
- divertor
- vacuum vessel
- NB injectors
- RF equipment
- total

Number of independent cooling loops:
- first wall/shield blanket/inboard baffle
- limiter/outboard baffle
- divertor
- back plate
- vacuum vessel
- NB injectors

1800
300
100

2200

1500
500
400

3
100
25

-2530

10
4
4
2
2
2
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TABLE 1.42-3
System Design Requirements & Parameters (Cont'd)

4.1/2/3 Electric Power Supply

Pulsed power supply:
Total active power from the grid, (MW)
Total reactive power, (M var)
Power derivative, (MW/s)
Power step, (MW)

Steady state power supply:
Total active power from the grid, (MW)
Total emergency power, (MW)

500-650
400-500
200
60

230
8

DDR-Introduction Chapter 1-Page 13
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1.0 INTRODUCTION

Following approval of the Interim Design Report (IDR) package and a subsequent
internal design review, the main elements of the ITER design have been
"frozen" and the resulting stable "point design" has provided the basis for
detailed design activities. Work undertaken since the Interim Design Report in
developing the design and in related R&D has confirmed the validity of the
concepts and design approaches taken for the main components of ITER. This
ITER Plant Design Description (IPDD) presents the status of the evolving detailed
design.

A glossary of frequently used acronyms and important classifications (remote
handling, safety importance, event frequencies, steady state power, seismic
classification and specification) may be found in Section 1.4.

1.1 ITER plant overview

A cut-away view of the tokamak core is shown in Figure 1.1-1. The major
components of the tokamak are the superconducting toroidal and poloidal field
coils which magnetically confine, shape and control the plasma inside a toroidal
vacuum vessel. The magnet system comprises twenty toroidal field coils, a
central solenoid, seven external poloidal field coils and some correction coils.
The centering force on toroidal magnets is reacted by the central solenoid. The
TF coil cases are used to support the external PF coils. The vacuum vessel is a
double wall structure fabricated in twenty toroidally divided sectors. The
vacuum vessel is suspended from the toroidal field coil cases by twenty vacuum
vessel vertical supports, and spaced from them by horizontal supports. The
magnet system together with the vacuum vessel and internals are supported by
twenty gravity supports. Inside the vacuum vessel the internal, removable
components, including blanket, baffles, limiters, divertor, heating antennae and
diagnostics sensors, absorb most of the radiated heat from the plasma and protect
the vessel and magnet coils from excessive nuclear radiation. The divertor
limits the concentration of impurities in the plasma. The other vessel internals
are chosen so that they do not contribute unacceptably to the concentration of
impurites in the plasma. In the EPP it is assumed that the initial shielding
blanket of the BPP will be replaced by a breeding blanket.

The heat deposited in the internal components and the vessel is rejected to the
environment via heat transfer systems designed to preclude releases of tritium
and activated corrosion products to the environment. Portions of the heat
transfer systems are also used to bake and hence clean the plasma facing surfaces
inside the vessel by releasing impurities. 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 tokamak fuelling system is capable of gas and solid hydrogen pellet injection.
The low-density gaseous fuel will be introduced into the vacuum vessel chamber
by a gas injection system. The plasma will progress from electron-cyclotron-
heating assisted initiation in a circular configuration touching the outboard
limiter to an elongated divertor configuration as the plasma current is ramped
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up. After the current flat top (21 MA) is reached, subsequent plasma fuelling (gas
or pellet) together with additional-heating for ~ 100 s leads to an ignited DT burn
at 1.5 GW. Without non-inductive current drive from the heating systems, burn
duration will be limited to ~ 1000 s by the available magnetic flux swing
(~ 80 Wb). Before this is used up, the burn is terminated by ramping down the
fusion power by reducing the fuelling, followed by the current rampdown and
plasma termination. The inductively driven pulse has a total duration of 1400 s,
and the pulse repetition period may be as short as 2200 s. Further details of
tokamak systems are given in Section 4.

An artist's view of the ITER site and buildings is shown in Figure 1.2-1. Basic
assumptions of the site conditions used for design of the ITER plant can be found
in the ITER Site Requirements and Design Assumptions [ITER EDA
Documentation Series No. 9, IAEA]. Further details of the overall site
configuration and layout are given in Section 2, and the tokamak building layout
in Section 3.

The initial assembly procedure of the tokamak is discussed in Section 5.
Tokamak maintenance is described in Section 6.

All sections include summaries of the changes since the IDR and an assessment
of the design, with repect to its fabricability and ability to stand up to operating
conditions, and /or an assessment of what remains to be done in order to give
more confidence in the design.

A list of the basic parameters of the ITER plant is given in Table 1.1-1.

1.2 Major changes since the Interim Design Report

The ITER design remains essentially the same as described in the IDR,
particularly for the tokamak and its immediate support systems. Subsequent
design work has concentrated on the integration of the tokamak, the support
systems and the buildings, and provided more details for most systems. In some
cases changes have been made. The most significant changes of the design since
the IDR are:

1. A seismic design option which utilizes seismic isolators for the
tokamak pit has been studied. It could accommodate possible SL-2
earthquake with a ground acceleration significantly greater than 0.2 g,
should the site choice make this a requirement.

2. The design of the tokamak building and the tokamak pit which house
the reactor core of the ITER plant and the layout of the equipment have
been reconfigured to give more efficient use of the space around the
tokamak and improve safety. Seismic isolation (if it will be needed
after site selection) can be accommodated without any significant
changes in the design.

3. The shape of the cryostat vessel has been altered for improved space
utilization.
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TABLE 1.1-1
Basic Parameters of ITER Plant

Tokamak core
Nominal fusion power
Nominal wall loading
Fuel
Plasma Major Radius, R
Plasma Minor Radius
Nominal plasma current
Toroidal field at Major Radius with 231 MA turn
Inductive pulse duration under burn conditions
Nominal repetition time

Vacuum Vessel
Structure
Material

Superconducting toroidal field coils
Superconductor
Number of coils

Superconducting poloidal field coils (CS, PF2 - PF8)
Superconductor

Total inductive flux swing
Crvostat

Structure
Maximum inner dimensions

radius
height

Material
Cryoplant

Nominal average cooling load for magnet system at
4.5K

Maximum cooling capacity at 80 K
Addtional Heating and Current Drive

Total injected power
Candidate Additional Heating and Current Drive

(H&CD) systems (100 MW total)
Heat Transfer Systems

Heat released in the tokamak during the nominal
pulsed operation

Design capacity of the pulse heat transfer systems
including power dissipated due to pumping the cooling water
Electrical Power Supply

Pulsed Power supply from grid
Total active power demand
Total reactive power demand

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

1.5 GW
1.0MW/m2
D, T gas, pellet
8.14 m
2.80 m
21 MA
5.68 T
1000 s
2200 s

Double-wall welded ribbed shell
stainless steel
316 LN

MnSn
20

CS, PF2,PF7:Nb3Sn
PF3 - PF6, PF8:NbTi
530 Wb

Double-wall welded ribbed vessel

18 m
36m

316 type stainless steel

100 kW

300 kW

100 MW
EC H&CD, IC H&CD,
LH H&CD, NB H&CD

2200 MW

2600 MW

500-650 MW
400-500 MVAr

230 MW
160 MVAr
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4. The gravity support for the magnet system and vacuum vessel (VV)
has been redesigned and lateral support elements between the TF
magnet and the VV have been introduced to improve the mechanical
behavior of these components during earthquake and vertical
displacement events (VDEs), in case they occur.

5. There were several changes of design in the primary heat transfer
systems in terms of number of loops, or routing of pipes, and
reconfiguration to improve the safety of operation.

6. The procedure for initial assembly has been developed to address the
problems of maintaining tolerances within allowable limits during the
assembly of large, massive components.

7. Remote handling procedures and the design of equipment have been
developed and optimized further by considering the maximum
possible use of hands-on maintenance when justified by the ALARA
principle.

1.3 Detailed Design Descriptions

For more detailed technical design information of each system or facility, Design
Description Documents (DDDs) are available. The DDD for each level 3 item of
the ITER Work Breakdown Structure (WBS) gives the functions of the system
and the agreed general boundary requirements (as specified in the GDRD, which
was included in the IDR but is now a separate document). The DDD also
describes further specific design requirements which have been adopted. The
DDD then gives the description of the proposed detailed design for the
subsystem, its safe operation and maintenance, and how it satisfies the
requirements. In addition, the DDDs include a more detailed assessment of the
design, and/or an assessment of what remains to be done in order to give more
confidence in the design.

Since this IPDD is not organized around the Work Breakdown Structure, the
relation between the contents and corresponding main DDDs relevant to each
section is shown in Table 1.3-1.
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TABLE 1.3-1
IFDD Sections and Related DDDs

IPDD

1.0
2.0

3.0

4.0
4.1

4.2

4.3
4.4

4.5

4.6

4.7

4.8

4.9
5.0
6.0

Sections

Introduction
ITER Overall Configuration and Layout

Tokamak Reactor Building

Summary of System Design
Vacuum Vessel and In-Vessel Components

Magnet Systems

Cryogenic System
Fuel Cycle

Cryostat and Thermal Shields

Tokamak Water Cooling System

Instrumentation and Control

Heating and Current Drive

Plasma Diagnostic System
Tokamak - Initial Assembly
Tokamak Maintenance

WBS# and DDD Titles

4.3 Steady State Electrical Power Network
6.1 Site
6.2 Buildings
6.3 Waste treatment and storage
6.5 Liquid distribution
6.6 Gas distribution and compressors
6.2 Buildings

1.5 Vacuum Vessel
1.6 Blanket System
1.7 Divertor
1.1 Toroidal Field Coils System
1.2 Poloidal Field Coils System
1.3 Central Solenoid System
1.4 Magnet Structures
4.1 Coil Power Supply & Distribution
4.7 Poloidal Field Control
3.4 Cryoplant and Cryodistribution
1.8 Fuelling
3.1 Vacuum Pumping Systems
3.2 Tritium Plant
2.4 Cryostat
2.7 Thermal Shields
3.1 Vacuum Pumping Systems
2.6 Primary Heat Transfer Systems (PHTSs)
3.3 Secondary Heat Transfer Systems (SHTSs)
3.5 Heat Rejection Systems
3.6 Chemical and Volume Control Systems

(CVCSs)
4.5 Command Control and Data Acquisition
4.6 Interlocks and General Alarms
5.1 Ion Cyclotron Heating & Current Drive
5.2 Electron Cyclotron Heating & Current Drive
5.3 Neutral Beam Injection
4.2 Additional Heating Power Supplies
5.5 Diagnostics
2.2 Machine Assembly and Tooling
2.3 Remote Handling Equipment
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1.4 Glossary

1.4.1 General acronyms

Acronym

ALARA

BPP
CODAC

CS

DDD
DDR

EC
EPP
FDR

FW
GDRD

H&CD

HRS

HTS

HV
HVAC
IC
IDR

IPDD

LOCA
LOFA
LOPA

LOVA

NB

PF

PFC
PHTS
RF

RH

SHTS

TF

VDE

VV

WBS

Definition

As Low As Reasonably Achievable
Basic Performance Phase

Command Control & Data Acquisition, Communication

Central Solenoid
Design Description Document

Detailed Design Report
Electron Cyclotron

Enhanced Performance Phase
Final Design Report

First Wall

General Design Requirements Document
Heating and Current Drive

Heat Rejection System

Heat Transfer System

High Voltage
Heating, Ventilation, and Air Conditioning
Ion Cyclotron

Interim Design Report

HER Plant Design Description

Loss of Coolant Accident
Loss of Flow Accident

Loss of Site Power Accident

Loss of Vacuum Accident

Neutral Beam

Poloidal Field

Plasma Facing Component
Primary Heat Transfer System

Radio Frequency
Remote Handling

Secondary Heat Transfer System

Toroidal Field

Vertical Displacement Event

Vacuum Vessel

Work Breakdown Structure
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1.4.2 Specialised classifications in general use

1.4.2.1 Remote handling classes

Remote Handling Class

RH Class 1

RH Class 2

RH Class 3

RH Class 4

Component Characteristics

Components that require scheduled remote maintenance or
replacement.

Components that do not require scheduled remote maintenance but are
likely to require unscheduled or very infrequent remote maintenance.
Components not expected to require remote maintenance during the
lifetime of ITER.
Components that do not require remote maintenance.

1.4.2.2 Safety importance classes (SIC)

Safety Importance Class

SIC-1

SIC-2

SIC-3

SIC-4

Classification Rules

The component implements a safety function that is needed in normal
operation or after occurrence of Category II events and the failure of
that safety function under such conditions leads to a release that
exceeds Category IV limits
(There are no SIC-1 components in ITER)

The component implements a safety function that is needed after
occurrence of Category III or Category IV events and the failure of
that safety function under such conditions leads to a release that
exceeds the Category IV limits, or
The component is needed to provide an elevated (stack) release point
for releases that can exceed l/10th of the Category IV limits, or
The failure of the component would degrade a safety function of a
SIC-1 component
The component implements a safety function whose failure could lead
to a release that exceeds Category II limits but is lower than the
Category IV limits, or
The failure of the component would degrade a safety function of a
SIC-2 component, or
The component implements a safety function needed to protect the
facility personnel from radiological or toxicological hazards, or
The component is needed for radiological monitoring of releases when
they exceed Category II limits

Not safety classified

1.4.2.3 Event categories

Category

Category I

Category II

Category HI

Category IV

Frequency Range of Events

Operational Events

Likely Sequences (f> 10"2/year)

Unlikely Sequences (10'2/year> f > 10'^/year)

Extremely Unlikely Sequences (10"Vyear> f > 10'6/year)
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1.4.2.4 Steady state power classes

Class

Class I

Class n
Class III

Class IV

Electrical Load Characteristics

Uninterruptible DC

Uninterruptible AC

Temporarily interruprible

Indefinitely interruptible

1.4.2.5 Seismic specification (design assumptions)

Level

SL-2

SL-1

SL-0

Return Period (y)

104 (50th percentile)

102 (50th percentile)
not probabilistically determined

Peak Ground Acceleration (Horizontal
and Vertical Component)

0.2 g

0.1 g

0.1 g

1.4.2.6 Seismic classification

Seismic Class

2A

2B

1

0

Level

SL-2

SL-2

SL-1

SL-0

Damage Limit
in Seismic

Events

Emergency

Faulted

Upset

Upset

Explanation

• Insignificant general permanent deformation
that might affect safety function. Large
deformations in areas of structural discontinuity,
(see note 1)

• Gross general deformations in structure, with
some consequent loss of dimensional stability,
should not lead to a loss of safety function of
other SIC-2 or a group of SIC-3 components, (see
note 1)

• Consequent loss of dimensional stability of many
SIC-3 components should not lead to releases in
excess of the limits established for Category IV
Extremely Unlikely Event/Sequences.

• No effect on other components that may call for
special inspection or repair.

• No structural member stressed beyond yield
when challenged.

• No structural member of the building stressed
beyond yield when challenged.

Note 1: If safety functions are not necessary after the earthquake, SL-1 earthquake can be used
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2.0 ITER OVERALL CONFIGURATION & SERVICES

During the Engineering Design Activities (EDA), the design of ITER is being
developed so that it will meet the ITER Site Requirements and Design
Assumptions [ITER EDA Documentation Series No. 9, IAEA]. Following site
selection, the detailed design must be developed using the actual conditions
encountered at the site. The basic systems which constitute ITER are shown in
Figure 2-1.

2.1 ITER site layout

A general policy has been to try to avoid crossing of different service types such as
electrical power, cooling water, and waste handling. Clearly, the extent to which
services can be segregated decreases as they get closer to the tokamak. Following
this policy, the tokamak is positioned in the center of the site, and electrical
services enter from the west (compass directions are arbitrary), cooling and
fueling services from the east, information-related interfaces from the south, and
construction and waste handling interfaces from the north. Outside the tokamak
building, systems which require a protected environment are located in dedicated
structures.

The overall ITER layout has been developed to minimize the connection
distances and the complexity of system interfaces.

The layout provides physical space for the buildings and structures listed in
Table 2.1-1. The key number refers to the building designator shown in
Figure 2.1-1.

Since the IDR, the following key changes have been made in the size and
location of buildings and structures:

• The tokamak hall and pit have been reconfigured, with the diameter of
the pit reduced to 60 m, galleries added outside the pit, and heat
transfer vaults moved below ground level. These changes are
described in greater detail below.

• The hot cell building has been reconfigured to place all hot cell process
cells on a single level at ground level, and space for remote handling
support systems has been added below ground.

• The tritium, electrical termination building, and tokamak services
buildings have all been reduced in size following more detailed design
of the systems involved.

• Neutral Beam (NB) injectors have been moved to the north side of the
pit, and the positions of the NB heating and current drive (H&CD)
system power supply area has been moved to the north side to match.
The power supply buildings for the IC H&CD and EC H&CD systems
have been relocated on the south side of the magnet power supply
buildings.
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TABLE 2.1-1
ITER Buildings and Structures

Key

1

2

3
4

5

6
7

8
9

10
11

12

13

14

15
16
21
22

23
24

25

17

18

19

20
27

28

29

30
31

Buildings, Structures, Areas

Tokamak Hall
Assembly Hall
Laydown Hall
Hot Cell Building
Tritium Building
Tokamak Services Buildings
Electrical Termination Building
Radwaste Building
Personnel Building
Cryoplant Compressor Building
Cryoplant Cold Box/Dewar Building
Magnet Power Network/Switchgear Building
Magnet Power Conversion Buildings
RF Auxiliary Heat. Power Conversion Building
NBI Power Conversion Building
Steady State Switchgear
Emergency Power Generator Building
Laboratory Office Building
Control Building
Site Services Building
PF Coil Fabrication Building
Building Totals
Gas Storage Yard
Cooling Water Storage Basin
Plant Service Water Storage Basin
Cooling Towers
Outdoor Water Treatment Tanks
Fuel Storage Tanks
Pulsed Power Switchyard
Steady State Switchyard
Outdoor Storage Areas
Structure Totals
Parking Areas
Roadways
Defined Areas Totals
Grand Totals

Footprint m^

5,632
3,584

2,688

14,188

1,672

2,728
1,672
3,066

4,500
8,550

7,000

3,800

9,600

3,145

675
1,152
2,808
8,874

2,880
8,100

6,576

102,890

9,000

1,200

800
7,635

610

2,500

97,500

9,500
30,140

158,885

50,000

195,000

245,000
506,775

Floor Area m2

29,862

7,168

5,376

L_ 33,922

8,360

10,192

6,688
4,767

4,500

8,550
7,000
3,800

19,200

5,550
675

1,152
5,832

17,568
5,760

8,100

6,576

200,598
. . .

—

—

. . .

. . .

. . .

. . .

...

. . .

—

—

200,598

Volume m '

536,135
231,885

173.914

310,553

71,394

116,468
71,394
45,969

22,500

136,800

210,350
76,000

153,600

54,945

4050
9,216

31,968

70,270

40,320

103,000

197,280

2,494,270
—

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

2,494,270

DDR-ITER Plant Design Description Chapter II-Section 2.0-Page 2



31 January 1997

• Power supplies for the neutral beam injectors are now designed as
outdoor equipment with only a small building to house converters and
inverters. Therefore, the large NB H&CD system power supply
building has been eliminated.

• Cold testing of tokamak magnets will be carried out at factories rather
than the ITER site, resulting in the elimination of the magnet test
facility and allowing some reconfiguration of the cryoplant.

• Routes have been selected for electrical power distribution and
circulating water (e.g., power supply and power conditioning buildings
are located to the west of the electrical termination building). Some
buildings have been relocated to simplify these routes and avoid
interferences.

In addition to the area required for buildings, the site layout allows for access,
roadways, separation, and similar requirements. Space must be allowed for
passage of services such as electrical power, cooling water, and movement of
personnel and materials. Access must be available for all phases of the project,
including construction, operation, maintenance, and decommissioning. In total,
the area enclosed in a fence to control public access is 70 ha, the same as required
for the IDR design. The generic site continues to assume 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, even though it is possible that space
requirements of this type could be satisfied by non-adjacent facilities or areas.

ITER will be a regulated facility requiring the on-site use of controlled materials
such as tritium. In anticipation of regulatory requirements, access to the ITER
buildings and facilities will be controlled in two stages. The site will have an
outer perimeter, or site area boundary, which defines the zone where occupancy
and land use are restricted. It will also have a second interior boundary which
encloses all radiologically controlled buildings. The area enclosed by the inner
boundary is approximately 38 ha.

2.2 Arrangement of radiologically controlled buildings

2.2.1 Confinement strategy

All the ITER buildings in which tritium or tritium-bearing components and
materials are used are being designed to the required standards to control
radiation and radioactive contamination. The ITER plasma will also produce
large quantities of energetic (14 MeV) neutrons which will interact with ITER
materials and coolant to create some activated material. Buildings where
activated material is handled are also being designed to appropriate standards.

In particular, the ITER plant is being designed to limit releases of radioactive
material to the environment, and radioactive exposure to workers and the
public. Confinement for ITER is achieved by establishing one or more competent
barriers around the various radionuclide sources. Mobilizable inventories in
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excess of 100 g of tritium (or equivalent activation products) require two highly
reliable (failure rate less than 10"3 per demand) confinement boundaries.
Mobilizable inventories less than 1 g of tritium (or equivalent activation
products) require two boundaries of moderate reliability (failure rate less than
10"1 per demand). Inventories between these extremes require one highly
reliable boundary and one boundary of moderate reliability. The main function
of the second confinement barrier is to prevent spread of radioactive materials
following a fault of the first confinement barrier.

The first confinement boundary is provided by the vacuum vessel and its
extensions. The second confinement is more convoluted, and is formed by the
following structures:

• cryostat vessel with its ports;

• heat transport systems vaults and connecting ducts;

• vacuum vessel pressure suppression tank;

• heat transfer system guardpipes (top port) and port interspaces
(equatorial and divertor ports) that extend beyond the cryostat;

• portions of vacuum vessel penetration lines that extend beyond the
cryostat, e.g., the ion cyclotron heating and current drive system, the
electron cyclotron heating and current drive system, and several
diagnostics;

• enclosures or cells of ancillary equipment if their internal volumes are
part of the first barrier, e.g., neutral beam injector cells, fueling ducts
and cask, and pumping ducts and casks;

• gloveboxes and enclosures in the tritium plant.

Figure 2.2.1-1 illustrates the basic configuration of both confinement barriers. For
each penetration from the VV, the first confinement barrier is truncated by
appropriate equipment, e.g., port plugs (top W port), shield plugs (equatorial
and divertor port), EC H&CD/IC H&CD systems windows and feedthrough
insulators, NB injector box, and isolation valves for fueling and pumping lines.
There follows an enclosed space (e.g., a guardpipe) that is part of the second
confinement. These are generally designed to blow down pressure into the vault
(see Section 3) and connecting duct via rupture disks.

Beyond the second confinement barrier, building atmosphere pressures are
arranged to ensure that the pressure gradient is always in the direction which
encourages inward flow (Figure 2.2.1-2).

2.2.2 General layout

The radiologically controlled buildings include the tokamak hall and pit
(described in more detail in Section 3), tritium building, laydown hall, hot cell
building, low level radwaste building, and personnel building. These will be
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designed to provide appropriate radiation shielding, ventilation, drainage, and
access control. They are generally seismic class 2B, and designed to resist SL-2
earthquake criteria. Figure 2.2.2-1 shows the arrangement of radiologically
controlled buildings on the site. Floor drainage from radiologically controlled
areas is always collected to tanks where it can be monitored and, if necessary,
treated before it is released to the environment. Ventilation from the potentially
contaminated radiologically controlled spaces in these buildings is routed to the
plant gaseous exhaust stack, located on the roof of the tritium building.

Health-physics and office amenities are located in the personnel building, which
is situated near the tritium building, hot cell building, and laydown hall. This
building will connect directly with the areas where there is potential exposure
and will provide access and contamination control over these areas. It is
expected that the tritium building, which has only tritium exposure hazards, will
include dedicated health physics and office amenities. Other buildings are
expected to be contamination-free, and access control will exist primarily for
purposes of accountability and industrial safety.

When plasma-facing components are removed through the tokamak ports, they
are handled in sealed containers (casks) which move on a floor-supported rail
system. To limit the weight of the casks, they do not provide radiation shielding.
The shielding function is performed instead by the buildings and structures
through which the casks pass. The destination for most radioactive components
and materials is either the hot cell building or the low level radwaste building.
The rail system provides access for remote handling equipment at tokamak ports
at the equatorial and divertor levels. Objects will exit the tokamak pit via a lift
shaft located in the gallery space and be delivered to the elevation of the hot cell
basement. There is a runnel connecting the pit and the hot cell.

2.2.3 Hot cell building

The hot cell and rad-waste requirements and assumptions, which form the basis
for the current design, are still under consideration, so the details given below
should be considered as only indicative.

The hot cell building will be constructed using cast-in-place reinforced concrete.
Docking ports in the below-ground area allow the remote handling system to
transfer objects into shielded cells where they can be inspected and
decontaminated. The airlock cells used for this process will also connect to
storage cells located above. Overhead manipulators serving the storage cells are
used to lift objects and place them in storage locations. Other spaces in the below-
ground portion of the building are used to clean, store, prepare, and test the
remote handling casks and associated equipment. An access shaft will allow
non-radioactive objects to enter this system and utilize the pathway to transfer
material into or out of the tokamak pit.

The interior of the above-ground portion is divided into a number of thick-
walled cells. Four cells are used to store objects before and after they have been
repaired. These storage cells are connected to smaller cells in which objects can
be examined and tested. The examination and test cells are all connected to a
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long transfer cell, which can be used to route objects to or from three primary
processing cells, which will be dedicated to waste processing, divertor repair, and
repair of all other plasma facing objects. Each of the primary processing cells is
equipped with a maintenance sub-cell, where new parts and machines can be
introduced, or failed machines can be repaired. All cells are constructed with
walls and slabs thick enough to allow routine operator access to the outside
surface, typically about 1.35 m. The cells are arranged so that operators will be
able to operate process controls from exterior locations near to the process
machinery, and to obtain visual feedback on the process via shielded windows i n
many locations. The building exterior will enclose all the cells, and provide
space for HVAC equipment and services.

2.2.4 Radwaste building

The low-level radwaste building provides space for systems which process mildly
contaminated solids and liquids. Floor drainage from radiologically controlled
buildings, laboratory and primary heat transfer systems equipment drains, and
shower and laundry drains, are treated here. Paper, plastic, and other dry solid
material are collected and stored in this building for appropriate packaging. The
low-level radwaste building is configured to facilitate the handling of loaded
filter and demineralizer beds. Filters and demineralizers are designed so that the
beds can be sealed in a disposable liner and handled as wet solid waste. A de-
watering step may be necessary before these materials can be packaged for
disposal.

Waste which is generated in the hot cell building and other radioactive material
which is removed from the tokamak pit is transported by remotely operated
machinery in a tunnel to the radwaste building. There, materials are sealed in
containers for off-site disposal by the host country. It is intended that the
radwaste facility will be able to package materials so that they do not require any
further processing prior to disposal by the host. This building also contains a
store designed to hold the average amount of waste which is generated over a six
month period. The low level radwaste building will be constructed using cast-in-
place reinforced concrete.

Highly radioactive, metallic objects will generally be de-tritiated in the tokamak
prior to any maintenance campaign, using wall conditioning. After they are
removed to the hot cell building, they will be further de-contaminated using
mechanical cleaning processes, reduced in size to satisfy host country waste
disposal requirements, and packaged for transport and disposal. Some metallic
radwaste objects will also be processed to mechanically separate beryllium from
other materials. Recovered beryllium will be de-tritiated using a hot vacuum
bakeout process, so that waste beryllium can be treated as a hazardous material,
minimizing the need to treat it as mixed (both hazardous and radioactive) waste.

Primary coolant will be continuously cleaned by chemical and volume control
subsystems (CVCS) to remove particulate and ionic material, some of which may
have become activated. However the tritium content may increase as tritium
diffuses across the hot surfaces of the plasma facing components. To limit this, a
part of the primary heat transfer system flow will be diverted to the water
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detritiation system, which will remove and recover tritium in an elemental
form, and return it to the fuel system. When the CVCS filters and demineralizer
beds become loaded, the filter medium or demineralizer resin bed will be
replaced. The loaded filters and demineralizer beds will be treated as wet solid
radioactive waste and packaged for disposal. ITER will not have features which
would allow backwashing of filters or regeneration of CVCS demineralizer beds.

Whenever primary coolant is intentionally removed from the system, it will be
collected in drain tanks. Normally, primary coolant systems will be refilled from
these tanks to resume operation. Occasionally, it will be necessary to remove
primary coolant to the waste systems. Water which is known to have a high
tritium content including primary coolant, water which is spilled onto the floor
and collected in drains within the radiologically controlled areas, fluid from
laboratory drains, and decontamination fluid, will be collected in tanks in the
radwaste building and treated in a dedicated, tritiated waste process stream. Fluid
will be sampled before and after processing. This process stream will include oil
separators, filters, and demineralizers. If the product water meets the standards
for primary coolant, but exceeds the allowable tritium content for release to the
environment (the usual case) it will be sent to the water detritiation system
where tritium will be extracted and excess water can be discharged. If the water
does not meet primary coolant standards, it must be recycled until additional
particulate and ionic activity have been removed. The filter beds and
demineralizer resins from this stream will also be treated as waste and handled
in a manner similar to the primary coolant CVCS filters and demineralizers.

Water which is drained from shower and laundry systems will usually not be
contaminated. However, soaps or detergents should be removed to comply with
good environmental practices. Water from these sources will therefore be
collected and monitored. If activity is detected in this stream, it will be diverted
to the front of the floor drain process stream. The filter beds from this stream are
unlikely to be significantly contaminated, but it is expected that they will
normally be treated like non-combustible, low activity, dry solid waste.

Paper, clothing, cleaning materials, small tools, and disposable parts may become
contaminated with tritium or activated materials. In most cases, it will not be
economical to try to decontaminate this type of material. Instead, it will be
discarded. The extent to which it is separated and the type of packaging required
will be determined by host country regulations. It is expected that it will be
separated into combustible and non-combustible material, compressed into
disposal containers, and sealed.

2.3 Arrangement of other buildings and structures

In addition to the radiologically controlled buildings, the remaining buildings
and structures can be divided into three groups, according to major function.
(1) cryoplantand PF coil fabrication buildings, (2) magnet power conversion and
plasma heating power supply buildings, and (3) other buildings, and site
improvements. Design of these buildings and structures is quite straightforward
and does not present any problems. The main effort in these area has been
focused on refinement of requirements for these structures.
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2.3.1 Cryoplant and PF coil magnet fabrication buildings

This group of buildings provides space for on-site manufacture of large poloidal
field coils and for the process equipment which makes up the HER cryoplant.
These buildings are steel framed on concrete slabs at ground level. The PF coil
fabrication building is needed early in the ITER construction program, for the
manufacture of large poloidal field coils which will be located below the vessel
and toroidal field coils and therefore need to be put in position early in the
assembly.

The poloidal field coil fabrication building is approximately 48 by 137 m, and is
about 30 m high. It is clear of interior obstructions, and equipped with a 3001
nominal capacity bridge crane. Space is provided for a winding station where
two-layer "pancakes" will be made. Pancakes are stacked to form modules (see
Section 4.2), and modules are stacked and bonded together to form the finished
coils. The crane capacity is determined by the heaviest module. The services in
this building will be appropriate to support the requirements of the coil winding
process, including temperature control and air quality, lighting, and offices.

The cryoplant is housed in two separate buildings. The compressors are noisy
and do not require clean conditions. Their maintenance requirements are also
relatively modest, therefore one building is dedicated to them. It consists of two
bays which are approximately 40 by 90 m each, about 12 m high. Each bay is
equipped with a lightweight overhead bridge crane for maintenance of the
compressors and drivers. Piping is collected to the space between the bays, and
the overall dimensions of the building are 90 by 95 m.

The cold box portion of the cryoplant is housed in the other cryoplant building.
It consists of two 35 m high bays and one low bay. The high bays are each
equipped with a 1201 nominal capacity bridge crane used to handle the cold box
jackets during cold box maintenance. The low bay portion of the building is used
to house portions of the helium purification system and liquid nitrogen system.
The overall dimensions of the building are 70 by 100 m.

2.3.2 Magnet power conversion and plasma heating power supply
buildings

The equipment and systems used to provide power to the tokamak magnets and
plasma heating systems are located in the four buildings in this group, all of
which are constructed using steel framing on concrete slabs at ground level. The
two structurally identical power conversion buildings are used to house the
magnet power rectifier systems. These systems consist of a number of power
conversion modules, each consisting of a transformer, phase-controllable
rectifier modules, and related power conditioning equipment. Power conversion
modules are connected in series and parallel to generate the current and voltage
waveforms needed to operate the tokamak magnets. The space required for the
power conversion modules, and the selection of outdoor locations of the
transformers, result in long narrow buildings. The power modules are located
along each side of these buildings. Overhead AC power is fed to the
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transformers, and output DC power flows in busbars running the length of the
buildings in an upper level.

Busbars from the power conversion building carry DC power to the magnet
power supply switching network building. This building is sized to house
magnet-related switchgear, capacitors, dump resistors, and related electrical
apparatus. No special constraints on this building are anticipated, and it is of
conventional industrial construction. Handling of equipment busbar segments,
and other heavy objects will generally be performed using floor supported
portable lifting equipment (e.g., forklifts). The size of the magnet power supply
switching network building is currently 60 by 76 by 20 m high.

The neutral beam power supplies will consist of mainly outdoor equipment,
located on support foundations north of the magnet power conversion buildings.
It is expected that three beamline power supplies, each consisting of five 200 kV
modules connected in series, will be utilized.

A separate building is dedicated to the high frequency power supplies used to
provide power for the ion-cyclotron (IC) and electron-cyclotron (EC) plasma
heating and current drive (H&CD) systems. The IC H&CD system operates in the
60-70 MHz frequency range, and the EC H&CD system operates in the
140-170 GHz frequency range. The tetrode and gyrotron devices which provide
this high frequency power are sensitive to the presence of stray magnetic fields or
the presence of nearby ferromagnetic material. As a result, the structures may
need to provide significant space around each of the high frequency devices, and
may also be required to provide magnetic shielding. Generally, the power supply
equipment for these systems consist of transformers, switchgear, rectifier units
and control apparatus, and high frequency generators. The system is arranged
with transformers and switchgear at the ground level and high frequency
generators on a second level, with appropriate space between generators and
structural members. The output from the IC high frequency generators is carried
in co-axial conductors about 300 mm in diameter. The output from the
EC H&CD system is carried in 60 mm diameter evacuated waveguides.

2.3.3 Ancillary buildings, structures and site improvements

The ITER control building will be used to house the online CODAC computers
and work stations used by plant operators and experimenters. The control
building is located inside the inner boundary, but close to the laboratory office
building, to ease access. The control building will be constructed of cast-in-place
reinforced concrete, and will be designed to resist external hazards so that plant
operators will be able to maintain their interface with the CODAC system under
all conditions. Spaces will be provided for an incident response facility (if
required by the host country), an electronic archive system, and visitor's gallery.
A tunnel will connect the control building with the basement of the assembly
hall, which can be used to route instrumentation links and for pedestrian access
during inclement weather.

The personnel building will be used to provide controlled access to the
potentially contaminated regions below ground in the tokamak hall and pit,
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laydown hall, and radwaste building. Health physics for ITER will be based in
this building, which will also provide space for analytical laboratories, first aid,
change rooms, showers, laundry facilities, electrical power distribution
equipment, and restaurant facilities. The tritium building and hot cell building
will have their own dedicated access control points and change facilities. The
personnel building will be of concrete block construction on a slab at ground
level.

The laboratory office building will be located outside the inner boundary. It will
provide office space for 750 scientists, engineers, and administrative staff. It will
also house an off-line data processing center, library, and meeting rooms. This
structure will be built using conventional office construction.

The inner boundary will comply with host country requirements for nuclear
installations. This is expected to require a double fence with appropriate
instrumentation and other features to manage the risks associated with
unauthorized entry. Site workers will not normally bring private vehicles inside
the inner boundary, and all vehicles will be required to pass through an
inspection facility. Pedestrians entering the inner boundary will do so at a
number of control points where authorization and health physics procedures can
be administered. The outer boundary will also be designed to respond to the
requirements of the host authorities, and is expected to have vehicle and
pedestrian gates where site workers can gain access by showing a badge.
Roadways within the site will be designed to provide access for construction and
maintenance equipment, and to permit security forces to maintain surveillance
over the site boundaries. Outdoor lighting will be provided in the plant and at
both boundaries.

During construction and the initial assembly of ITER, additional facilities will be
required. Extensive facilities are expected for laydown and warehousing of
delivered materials and equipment. In addition, shop facilities for the support of
construction, and badging, changing, training and administrative facilities, will
be required to support the construction work force which may exceed 5,000 at its
peak. Until the actual site is known and the space available for facilities can be
determined, the arrangement of temporary facilities must be considered
hypothetical. Historically, temporary site facilities require an area which is about
as large as the finished facility. On that basis, temporary facilities will require an
area of about 60 hectares. For the purposes of the EDA, hypothetical layouts of
temporary facilities have been prepared, using the area north and east of the
tokamak complex.

2.4 Services

Site services includes essential steady state electricity power, cooling water,
potable/fire water, sewerage, gases, steam and demineralized water, analytical
laboratories and others. For many of these systems the requirements and
assumptions are dependent on any pre-existing site installations, and are
country-dependent, so the following is intended to give generic design
information only.
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The site services building will be used to provide space for many of these ITER
services and their operating support. It will house two boilers for process steam
and building heating, demineralized water systems, potable water treatment
systems, compressed and breathing air systems, and electrical power distribution.
It will also provide space for waste handling (both normal garbage and toxic, non-
radioactive waste), and provide limited space for warehousing of spare parts and
machine shops. It will be a steel framed building on a concrete slab at ground
level.

2.4.1 Steady state electrical power supply network

The steady state electrical power network (SSEPN) provides power to all ITER
plant electric loads except magnet and auxiliary heating loads, which are supplied
by the pulsed power supply. The SSEPN has undergone substantial definition
since the IDR. A thorough listing of ITER plant steady state electrical loads was
developed and categorized by operating state, power class, voltage and location.
For the purposes of illustration prior to site selection, IEC (International Electrical
Commission) standard equipment voltages were adopted and 11 kV (nominal)
was selected as the site distribution voltage because over 50% of the load is at that
voltage.

The loads were segregated into ten areas, each serviced by load center. A cable
tunnel system was likewise adopted for routing cables between the load centers
and the switchyard. A complete conceptual system design, layout and list of
equipment/cables has been achieved down to the 0.4 kV level. A short circuit
analysis has been completed, confirming that adequate protection is provided by
the breaker system.

The emergency power supply was modified to include diesel generators rather
than gas turbines for reasons of cost savings, reliability and availability. The
system reliability was improved at modest cost by using four one-third capacity
diesels (allows one diesel failure) and prioritizing the emergency loads. The
emergency power supply building was designed and equipment layout was
completed.

The diagram illustrating the current system configuration and major interfaces is
shown in Figure 2.4.1-1.

The SSEPN receives power from two independent transmission lines to prevent
grid upsets in one system from affecting the other. Each of these two lines is
capable of supplying the entire plant maximum steady state load. Power from
the grid is assumed to be received at 220 kV.

The plant power categories are classified as follows:

• Class I: uninterruptible DC;

• Class II: uninterruptible AC;

• Class III: emergency AC power (temporarily interruptible > 30 sec);
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• Class IV: AC (grid) power — indefinitely interruptible.

Class I and II battery system power supplies are located throughout the ITER
plant and are included in the systems that they supply. A breakdown of Class III
and IV loads by WBS for the pulse and dwell phases of the plant plasma
operation state, and the plant shutdown operating state, is given in Table 2.4.1-1.

The system allows for an 85% power factor, a safety factor, and provides space and
cable routing for future growth. Table 2.4.1-2 gives the resulting SSEPN Class III
and IV design loads.

The SSEPN is divided into two subsystems: the steady state switchyard and the
steady state distribution system.

2.4.1.1 Steady state electrical switchyard

The steady state electrical switchyard has three main functions:

• to provide Class IV AC power for distribution to ITER plant loads;

• to provide Class III emergency power for distribution to select ITER
plant loads;

• to provide monitoring, control and protection of electric power sources
and distribution.

The switchgear enables cross-connection of transmission lines to the main step-
down transformers if one line fails. Each of the incoming 220 kV transmission
lines is connected to two transformers, rated at 60 MVA, to step down the voltage
to 11 kV for distribution to ITER load centres. Therefore, a total of four step-down
transformers with dual secondaries supply Class IV power to four paired main
distribution buses. Each paired bus has two normally isolated sections supplied
by one of the 11 kV supply lines. In the event of their failure, the isolated
sections are automatically connected to maintain power to the bus.

The SSEPN provides also Class III emergency power to selected loads in the event
of a loss of off-site power. The system uses two separate 11 kV distribution buses
normally supplied from Class IV power buses. The 14.4 MVA load is divided
between the two buses. Loads requiring redundancy utilize each bus.

Backup power is provided by two pairs of diesel generators with each pair
supplying one of two separate 11 kV Class HI buses. Each is rated at 4.8 MVA at
11 kV. The loads on each emergency bus are divided into two priority levels,
short-term and longer-term depending on the length of time the loads can
tolerate loss of power. The short-term loads are allocated to specific Class III
buses and have priority in load sequencing during startup of the diesel
generators. Lower priority, longer-term loads can be manually cross-connected to
the other Class III bus in the event of a single diesel generator failure. In this
manner, three of four diesel generators will sustain the total emergency load.
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TABLE 2.4.1-1
SSEPN Class III and IV Loads by WBS

WBS

1.1
1.2

1.3
1.4

1.5
1.6

1.7

1.8

1.9

2.1

2.2

2.3

2.4

2.6
2.7

3.1

3.2
3.3

3.4

3.5

3.6

4.1

4.2
4.3

4.5
4.6

5.1
5.2

5.3

5.4

5.5

6.1

6.2
6.3
6.4

6.5

6.6

6.7

6.8

System

Toroidal Field (TF) Coils System
Poloidal Field (PF) Coils Systems

Central Solenoid Coil

Magnet Structures

Vacuum Vessel

Blanket System
Divertor

Fueling

Plasma
Test Blanket Interface

Machine Assembly and Tooling

Remote Handling

Cryostat

Primary Heat Transfer Systems
Thermal Shields
Vacuum Pumping

Tritium Plant (TP)

Secondary Heat Transfer Systems

Cryoplant & Cryodistribution

Heat Rejection Systems

Chemical & Volume Control Systems

Coil Power Supply (PS) & Distribution

Additional Heating Power Supplies
Steady State Electric Power Network
Command, Control & Data Acquisition
Interlocks & General Alarms

Ion Cyclotron Heating & Current Drive
Electron Cyclotron Hf g & Current Drive

Neutral Beam (NB) Injection

Other Heating & Current Drive

Diagnostics

Site

Buildings
Waste Treatment & Storage
Radiological Protection

Liquid Distribution, Including Water

Gas Distribution and Compressors

General Testing Equipment
Sampling Systems

Total

Class III - Power
Pulse

(kW)

0

0

0
0
0

1

20

0

0

0

0

11

395
2

216

543
10
62

462

0

l,80C

675
350
146

0
0

0
0

0

0

0

593
100
60

759

0
0

0

6,205

Dwell

(kW)

0

0

0

0
0

1

20

0

0

0

0

11

395
2

216

543
10
62

462

0

l,80C
675

350
146

0
0

0

0
0

0

0

593
100

60
759

0

0

0

6,205

Shut-
Down
(kW)

0

0

0
0
0
1

20

0

0

0

1,052

11

1318

2
216

544
72

62

693

0

1,800
675

350
146

0
0

0
0

0

0

0

1,829
100
60

759

0
0

0

9,710

Class IV - Power
Pulse

(kW)

0

0

0

10
52

5

385

0
0

0

153

36

33,654
2

1,386

1,320
3,509

57,540

17,089

5,430

2,600
675

310
146

0
0

0

0
0

2000

0

21,527
1,125

60
14,421

4,048

0

50

167,533

Dwell

(kW)

0

0

0
10
52

5

370

0

0

0

153

36
33,654

2

1,386

1,320
3,509

57,540

17,089

5,430

2,500
675

310
146

0

0
0

0
0

2000

0

21,527
1,130

60
14,421

4,048
0

50

167,423

Shut-
Down
(kW)

0

0

0

10
52

5

670

0
0

0

2,489

36

5,681
2

1,386

1,320
72

57,524

10,670

5,430

2,450
675

310
146

0
0

0

0
0

500

0
21,567

1,130

60
14,421

4,048

0

50

130,721
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TABLE 2.4.1-2
SSEPN Design Loads

Electric Power and Load Characteristics

Total Active Power, MW

Incorporated Load Growth, MW

Safety Factor Allowance, MW

Reactive Load, MVAR
Total Design Load, MVA

Space for Future Additions, MW

Class III

9.7

1.5
1.1

7.5
14.4

0

Class IV

168
0

25

119
227

57

The diesel generators are located adjacent to the switchyard. Each unit is rated at
6400 kW at sea level and an ambient temperature of 15°C. Operation at 38°C and
1500 m elevation will derate the unit by ~ 33%. The 50 Hz, air-cooled generators
are directly coupled to the diesel and have a voltage rating of 11 kV. The units
are fitted with pre-lubrication systems to enable start and loading within
30 seconds. The units are pneumatically started. Sufficient compressed air
storage is provided in the emergency power supply building to enable five
starting attempts per unit. The compressed air cylinders can be refilled from the
site compressed air system for additional start attempts.

One "day tank" is provide for each pair of diesels. The tanks are sized for a
minimum of 32 hour operation per generator at full load. Preservatives are
added to the fuel to prevent degradation.

A grounding grid is embedded within the perimeter of the switchyard. All
equipment is connected to the grounding grid as well as the neutrals of
transformer secondaries.

2.4.1.2 Steady state electrical distribution system

The steady state electrical distribution system distributes AC electrical power
from the switchyard to ITER plant electrical equipment during all operating
modes. The system includes:

• site power distribution cabling;

• load centers;

• local power distribution cabling;

• local building and equipment switchgear.

The site power distribution cabling distributes Class IV AC power at 12 kV from
the four main distribution buses in the switchyard to ten load centers at
convenient locations within the ITER site. An estimated 227 MVA is connected
with spare cable routing space to accommodate 284 MVA. The site power
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distribution cabling also distributes Class III emergency AC power to the load
centers via separate cabling from Class IV power.

AH site power distribution cabling is routed underground in utility tunnels and
cable conduits. Layout of these tunnels and conduit is shown on the ITER site
map Figure 2.4.10-1. The tunnels have isolatable sections, each with ventilation,
fire protection and drain systems.

The load centers are located within buildings or enclosed structures, as shown on
the ITER site map. The load centers contain step-down transformers for delivery
of Class IV power at 3.3 and 0.48 kV (nominal), in addition to 11 kV. Some large
11 kV equipment is directly connected to the main distribution bus. Other 11 kV
equipment is connected to 11 kV buses within the load centers.

Separate step-down transformers are provided for Class III emergency power at
3.3 and 0.48 (nominal) kV as required. The load centers also contain local load
management and protective switchgear which is controlled from the steady state
control room.

Step-down transformers to 240 and 120 V, and associated distribution within the
buildings, are not part of the distribution system but are included within the
scope of the associated building.

2.4.1.3 Steady state electrical power supply network design assessment

The Class IV portion of the SSEPN has a large capacity and a large amount of
connected equipment. The technology is conventional and there are no
significant technical issues. Nevertheless, a significant challenge exists in terms
of optimizing the system to provide reliable service at a minimum cost. A main
area of concern in this regard is the cable tunnel system, which is a significant
underground construction. Future work consists of optimizing the load
distribution to load centers and selection of equipment voltages to reduce the
amount of cabling and the cable distribution system cost.

The current Class III portion of the SSEPN serves both SIC-3 loads and non-safety
loads. Future work will focus on defining an electrical system design which is
consistent with the ITER safety requirements, while providing for a robust,
reliable electrical service.

2.4.2 Component cooling water system

The component cooling water system (CCWS) removes heat from large process
components, where this is not removed by the tokamak water cooling system
(Section 4.6). The CCWS transports heat from the components to the heat
rejection system (HRS), which is the ultimate heat sink. The system provides
high quality cooling water where necessary for components with sensitive water
chemistry needs. The system is partitioned into five cooling zones with
currently estimated heat loads as shown in Table 2.4.2-1:
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TABLE 2.4.2-1
Component Cooling Water System — Cooling Zones

Zone

1 - West Tokamak Zone
2 - East Tokamak Zone
3 - Power Supply Zone
4 - Hot Cell Zone
5 - Site Service Zone

Total

Heat Load
(MWt)

80
0

34
40
40

194

Zones 1 and 2 (currently none) provide cooling service to HTS components in
the upper and lower HTS vaults and the tokamak services building and other
buildings such as the RF power supply building. Zone 3 is dedicated to the
pulsed power supply and provides cooling for AC/DC converters, DC inductors,
busbars, and switching network. Zone 4 provides cooling service to hot cell
equipment and tritium building processing equipment including vacuum
pumps. Zone 5 provides cooling to the site service building and cooling tower
system, which include large compressors and pump motors.

2.4.3 Chilled water system

The chilled water system services components which require cooling
temperatures lower than can be provided by the CCWS. The chilled water
system utilizes industrial chiller units to provide cooling water at 6°C with a
return temperature of 12°C. The heat from the chilled water system is rejected to
the heat rejection system. As in the case of the CCWS, the chilled water system
concept is partitioned into five cooling zones as shown in Table 2.4.3-1.

TABLE 2.4.3-1
Chilled Water System — Cooling Zones

Zone

1 - West Tokamak Zone
2 - Power Supply Zone
3 - East Tokamak Zone
4 - Hot Cell Zone
5 - Site Service Zone

Total

Cooling Load
(MWt)

5
5

22
10
8

50

The main cooling loads are the HVAC systems and the atmosphere detritiation
system and the vent detritiation system. Zone 3 also includes the heat transfer
system vault coolers and the NBI-HV chiller.
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2.4.4 Potable and fire water system

The potable water system supplies and distributes water for human needs (e.g.,
kitchens, lavatories, drinking fountains, etc.) throughout the ITER site. The
system is sized to supply the needs of 1,500 people, or ~ 400 m3/day. The system
pressure is ~ 0.8 MPa. The water quality meets biological standards for safe
drinking water. Water is supplied from an off-site utility system. An on-site
storage tank is provided to accommodate fluctuations in usage and/or temporary
outages of the off-site supply.

The fire protection water system maintains a pressurized, plant-wide system
which can supply water on demand for firefighting to installed hydrants and
sprinkler mains. It is also capable of filling and delivering water through a
separate backup piping network which is normally dry. The system should
maintain an on-site inventory of fire fighting water capable of 24 hours of
continuous fire fighting operation. The maximum flow rate is 0.4m3/s at a
pressure of 1.3 MPa. These conditions can be met at any ten delivery points
(hydrants and sprinkling mains) at one time. The system is capable of drawing
water from other sources such as the cooling tower basins after fire fighting water
is exhausted. The fire protection water system is part of the overall ITER fire
protection design which includes fire detection, the ITER Fire Department, local
installed dry chemical or CO2 fire fighting systems, and portable fire
extinguishers located throughout the plant.

2.4.5 Sanitary and industrial sewage

The sanitary and industrial sewage system collects, monitors, treats and releases
sewage to an off-site utility sewage system. The sanitary drainage system has a
capacity of 200m3/d and includes fluids drained from lavatories, drinking
fountains, kitchens, showers, laundry facilities and floors in rooms where these
services are located. The sanitary sewage system is not connected to rooms where
the possibility of radioactive contamination exists. Such areas are served by the
radioactive liquid drain system. The industrial drainage system has a capacity of
300 m 3 /d and includes remaining non-radioactive floor and equipment drainage
where there is no expectation of biological waste. The industrial drainage also
includes cooling tower blowdown. Activities within the ITER plant are designed
to provide a high level of assurance that sanitary drains are not contaminated
with oils, chemicals, or metals and that industrial drains are not contaminated
with biological waste. Both the sanitary and industrial waste systems have
monitoring and holdup capacities with capabilities to de-toxify and separate out
contaminants prohibited by local utility sewers. The hold-up capacity of each
system is 3,000 m3.

2.4.6 Steam condensate and de-ionized water

The steam/condensate system supplies and distributes steam to components and
systems (including HVAC) which require auxiliary heating. The system also
collects and returns condensate to the steam boiler. The boilers are oil or gas-
fired saturated boilers with a rating of ~ 0.5 MPa.
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The demineralized water system supplies and distributes demineralized water
for process purposes and make-up to cooling systems. The system employs
filtration and demineralizer equipment to achieve water quality of 1.0 H-Q-'/cm
with dissolved oxygen and chlorine concentrations less than 0.1 ppm.

2.4.7 Compressed air systems

The compressed air system has two sub-systems, the instrument air system and
the service air system. Instrument air is used for control valve actuators, power
operators and pneumatic controllers. Each building has its own individual
instrument air supply and distribution network. Instrument air is supplied at a
nominal pressure 865 kPa(g). The pressure was selected on the basis of supplying
air to an pneumatic air cylinder designed for 552 kPa(g) plus suitable margin for
compressor control and line losses.

Service air is used for operation of air-powered tools, air blast cleaning,
regeneration in the water treatment plant, etc. Service air is supplied to the
entire ITER plant at a nominal pressure of 865 kPa(g). Compressed air stations
are located at convenient locations within the site with each station serving
several buildings.

2.4.8 Breathing air systems

Breathing air is supplied to selected ITER plant locations at nominal pressure of
690kPa(g) by a single, centralized system of compressors with a distribution
system. The locations are those where radioactive and/or hazardous materials
are present. The centralized concept is justified on an economic basis because it
eliminates duplication of breathing air system components, and controls are
minimized.

Breathing air is used by personnel wearing plastic suits and respirators when
entering contaminated areas. With plastic suits about 80% of the air is used for
suit cooling while the other 20% is for breathing. The system is designed large
enough to accommodate leakage and other losses of up to 5-10%. The system
capacity is designed to meet the maximum breathing air requirement of work in
at least two ITER plant buildings (tokamak and tritium building) at the same
time. The total breathing air capacity is that for 70 persons in plastic suits at one
time and each suit needing 51 STP m3 /h air flow.

The breathing air system consists of three oil-free compressors, two non-cycling
refrigerated dryers operating in parallel, and three air receivers. The distribution
header runs the full length of the ITER buildings. Each ITER building is supplied
by a separate ring header from the main distribution header.

2.4.9 Nitrogen and helium gas systems

The nitrogen and helium gas system supplies and distributes these gases for
equipment located throughout the plant. The cryoplant and liquid nitrogen
system, because of the high volume, have their own source of supply. The gases
are stored in high pressure cylinders (~ 13 MPa). The gas is fed to a distribution
tank to provide gas delivery over a range of flow rates at relatively constant
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pressure (between 590 kPa and 865 kPa). Special high pressure sources can be
made available to specific users. The gas purity is consistent with industrial
quality nitrogen and helium. High purity nitrogen and helium (if any) will be
supplied from the special gas supply.

Other gases needed for cover gases, welding gases, or other special needs will be
provided by use of local gas bottles.

2.4.10 Site tunnel layout

Figure 2.4.10-1 shows the major pipe and electrical tunnel/conduit routing on
the ITER site. Most tunnels will be constructed using precast reinforced concrete
sections. They will be engineered to include ventilation, drainage, and fire
barriers. Most will be embedded at the surface, and engineered to allow roadways
to cross above them. Where heavy loads are anticipated, or where directly
embedded piping or other facilities interfere with the distribution tunnels, the
tunnels may be installed deeper below-ground. Electrical tunnels and conduit
are at the shallowest level followed by circulating water and component cooling
water. Sewer lines are at the deepest level. Preference is given to locating the
piping and tunnels underneath roadways and empty spaces as opposed to
beneath or through building foundations. This facilitates access for modification
and repair. Piping and tunnel excavation/construction are expected to be among
the first construction activities on the site.

2.4.11 Analytical laboratory

Two analytical laboratory facilities are provided, one dedicated to radio-chemical
analysis of radioactive materials and the other for non-radioactive materials.
The former contains alpha, beta and gamma counters and spectrographic
instrumentation as well as wet-chemistry facilities for separations and
preparation of measurement samples. The latter contains analytic chemistry,
water chemistry and some metallographic facilities for analysis of material
samples from throughout the site. Both facilities operate on a sample basis.
There are no direct process connections. The combination of both facilities
enables characterization of radioactive and/or hazardous waste prior to shipment
off-site.

2.4.12 Site incident response services

The site incident response includes fire and ambulance services. These services
share a common staff and facilities. The staff is likely to be full time, including
both fire fighters and paramedics. On-site training facilities will need to be
provided. A command communications center is used to coordinate all
emergency operations including coordination with local fire and emergency
units. The center is provided with computers, printers, radios and telephone
equipment. Alarm status information is provided through the computer
screens. Alarms will also be sent to the main control room.
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3.0 TOKAMAK REACTOR BUILDING

3.1 Tokamak building layout

3.1.1 Tokamak building configuration

The tokamak building configuration has been revised since the Interim Design
Report (IDR). In addition, the tokamak building definition has been revised.
The tokamak building now includes the tokamak hall and pit, tritium building,
electrical termination building, assembly hall, and laydown hall. In the IDR, the
tokamak buildings included the assembly hall and laydown hall, and the tritium
building and electrical termination building were separate. Structurally, the
assembly hall and laydown hall are independent of the tokamak hall, even
though they form a continuous crane bay. The tritium building and electrical
termination buildings are structurally connected to and support the
superstructure of the tokamak hall.

The key changes made in the tokamak pit layout are the following:

1. creation of upper and lower magnet interface areas containing the coil
terminal boxes to shorten the cryogenic feeds, and superconducting
bus-bars. If seismic isolation of the tokamak is required (see
Section 3.1.2), this design ensures that no superconducting busbars cross
the seismic gap;

2. reconfiguration of the upper heat transport system (HTS) vaults and
creation of the lower HTS vaults, and relocation of the primary heat
transfer systems in these vaults to shorten the associated pipework, and
to reduce the secondary confinement around the pipes. This also
enhances the safety of the system in terms of containment of coolant in
the case of a LOCA event. If seismic isolation of the tokamak is
required (see Section 3.1.2), this design ensures that no PHTS piping
crosses the seismic gap;

3. creation of space below the cryostat for the vacuum vessel pressure
suppression tank and drain tanks (space also used for lower PF coil
replacement);

4. creation of service galleries to be used for remote handling and service
routing.

The structural configuration of the tokamak building is depicted in
Figures 3.1.1-1 and 3.1.1-2. A north-south cutaway view of the tokamak building
is shown in Figure 3.1.1-3.

The tokamak hall and tokamak pit are of reinforced concrete construction. The
pit basemat is circular, and 6 m thick with the top of the slab at elevation -44 m
(all elevations are referenced to the tokamak building crane bay floor, at ground
level or elevation 0.0 m). The tokamak building underground structure contains
three concentric cylindrical regions, defined by the 1.26 m thick bioshield which
has an outside diameter of 40 m, the pit wall, which has an inside diameter of
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60 m, and the gallery wall, which has an inside diameter of 84 m. The pit and
gallery regions are divided by horizontal slabs to create the rooms and spaces
which house the equipment and provide access to the tokamak. The equipment
arrangement at each level is described in Section 3.2.

The cryostat space, inside the bioshield, extends from the top of the basemat at
-44 m, to ground level. The cylindrical cryostat has flat top and bottom heads and
is 36.6 m in diameter. It occupies the regions inside the bioshield between about
-3 and -37 m. The weight of the cryostat and tokamak are supported on a ring
pedestal which extends from the top of the basemat. A removable shielding slab
located at the top of the ring pedestal protects equipment located below the
cryostat and creates a space which could be used to wind replacement magnets for
PF coils 4, 5, 6, or 7. When tokamak assembly is completed, the top of the cryostat
space will be closed using a steel support frame and precast concrete shield blocks.

The tritium building, electrical termination building, and the upper, rectangular
part of the tokamak building, are supported on a common slab at -12.7 m. The
gallery wall stops at this level, however the cylindrical pit wall and bioshield
continue until they intersect the slab at ground level. Columns which form the
superstructure of the building are aligned to be supported on the pit wall,
resulting in a crane bay outside width of 64 m. Two columns on each side of the
building are truncated in order to prevent them from interfering with the gallery
space. To support the structural loads for these columns, the columns on either
side of the truncated columns are increased in size. A heavy wall is placed
between the increased columns and the truncated columns are supported on this
wall. Because the slabs at ground level and -12.7 m are interrupted by the cryostat
space, the above ground tokamak hall columns would not be adequately strong
if they were unsupported in the east-west direction. To provide lateral stiffness,
the frames of the tritium and electrical termination buildings are made heavier
and are integrated with the tokamak hall columns above ground.

In the assembly hall and laydown hall, dimensions have been selected to create a
continuous building. The basemat slabs of both buildings have been set at -
12.7m, to facilitate construction and penetrations between the buildings. With
this distance between the basemat and the slab at ground level, it is possible to
replace the shear panels at each column which were included in the IDR design
with a beam and girder system. The height of the crane rail is determined by the
assembly requirements, and is set at +30 m. To provide resistance to lateral loads,
this elevation is also selected for the top of the framing in the tritium and
electrical termination buildings. Structural floors in these two buildings can be
set according to the needs of the equipment to be located there. Currently, floors
are provided at ground level, +10, and +20 m. Non-structural intermediate
floors can also be provided to facilitate equipment arrangements.

The below ground region in the assembly hall is dedicated to diagnostic and
experimental systems, and will provide space for ITER experimenters for signal
acquisition, isolation, and conditioning. It is also expected that non-structural
intermediate floors can be introduced to better utilize this space. The below
ground region in the laydown hall is dedicated to neutral beam injection
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support systems including a test cell, remote handling systems, and access
control.

3.1.2 Seismic isolation

Seismic isolation, if required, will be achieved by introducing flexible bearings i n
the load path between the earth and the structure to be isolated. Considerable
experience exists with the use of this concept in buildings, bridges, and power
stations. Many designs for isolation bearings have been developed, but the most
widely used design consists of bonded, alternating layers of steel plate and
synthetic rubber. Bearings of this type are typically up to 1 m in diameter, and
can carry up to 15001. They are very stiff vertically, but allow large horizontal
movement. Their relative softness in the horizontal direction protects the
isolated components from horizontal earthquake acceleration, but also leads to
large relative displacements between the isolated and non-isolated portions of
the plant. A gap of about 10-20 cm is required to accommodate the relative
movement, however about 1 m is estimated to be needed in order to construct
the tall, vertical walls of the isolated and non-isolated portions adjacent to each
other. The systems and services which must cross this gap must either be
designed to accommodate the relative motion by flexing or sliding, or their
failure will be designed to be tolerable

In the trade study (for the various potential seismic gap configurations) which
was performed, it was made a requirement that no torus vacuum extensions,
cryostat vacuum extensions, primary coolant boundaries, or confinement
boundaries be allowed to cross the seismic gap. It was also considered highly
desirable if the design could be implemented in a way to prevent
superconducting busbars from crossing the gap. A range of potential locations for
the seismic gap were evaluated.

The design selected for the seismic isolation places the seismic gap at the
tokamak pit wall, and creates an isolated "tokamak pit" with an outside diameter
of 64 m. Figure 3.1.2-1 shows the tokamak building cross section for the seismic
isolation design. The following additional structural changes would be required:

1. An intermediate tokamak pit basemat. This structural element will be
supported on the isolation bearings, which will in turn be supported on
the basemat of the un-isolated building. Both of these slabs must be
very stiff, to accommodate the point loadings at the bearing locations
and to avoid secondary vibration modes in the tokamak pit. The
tokamak, bioshield wall, and tokamak pit wall are supported on the
intermediate basemat.

2. A secondary pit wall. This outer wall is part of the non-isolated
structure and connects the un-isolated basemat with the gallery slabs
and the un-isolated building basemat at -12.7 m. This wall also carries
the vertical loads of the building superstructure to the basemat.
Because the secondary pit wall must be larger than the tokamak pit, the
crane bay becomes wider with seismic isolation.
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The only system which would need to be designed to accommodate the seismic
motion without failure is the vacuum vessel cooling system, which currently
has the safety function of the removal of decay heat. Other systems which
contribute to accident response, such as HVAC systems, can be designed to
perform their function even if they suffer some damage (e.g., partial collapse or
distortion of ductwork). Most other systems can be designed to accommodate
some seismic motion. The cost of such design modifications must be balanced
against the cost of damage, including consequential damage to other
components. Secondary cooling services and normal busbars may need to be
designed with flexibility. Other systems such as neutral beam injection high
voltage transmission ducts and remote handling connections, may have such a
high cost to design for flexibility that it will be decided to expect and allow the
component to fail in the event of an earthquake. Decisions on the design
features for accommodation of seismic motion must be taken on a case-by-case
basis.

3.2 Equipment arrangement in the tokamak pit

3.2.1 Requirements and basis for the equipment arrangement

The pit layout must satisfy requirements from machine performance (including
component functional requirements), assembly, maintenance, safety, and
decommissioning, while minimizing overall cost. Specifically, the equipment
arrangement and pipe routing must provide access for timely maintenance and
inspection operations, with either remote or hands-on methods. It must be such
that remote handling (RH) Class 1 and 2 operations can be carried out without
interruption of cryostat vacuum, and RH Class 3 operations are feasible.
Installation of hardware must be feasible and in accordance with the ITER
assembly procedures and the construction plan. The structural integrity of
building features, such as support columns and slabs, must be preserved. Safety
requirements which must be considered include protection against external
hazards, suppression or mitigation of fire, confinement of radioactivity,
preservation of personnel protection barriers, minimization of inventories of
hazardous materials and of hazardous waste, and provision of personnel escape
routes via stairs and lifts.

If seismic isolation is used, relative motions between the isolated and non-
isolated portions of the structure must be accommodated. In addition to
accommodating seismic loads, motion from thermal excursions, structural
deflections, and electromagnetic loads must be accommodated.

The equipment arrangement requires that the pit is separated into six levels,
shown in Figure 3.2.1-1. "Vaults", which provide secondary confinement, are
located at the top and the bottom of the pit and house the primary heat transfer
systems (PHTSs) for the major machine components. Locating these vaults next
to the machine, in the tokamak pit, significantly decreases the number of pipes
that must cross the seismic gap if seismic isolation is used. This arrangement also
minimizes the total length of PHTS pipes.
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Two levels are provided for magnet components. All magnet busbars and
cryolines are routed to these levels, where the coil terminal boxes (CTBs) are
located. The use of separate areas dedicated to magnet components in the pit
reduces the risk of damage due to arcing between components. In particular,
separation of the busbars and cryolines from HTS pipes is important and is
accomplished by separating the upper magnet interface level and upper HTS
vault. By locating the CTBs in the pit, normal rather than superconducting
busbars would cross the seismic gap if seismic isolation is used. The design
features which would be required to accommodate seismic motion in normal
busbars are simpler, cheaper, and more compact than those for superconducting
busbars.

The equatorial and divertor levels accommodate the removal of components
from the tokamak. Large casks on transfer vehicles must be able to enter these
levels and dock on divertor and equatorial ports for remote handling operations.
The layout must provide a path for the transport of casks by remotely controlled
vehicles from the tokamak to the hot cell.

3.2.2 Arrangement at the basemat level (-44 m)

The lower PHTS vault is located at the basemat level. The divertor and outboard
baffle limiter (L/OBB) PHTSs are located here (see Section 4.6). Loops for similar
HTS services are located together in the vault because they share a chemical and
volume control system (CVCS). The equipment layout leaves the outer
perimeter of the lower PHTS vault clear for transport of components to the lift.

The pipe routing is illustrated in Figure 3.2.2-1. Drain tanks and associated
pumps for the divertor and L/OBB PHTS are located inside the ring pedestal
which supports the tokamak and cryostat. HTS pipes must be routed between
these drain tanks and the components housed in the lower HTS vault. Locating
the tanks here reduces the pipe lengths required and simplifies the overall pit
layout.

3.2.3 Arrangement at the lower magnet interface level (-34.5 m)

"Double" coil terminal boxes (CTBs) and the associated U-bend boxes for PF coils
4, 5, 6, and 7, the CS, and the correction coils are in the pit at this level.

This ensures a minimum number of joints. U-bend boxes are located in front of
the penetrations in the vertical bioshield because neutron shielding is
incorporated into the boxes. CTB toroidal positions were selected to facilitate
routing of the busbars and cryolines inside the machine and to minimize the
length of the cryogen manifolds in the pit. Cryolines, busbars and quench
manifolds circle the bioshield, and are above and connected to the CTBs.
Locating these manifolds in the pit also minimizes the number of pipes that
must cross the seismic gap if seismic isolation is used.

Room temperature busbars from each of the CTBs exit the pit, and are routed
around the gallery to shafts on the west side of the machine for vertical routing
out of the pit. The position and dimensions of the shafts, the space available for
vertical routing of pipes, are defined by penetration restrictions in the slabs and
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the path of casks in the galleries at the equatorial and divertor levels. The main
cryolines from the manifolds in the pit are routed together with the busbars. In
general, the horizontal routing at the lower magnet interface level is near the top
of the gallery to minimize the number of these lines that must be moved in the
event that a component needs to be transported around the gallery.

Valve boxes for cryogenically cooling the support structure and thermal shields
are located at this level. The He pumping system for the cryostat is also located
here, as its position is flexible and this level has the most space available to
accommodate it. Remote handling access is needed to the space beneath the
machine. It is provided at four symmetric positions.

3.2.4 Arrangement at the divertor level (-29.3 m)

Four symmetrically located divertor ports are used for the removal of divertor
cassettes. Shield walls which run from the divertor slab to the underside of the
slab above are located on both sides of these ports in the pit, to facilitate the RH
Class 1 operations. These four ports are aligned with the four RH ports at the
equatorial level which also have shield walls. Diagnostics will be integrated into
these ports, and will require routing of pipes and services.

The remaining 16 ports at this level house the cryopumps for the torus. Cryogen
pipes exit these ports on one side and are routed into cryogen valve boxes, located
on the divertor floor. These valve boxes are located as close as possible to the
machine in order to minimize cryopump cooldown time and cryogen
consumption. From the boxes, the pipes are routed down into manifolds which
circle the bioshield beneath a "floor" at the bottom of the divertor level. Locating
the "under-floor" manifolds in the pit reduces the number of pipes that must
cross the seismic gap if seismic isolation is used. Feed lines from the under-floor
manifolds exit the pit to pipe shafts in positions that minimize their length and
avoid interferences with building columns. Additional service pipes (i.e., guard
vacuum, leak detection, etc.) are routed from all 20 ports down to additional
manifolds located beneath the divertor floor. Divertor HTS pipes exit the top of
each of the 20 ports so that interference during the removal of divertor cassettes
or cryopumps is minimized. Valve boxes for the fuel injection system are
required near five symmetrically located divertor ports. Again, these boxes must
be located as close as possible to the bioshield to minimize gas introduction
response times.

3.4.5 Arrangement at the equatorial level (-22.6 m)

The allocation of ports and arrangement of large equipment at the equatorial
level is given in Figure 3.2.5-1. With the exception of the remote handling (RH)
and neutral beam injector cells, transfer casks will be docked at the ports for the
removal of components from the tokamak and the ports. Space allocated for
these casks is shown in dashed lines.

The allocation of ports allows for the creation of a single cell for the three
additional heating NB injectors and the diagnostic NB injector. Since the
injectors represent an extension of the torus vacuum outside the cryostat and
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bioshield, this cell performs both confinement and shielding functions. Remote
handling operations for NB injector maintenance will be conducted using
turntables in the gallery for the docking of transfer casks to the cell. Vacuum
pumps for the injectors will not fit in the cell. The vacuum pumps are therefore
located at the divertor level, where they can still be close to the injectors and be
accessed for hands-on maintenance. Limited hands-on maintenance will be
done also in the cell.

Four ports, symmetrically located, are dedicated for in-vessel RH operations at
the equatorial level. Cells, used for storage and deployment of the in-vessel
transporter (IVT), are located outside of the bioshield at two of these ports. The
other two RH ports are used for the removal of blanket modules from the
machine. It has not been determined whether cells or movable casks (as shown
in Figure 3.2.5-1) will be used at these ports. Because of the symmetry
requirement, the ports allocated to remote handling are determined by the ports
selected for the grouped neutral beam injectors. The ports selected minimize
interference of the RH and injector cells with the building columns.

Five ports are allocated for the IC H&CD, the EC H&CD, and the EC start-up
system. These RF systems are assigned to ports which are not in line with the
neutral beam injectors, which could potentially damage them if the beam is not
completely stopped by the plasma. IC H&CD has been allocated to ports on the
west side of the machine, where the distance to the tuning units, located in the
basement of the electrical termination building, is minimized. The EC H&CD
systems are allocated to ports on the southwest side of the machine where the
distance to their power supplies is minimized. For each of the RF systems, a
bundle of waveguides is routed from the port to the power supplies (via the
tuning units for IC H&CD) by a route to minimize the length and number of
bends. Pending a decision as to which of the plasma heating systems will be
chosen designs are being prepared for NB injection, IC H&CD, and EC H&CD.
The layout of equipment and services presented here represents an enveloping
case, with all of the space needed for the largest combination of systems.

Presently, four ports are allocated for test blanket modules. In general, ports on
the east side of the machine are used, as additional space in the tritium building
may be used to house some of the test blanket cooling systems. The four module
types identified in Figure 3.2.5-1 are assumed for layout purposes only. A 4 m
wide space directly in front of the ports is left for access by transfer casks. The
space on either side of this corridor, within an 18 degree sector for each port, is
allocated for test blanket module auxiliary equipment, such as the tritium
extraction systems and cooling systems. Locating test blanket modules in
adjacent ports allows "sharing" of the space between ports. Dump tanks (for the
coolant of some of the test blanket modules) are located at the divertor level, so
that passive draining of the module coolant is possible.

Diagnostics will share several equatorial ports with other systems. Additionally,
two ports on the south side of the machine are dedicated to diagnostics. The
south side ports are nearest the diagnostic room which simplifies the routing of
diagnostic services. This is particularly important for the laser/mirror system
used for light detection and ranging (LIDAR). At these two diagnostic ports,
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similar to those for test blanket modules, the space on either side of the transfer
cask corridor will be used for "permanent" diagnostic equipment. The pellet
injector cask is located on the east side of the machine since a majority of its
service pipes go to the tritium building. To use the cask dock at the IVT cell, the
pellet injector, which is housed in a transport container, is first moved to the hot
cell building.

Torus and cryostat roughing pump pipes exit the machine at the equatorial level
in order to minimize their length. Service manifolds, in two sectors, are located
above the ports to supply pumping, leak detection, pneumatic gases, etc. to the
equatorial ports. Again, locating these manifolds in the pit also minimizes the
number of pipes that must cross the seismic gap if seismic isolation is used.

L/OBB PHTS pipes exit the bottom of each of the 20 equatorial ports. These pipes
are routed in guard pipes to the pipe shafts next to the bioshield, in which they
run to the lower HTS vault.

3.2.6 Arrangement at the upper magnet interface level (-13.7 m/-12.7 m)

Most of the rationale for the equipment arrangement at the lower magnet
interface level applies to this level as well. The "double" cold terminal boxes and
U-bend boxes for PF coils 2 and 3 as well as for the TF coils are located here. The
TF switch components are located on either side of the TF CTBs. Locating the TF
CTBs and switches in the pit greatly reduces total busbar length (and hence, cost),
because TF components are interconnected inside the pit. It also reduces the
number of busbars that must cross any seismic gap. Similar to the lower magnet
interface level, cryogens, busbars, and quench manifolds are above the CTBs.
Additionally, the busbars interconnecting the TF magnet components are routed
in this area. The layout of magnet equipment and routing of the busbars and
manifolds in the pit is such as to leave space at the outer perimeter of the pit for
personnel and component movement.

Busbars and cryolines exit the pit and are routed to the west side of the machine.
Busbar and cryoline routing around the pit is maintained at a level about 3 m
above the floor, so that it will not interfere with components being transported
through that area. Removal of some TF switch components from the pit for
maintenance is foreseen. The busbars join those from the lower level to
penetrate the ground level slab in the electrical termination building (ETB),
taking into consideration structural restrictions regarding the location of the
penetrations. The cryolines are routed, together with those from the lower
magnet interface level, to the pump cold boxes located in the basement of the
ETB. The location of the cold boxes at the -12.7 m level and the toroidal positions
where the cryogen lines exit the pit (at both the upper and lower magnet interface
levels) were determined together so as to minimize the length of the cryogen
lines. The cold box that services the valve boxes is in a separate location to
minimize the total length of the five separate cryolines that must be routed to it
(each of the five valve boxes in the pit has an independent cryoline routed to the
cold box).
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The high voltage decks for the Neutral Beam injectors are located at the upper
magnet interface level. Locating the decks close to the NBIs shortens the length
of the transmission lines, which has cost and performance implications. On the
east (tritium building basement) and south sides of the pit, non-structural
intermediate floors, or mezzanines, are used to divide the rectangular area
outside the pit wall between -12.7 m and ground level into two levels. The
bottom level is used for the transport of switch components and for pipe routing
around the pit and out of the tokamak building. The -12.7 m level is not divided
on the west (ETB basement) and north sides of the pit, where tall components are
located.

3.2.7 Arrangement at the upper HTS vault level (-12.7 m/-8.5 m)

The PFW/IBB HTS system and the back plate (BP) PHTS will be located here.
The layout of equipment leaves the inner perimeter of the vault, near the top,
clear to accommodate the mobile cask for HTS pipe cut and weld operations. It
also leaves the floor of the outer perimeter of the vault clear for component and
personnel movement.

The torus vacuum pumping equipment is located in the tritium building, east of
the vault. Various PHTS hardware is located south of the vault. HVAC
equipment must also be located in the tokamak building at this level.

PFW/IBB PHTS pipes are routed through extensions of the vertical ports, which
turn horizontally and are routed through the bioshield to the vault. The in-
vessel viewing system (shown in Figure 3.2.1-1), located in ten vertical ports,
continues vertically from the port to penetrate the ground level slab. Diagnostics
will be located in a number of the vertical ports in a similar manner.

3.2.8 Arrangement at the crane hall floor level (ground level)

The layout at the floor level above the bioshield is shown in Figure 3.2.8-1. A
removable integrated structure is located above the tokamak to support all
equipment using the vertical port access. This includes the viewing system and
diagnostics systems. The complete identification and location of all equipment
located above the tokamak has not been completed.

Services to and from the equipment above the tokamak are routed in pathways
at floor level to the vacuum pumping room and the diagnostic equipment area.
The details of these services have not yet been defined.

Additional shielding is required between the upper HTS vaults and the crane
hall. Precast concrete slab sections are used for this application because they have
no structural contribution. Making the sections removable means that their
thickness does not affect the elevation of the tokamak or equipment in the pit, or
the building crane. These surround the removable bioshield lid. Removable
hatches in the bioshield lid for access to the tokamak are shown in Figure 3.2.8-1.
These cover corresponding access hatches in the cryostat lid. The number of
access hatches has not been finalized.
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3.3 Tokamak building environment

3.3.1 Temperature, humidity and contamination control

For tokamak assembly it is necessary to maintain the temperature at 20 ± 5°C, and
excessive humidity or dust must be avoided in order to assure quality in the
assembly process. When tokamak assembly is complete and the cryostat and
tokamak systems are closed, temperature and air quality maintenance are less
important.

Systems are being designed to provide suitable air change rates and to remove
heat rejected to the building. The heating, ventilation, and air conditioning
systems (HVAC) also play an important role in maintaining acceptable levels of
airborne radioactive contamination. The design of HVAC systems ensures
appropriate pressure and flow gradients within the building so that air flows
from regions of lowest probability of contamination towards areas of higher
probability of contamination. Potentially contaminated air is treated
appropriately by niters, detritiation systems, and directed to an elevated release
point. Dryers are included in the HVAC systems for the HTS vaults to capture
water which may be tritiated due to chronic small leaks in the PHTS systems.
The air space between the cryostat and the bioshield is also treated with a dryer to
remove moisture from this region and minimize the radiolytic formation of
corrosive acids. The HVAC system is also designed to respond to potential
accident events. HVAC for building spaces which are potential locations for loss
of vacuum accident (LOVA) events are equipped with high-efficiency particulate
filters. Areas where release of elemental tritium or tritiated water are possible
are equipped so that either the recirculating flow or the exhaust flow, or both, can
be passed through an atmospheric detritiation system (ADS).

3.3.2 Radiation and magnetic fields

When tokamak operations begin, magnetic and radiation fields will be generated.
During pulsing operations, these fields will be sufficiently large to exclude
human access to the tokamak pit and gallery region. In addition, it is expected
that there will be no need for operator access in the below ground portions of the
tokamak hall, electrical termination building, or tritium building. While the
magnet and radiation fields in these areas are not expected to be high enough to
exclude operators, industrial safety considerations will make it prudent to design
these areas for operation without the presence of plant staff. Magnetic fields are
also expected to be high enough to warrant exclusion of operators on the top of
the tokamak bioshield during operation.

When the ITER tokamak has operated with deuterium and tritium, the neutron
flux generated by the plasma will increase in intensity. Neutron production will
cease when the tokamak is not pulsing, but activated tokamak materials will
become long-term gamma ray sources. The radiation fields which will exist
during D-T pulsing have been estimated, and detailed calculations of radiation
levels throughout the tokamak building are underway. These fields will be
important due to their effect on materials and electronics in the tokamak pit and
will prevent human access to some areas. The gamma ray fields from activated
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materials will be present at all times after D-T operations have begun. These
fields are the composite of emissions due to many isotopes. The field strength
decreases rapidly as short-lived isotopes decay, then remains fairly constant as it
becomes dominated by longer lived isotopes. To minimize operator exposure,
entry into the tokamak pit for extended periods will not normally be permitted
within 24 hours of a D-T pulse. Short entries under carefully supervised
conditions may be possible as early as 8 hours after a 1000 s D-T pulse.

The radiation fields experienced by operators performing maintenance or
experimental work in the tokamak pit will vary with the location in the pit and
the design of the radiation shielding. Detailed calculations to determine the
expected field strength in the pit as a function of the time after a D-T pulse are
being performed, based on preliminary selection of shielding materials and
thicknesses. The goals of the radiation design will be to keep operator exposure
less than 20 mSv per year. In addition, the radiation design will be consistent
with ALARA principles.

3.4 Assessment of tokamak building design

The structural design of the tokamak building has advanced a great deal since the
IDR. Essentially all structural elements have been identified and sized to
accommodate the known loads. Concern exists regarding some sections of the
bioshield wall and tokamak pit wall, where large numbers of penetrations are
required in order to meet requirements for equipment installation and
maintenance. Additional local reinforcing or modest increases in member
thicknesses in these areas is expected to be able to mitigate any deficiencies which
may be discovered. Continuing analysis of the tokamak building will be
performed throughout the EDA to address these concerns. However, the basic
building design strategy appears to provide suitable separation, load bearing
capacity, shielding, and access space to accommodate the design.

If a site is selected which requires the use of seismic isolation, a design solution
exists. Many of the layout changes which have been made to improve the layout
and shorten the length of superconducting busbars and coolant pipes also make it
easier to accommodate this possibility.

An arrangement of the tokamak, cryostat, and layout of major equipment at all
levels in the pit has been accomplished. Space for routing major services has
also been identified and appears adequate. Missing from the pit layout at this
stage of design are HVAC ducts, small (less than 100 mm) piping, power and
instrumentation cabling, and personnel stairways and lifts. The space required
for access by personnel and by remote handling machinery for maintenance
activities is under continuing study. Remote handling requirements are now
well defined, and design solutions which are compatible with the building and
equipment arrangement appear to exist.

Equipment maintenance in the lower heat transfer vault may be difficult due to
access limitations. If necessary, an additional level of the gallery system could be
added to improve this design aspect. More complete designs are needed for
walkways, stairs, and lifts. If the current pit design cannot satisfy criteria for
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worker safety, external stair towers (outside the gallery wall) could be added.
Both of these design solutions will be used only if it becomes clear that the
current design is inadequate. Neither solution would cause any major change to
the tokamak building design strategy.
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4.0 SUMMARY OF SYSTEM DESIGN

4.1 Vacuum vessel and in-vessel components

The vacuum vessel, blanket and divertor are the main components which
surround the plasma. The in-vessel components are modular to allow
replacement through the equatorial and divertor ports. This has the advantages
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. A
rail system is provided for divertor replacement through the divertor port (see
below and Section 6), and an in-vessel vehicle system for blanket maintenance
(see Section 6).

An isometric view of the vessel, blanket and divertor is shown in Figure 4.1-1.
The vacuum vessel support legs, which are at the bottom of the vessel, are
connected to rods suspended from the TF coils. These rods allow flexibility in the
horizontal plane while preventing vertical movement. There are also toroidal
supports above the equatorial ports to resist net horizontal forces acting on the
vessel and to retain the toroidal spacing between the TF coil and vessel during
plasma disruptions and seismic events. The blanket modules are attached to a
toroidally continuous back plate which is attached to the vessel at the free ends.
For centred disruptions, this avoids transmitting the loads to the primary
containment boundary and, because of the thermal insulating effect of the
attachment, it allows the blanket to operate at a higher temperature than the
vessel. The divertor modules ("cassettes") are attached to rails located on the
vessel floor.

All these components form an integral part of their appropriate primary cooling
circuit (see system diagram in Section 4.6). A major safety feature is the ability of
the vessel to provide passive removal of decay heat during an in-vessel LOFA.
This passive cooling is a result of natural convection in the vacuum vessel
cooling circuit. The coolant lines of the inboard and outboard blanket modules
exit the vessel through the upper port, except for the limiter and baffle modules
below the outboard equator, which exit through the equatorial port. The divertor
module cooling lines exit through the divertor ports.

The above design features are unchanged from those described in the Interim
Design Report (IDR). Apart from further detailing of the design, the main issues
which have been addressed since the IDR are:

• modification of the vessel cooling path to ensure a more efficient
natural convection cooling;

• development of a flexible plate design for the back plate support;

• development of the vessel support (described in Section 4.2);

• changes to the vessel upper port design;

• blanket attachment scheme;
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• blanket module and back plate internal design and cooling;

• arrangement and attachment of high heat flux components on the
divertor;

• development of the divertor body cooling scheme;

• development of the electrical links which provide a controlled current
path between blanket and divertor e.g. during disruptions;

• selection of carbon as primary candidate for lower part of the divertor
target;

• port design, in particular for maintenance;

• leak detection.

The status of the design, an assessment of its feasibility and cost, and
developments on these issues are described below.

4.1.1 Vacuum vessel

4.1.1.1 Vacuum vessel function and main components

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 and a second boundary for the separation of air from potential in-
vessel hydrogen generation.

The vessel cooling system also provides decay heat removal even when other
cooling loops are not functioning. The vessel supports the blanket and divertor
components, and resists the forces of plasma disruptions and vertical
displacement events. Along with other in-vessel components, it provides
radiation shielding in particular for the magnets.

The main components of the vacuum vessel are:

• the main vessel, designed to withstand internal overpressures of
500 kPa and external overpressures of 200 kPa and to provide an ultra-
high vacuum for plasma operation;

• port assemblies, providing access to the plasma for diagnostics, plasma
heating, fuelling, pumping, in-vessel maintenance and blanket test
modules;

• mechanical links and supports.

Due to its safety function, the vessel will be designed and constructed according
to an accepted structural design code. The vessel is a permanent machine
component (RH Class 3). It has Safety Importance Class 2, and Seismic Class 2A.
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4.1.1.2 Vacuum vessel overall arrangement

The torus-shaped main vessel, made from 316LN IG (ITER Grade) stainless steel,
is located inside the cryostat. It consists of inner and outer shells, support ribs,
shielding, support structures for in-vessel components, and the vacuum vessel
support leg (see Figure 4.1.1.2-1). The inner and outer shells and stiffening ribs
between them are welded to give the vessel the required mechanical strength.
These ribs also form the flow passages for the vessel cooling water. Typical plate
thickness is 40-60 mm, giving an overall shell thickness of between 0.45 and
0.82 m.

Since the IDR, the reinforcement of the bottom half of the vessel between the
blanket supports, where mechanical stresses were too high compared to those
allowable, has been corrected by increasing the rib and shell thickness from
40-60 mm, and improving the rib layout. The outcome is shown in
Table 4.1.1.2-1. In the worst loading case, a 10% margin on allowable stresses is
now available, and at normal working conditions the margin is considerably
larger.

TABLE 4.1.1.2-1
Vacuum Vessel Maximum Stress and Allowables

Load Case

Normal Operation
(Gravity + coolant
pressure)

Severe VDE (Symmetric)
(Gravity + coolant + VDE
symmetric)

Severe VDE (Asymmetric)
(Gravity + coolant + VDE
asymmetric)

Pressure Pulse In-Vessel
(Gravity + coolant +
0.5 MPa internal pressure)

Maximum Vessel
Stress

Primary
Membrane

53

85

116

119

Primary
Membrane
+ Bending

68

104

140

137

Allowable Stress @
200°C

(Safety Factor)

Primary
Membrane

131
(2.5)

131
(1.5)

131
(1.1)

157.2
(1.3)

Primary
Membrane
+ Bending

196.5
(2.9)

196.5
(1.9)

196.5
(1.4)

235.8
(1.7)

Structural analyses for the vessel is continuing, for other loading conditions.
However, the ability of the design to withstand the above loads gives confidence
that the remaining loading conditions can be accommodated with at most
relatively minor design modifications.

A faceted construction, which has only a single curvature, has been selected to
simplify the forming processes for the vessel inner and outer shells. For
instance, each 18° vessel sector has three facets on the outboard side of the vessel.
The vacuum vessel is divided toroidally into 20 sectors joined by field welding at
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the central plane of the ports. The option was examined of including a
cylindrical straight section on the inboard side to save some space loss due to
facetting. This turned out not to be a significant benefit, given the minimal space
saving, bearing in mind the number of field joints and the increased
complication of the interface with the first faceted pieces of the vessel. The
option of two-dimensional curvature everywhere was not examined due to the
expected cost penalty.

For neutron shielding, the space between the shells is filled with shielding plate
assemblies. These are attached to the ribs in such a way that they do not
significantly affect the total toroidal electrical resistance of the vessel. This
resistance amounts to 10.4 \xSi, compared to 13.2 u£2 for the IDR design, however
the overall vessel plus blanket resistance is virtually unchanged at 4.3 u£2. The
possibility to make some shielding plates out of ferritic steel, with the intention
of ripple reduction, is also being examined. The joints at the ends of the plates
(~ 1-2 m long) will be staggered and bevelled to minimise neutron streaming.
Neutronics assessments of the basic vessel shielding configuration of - 65% steel
and 35% water, indicate adequate shielding in areas away from penetrations.
Adjustments and assessments of the shielding in and around penetrations is
continuing.

4.1.1.3 Vacuum vessel fabrication

Typical specifications for the fabrication tolerances of the vessel perimeter are
± 20 mm of vessel height and width, and ± 5 mm on vessel sector wall thickness.
The fabrication of the inner shell is completed first to ensure its best possible
quality because it will form the first boundary on the plasma side. The weld
joints for the inner shell can be accessed from both sides minimizing
deformations and making inspection easier. Access is also very good when
welding the ribs to the inner shell. Field welding on both sides of the ribs is
planned to help keep the ribs straight and in alignment. For the weld joint
between the outer shell and the ribs, several techniques are being considered and
investigated in R&D. The design of this joint is particularly important because
weld access will only be from one side of the rib making joint inspection more
difficult.

The vacuum vessel is built in the factory as 20 right hand and 20 left hand
segments, each spanning 9° in the toroidal direction from one port midplane to
the center of the TF coil. After being received at the site, the vessel half sectors
are leak tested and inspected before being mated with the TF coils and thermal
shield segments. Vessel/coil mating involves moving the two vessel half sectors
into the TF coil, already fitted with the vacuum vessel thermal shield
(Section 4.5), and aligning the weld joint between them. This joint will be on the
centre of the TF coil and will trap the coil between the vessel ports. After
successful joining, leak testing of the between-shell volume, and dimensional
inspection, the vessel sector, the thermal shield and the TF coil are ready for
assembly (see Section 5). As adjacent sectors are installed, vessel field joints
splice plates are installed, welded, and leak checked.
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The splice plates used to connect adjacent sectors are 80 and 120 mm wide, on the
outer and inner shells respectively, and will accommodate misalignment of the
sector edges. The splice plate gaps between sectors also allow access to thermal
shield field joints from the inside of the vessel. The splice plates are welded
from one side by the narrow gap-gas tungsten arc welding (NG-GTAW) process.
This is a multipass process that produces a very high quality and controllable
weld. Utilizing a narrow gap groove, weld deformations are acceptably small.
Access to the field joint welds is only from the inside of the vessel so direct
inspection of the back side of the weld is not possible. One-sided inspection
techniques such as ultrasonic testing (UT) are being developed for these joints
and are expected to satisfy code requirements.

4.1.1.4 Vacuum vessel port arrangement

The 20 upper, equatorial, and divertor ports are used for equipment installation
and maintenance, utility feedthroughs, and vacuum pumping (port arrangement
is indicated in Section 3).

Through closure plates, the upper ports are used for feedthroughs of the blanket
cooling pipes, a viewing system (see Section 6), and some diagnostics (see
Section 4.9). A bellows between the pipes and the closure plate provides the
vacuum/pressure seal and absorbs the differential thermal expansion between
the blanket and the vacuum vessel. The equatorial and divertor ports are also
covered by closure plates which form part of the vessel primary safety boundary.
The upper and equatorial ports include removable shield plugs near the inner
wall of the vessel which help replace shielding removed in these areas. Beyond
the closure plates are the circular bellows and the outer port extensions which
extend to the cryostat. Each divertor maintenance port includes a connection to
the pressure suppression system, housed below the cryostat (see Section 4.1.1.7).

The upper ports are 273 mm wide in the inboard region, 1181 mm wide in the
outboard region, and 2865 mm long (in the radial direction). Both the port walls
and the closure plates are cooled double wall structures ~ 130 mm thick. A space
of 0.17 m is maintained between the outside of the port and the TF coil for the
thermal shield and assembly space.

Both the equatorial (1.8 m by ~ 3 m) and divertor ports (~ 0.81 m -1.54 m over a
length of ~ 2.5 m) are of double wall construction 200 mm thick with stiffening
ribs between the walls. As with the upper port, 0.17 m clearance is maintained
between the outside of the port and the TF coil.

4.1.1.5 Blanket back plate support

The blanket back plate is supported inside the vacuum vessel (W) by 20 supports
located in the lower inboard region (one per sector) and 40 in the middle
outboard region of the blanket back plate (two per sector). The supports are
formed by leaf plate assemblies providing flexibility in the radial direction and
having a large stiffness both in the vertical and in the toroidal directions. The
design has been improved from that in the IDR, because although the outboard
supports were wide enough to support the assumed toroidal load, the inboard
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ones were not sufficiently stiff in the toroidal direction. As a result of a small
increase in space between the W and back plate in this area, the space required
for a compression type support was available (the inboard IDR support was a
tension type design). These inboard supports were made stiffer in the toroidal
direction by combining the two for each sector into a single support thus
reducing the total to 20 inboard supports.

The base material for the supports is SS 316 LN (ITER Grade), which is also the
base material for the vacuum vessel and for the blanket back plate and modules.
The choice of a common material helps avoid thermal expansion problems in
the flanges. The allowable stresses for the flexible SS plates are not exceeded
while the material is kept below 200°C by active cooling and the temperature
difference between the vessel and the blanket is kept below 150°C (this is above
the difference achieved in normal operation and would be experienced during
the baking of the blanket alone). The supports are electrically insulated from the
blanket back plate to avoid current loops.

Information on the vacuum vessel support is given in Section 4.2.

4.1.1.6 Vacuum vessel coolant path

The coolant flow within the vessel has been changed significantly since the IDR
to ensure the availability under loss of flow accident conditions of natural
convection cooling of the 3 MW maximum afterheat envisaged for all in-vessel
components after plasma shutdown. This is shown in Figure 4.1.1.6-1.
Compared to the IDR solution of supply and return through the divertor ports,
with ten sectors in series, the present design has supply through the divertor port
and return through the upper port, with all sectors in parallel. This requires
smaller supply and return pipes (10 cm ID vs. 16 cm ID) and maintains a similar
temperature profile in all sectors. The maximum temperature of the vessel
structure during baking is 200°C

During a vessel LOFA (loss of flow accident e.g. a multiple cooling pump trip),
the flow rate resulting from natural convection is expected to be about 15% of the
normal flow. With this reduced flow, the maximum vessel temperature will be
maintained below 250°C while removing the expected heat load of 3 MW. This
heat load would result from a LOFA (or loss of coolant) in all in-vessel systems.
Detailed calculations of natural convection cooling conditions in the vessel shell
are in progress.

A concern is flow instability (i.e., uneven flow distribution among parallel
channels) due to the low flow speed during both normal operation (< 0.001 m/s)
and during natural convection (< 0.00015 m/s). With the current configuration,
flow through the sector is always maintained in an upward direction so that
natural convection flows are always in the normal flow direction. This will help
prevent hot spots due to stagnant areas in the cooling channels even during
normal operation, and help insure flow stability.

The main conditions of the vessel water cooling are summarised in Section 4.6.
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4.1.1.7 Vacuum vessel pressure suppression system

The function of the vacuum vessel pressure suppression system (WPS) is to
limit the maximum pressure of water/steam in the vessel under worst fault
conditions. This is motivated by the desire not to rely on in-vessel components
to ensure safe operation.

The W P S is located under the cryostat, as shown in the Figure 4.1.1.7-1. The
toroidal suppression tank holds enough water, initially at room temperature, to
condense the steam arising from the spillage of all water inside the vessel. The
tank volume is 1755 m3, initially 44% full of room temperature water, and finally
75% full of water at 80°C. Four relief pipes connect the tank with the vacuum
vessel divertor maintenance ports. The relief pipes have rupture discs to
separate the vessel high vacuum environment from the tank under normal
operating conditions. Two rupture discs are installed at the top of each relief pipe
and have controlled interspaces for leak monitoring and differential pumping.
The discs are maintained through the ports. There are 150 mm diameter bleed
lines in parallel to each vacuum vessel pressure suppression system duct,
connecting the vacuum vessel to the suppression tank via double all-metal ultra-
high vacuum isolation valves. In the event of a small water ingress into the
vacuum vessel, wherein the pressure rises above 100 kPa absolute, but below
200 kPa absolute, the isolation valves are opened to suppress the pressure. The
double rupture disks are designed to open at a pressure of 200 kPa absolute.

Inside the suppression tank are a central plenum and distributor pipes to separate
the incoming steam and water and direct the steam into the suppression water
where it condenses. Some details of the suppression tank and internals are
shown in Figure 4.1.1.7-1. The suppression tank will have pipe connections from
the water and gas spaces to the tritium plant and the radioactive waste gas
processing system, so that tritiated water and non-condensable gases can be
routed there for treatment.

4.1.1.8 Vacuum vessel integration issues

The main in-vessel interfaces are with the blanket and divertor. The vacuum
vessel provides mounting structures for both these components and must allow
clearance at key locations to accommodate relative motion. The main out-of-
vessel interfaces are with the thermal shield, the TF coils, vessel support
structures, VV PHTS, cryostat, pumping system, diagnostics, and all systems
which interface with the ports. The main vacuum vessel/thermal shield/TF coil
interface is the clearance between the three systems. This clearance is required to
prevent contact during thermal transients and dynamic motion. The
W/support structure interface is the location where the vessel is supported.
Both vertical and toroidal supports are provided. The VV PHTS interface is
defined by a pipe location and coolant parameters. By and large, these interfaces
are well understood and problems with their final definition are not anticipated.

Many systems interface with the vacuum vessel port structures, and the
definitions of these interfaces are just beginning to be defined. They are
particularly difficult because of the shielding problems in and around the ports,
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the motions of the VV ports relative to the cryostat and the building, and space
limitations for the ports as they pass between the coils. The definition of these
interfaces will be a priority over the next 6 to 12 months.

4.1.1.9 Assessment of VV manufacturing feasibility and cost

Vacuum vessel materials and proposed construction methods and techniques are
conventional and should not present great difficulty to any qualified
manufacturer of large pressure vessels. Most vessel features can be in
compliance with the requirements of conventional nuclear pressure vessel codes
and it is expected that the features that cannot comply with these codes can be
assessed and accepted by the application of special code cases. The largest
manufacturing uncertainty is the magnitude of achievable tolerances. This
uncertainly is primarily due to the large size of a sector and the amount of
welding that must be done. This will be addressed by the "Full Scale Sector
Model" (Large R&D Project L-3) which is currently being fabricated. This project
will also address questions concerning the mechanical behaviour of the double
wall structure, flow characteristics of the cooling channels, the full remotization
of the welding process, and the inspectability of proposed weld joint
configurations. The completion of this full scale full size sector model should
resolve all major feasibility questions.

A difference between the full scale model and the ITER vessel is the poloidal
segmentation. The plan for the ITER vessel is for the inner shell to be
continuous and utilize two sided weld joints. The ribs and outer shell are
welded to this inner shell and the half sector is completely fabricated and tested
in the manufacturer's shop. Due to conventional transport size limitations, the
sector model will be fabricated in poloidal sections which can be more easily
transported to the assembly site. At the site, these poloidal parts are assembled
and welded. As a result of this procedure, the global fabrication tolerances of the
model are expected to be somewhat greater than that of the ITER vessel.

The uncertainty in the current estimate for the cost of the vessel including its
specialised assembly equipment and blanket back plate supports is mainly driven
by the welding time and technique. The full scale sector model (Large R&D
Project L-3) will help in assessing the range of this uncertainty, allowing an
improved cost estimate to be developed during 1997.

4.1.1.10 Vacuum vessel overall assessment

At the time of the IDR, the conclusion was that the design stresses were very
close to allowable limits during both disruption and fault conditions, and it was
thought that it might be necessary to resort to Inconel 625 to recover sufficient
design margin. Since that time, the reinforcement of the bottom half of the
vessel along with the changes in vessel and blanket supports, indicated above,
now provide a robust design with austenitic steel. Stress levels in the main
vessel are below allowable levels and problems completing the design from a
structural standpoint are not anticipated. However, reinforcement requirements
near support structures and the ports have not yet been fully assessed.
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The main emphasis of the design development up to the end of the EDA will be
to define the vessel structure (shell, ribs, and reinforcements), port structures,
and cooling configuration in sufficient detail that a procurement specification
can be developed. This will include plans for the qualification of vessel features
which cannot be made to comply with existing codes.

4.1.2 Blanket

4.1.2.1 Blanket function and main components

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 for the ITER fluence
goal and, in combination with the vacuum vessel, protects the superconducting
coils from excessive nuclear heating and radiation damage. The system is
designed to offer the possibility 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
of ITER. It is also designed to accommodate test blanket modules in central ports
for development of power-reactor blanket technology. The design work for these
test blanket modules is being conducted in the Parties outside the ITER frame,
according to boundary conditions established by the ITER project.

The blanket system contributes with its eddy currents to the passive stabilization
of the plasma motion. It includes a toroidal limiter to define the plasma
boundary during start-up and shut-down, a baffle that achieves a reduction of
neutral density between the divertor and the main plasma chamber, and
mechanical and structural self-support to minimize the electromagnetic loads,
due to plasma evolution, transmitted to the vacuum vessel.

The safety importance of the blanket system components derives from the fact
that they contain the coolant pressure and that coolant pipe breaches have a
potential to challenge the radioactivity confinement provided by the vacuum
vessel.

The main components of the blanket system are as follows (see Figure 4.1.2.1-1):

• a structural toroidal shell, called a back plate;

• shielding or breeding blanket modules attached to the back plate;

• manifolds that supply cooling water to the modules from the primary
heat transport system;

In addition, removable blanket plugs provide shielding at positions
corresponding to the remote handling access ports.

4.1.2.2 Blanket back plate

The back plate is the primary structural element of the blanket system. Along
with the attached modules it is supported by the vessel, but thermally decoupled.
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Constructed from 316 LN IG (ITER Grade) stainless steel, it is a toroidally
continuous stainless steel shell which provides mechanical/structural support
for attaching and aligning the FW/shield modules. (It is a welded assembly,
100 mm thick.) Each sector contains a 1.8 m x 3.0 m hole corresponding to the
machine equatorial ports. (These ports are filled during operation by heating
antennae and optics, diagnostic blocks, test blankets, or shield plugs.) The total
weight of the back plate is ~ 9001. The back plate is a permanent component (RH
Class 3). Changes since the IDR include the thickening of the inboard sectors
from 80 to 100 mm to maintain stress levels below allowables under increased
VDE loading requirements. Further increase in the back plate thickness to
provide additional margin is under consideration.

During the machine assembly (see also Section 5), the back plate sectors will be
welded into a toroidally continuous shell. Various alternative welding schemes
have been considered. Narrow gap (NG-) TIG (Tungsten inert gas) welding is
expected to be used for joining of the back plate segments. This is a newly
established multipass process, and is also used for the vacuum vessel, which
allows a common approach to process development and tooling. Although,
wherever possible, two-sided access is preferred for welding, some joints can be
made only from the plasma side. Such one-sided joints must anyway be
designed for, since they would be required for vessel sector replacement. The
target value of the assembled tolerance is ± 5 mm. The ability to achieve the
required fabrication tolerance is being investigated as part of the Large R&D
Project L-4. NG-TIG is usually used with a semi-automatic control system, and
efforts to fully remotize the process are part of the VV R&D program.

The plan for module installation on the back plate is being developed in
conjunction with the overall assembly plan considering requirements on
schedule and handling equipment. Parallel construction activity may allow time
for installation of all the modules onto the back plate after it is assembled in the
vacuum vessel. It would also be possible to pre-install some modules during
back plate pre-assembly. However, many modules would have to be installed
after back plate installation. These include those in the poloidal bands at the
junction between the adjacent segments of back plate that are field welded after
insertion into the VV, as well as those modules in positions requiring precise
FW alignment such as in the limiters and baffles.

4.1.2.3 Blanket primary modules

The number of modules depends on the segmentation chosen (mainly poloidal
versus mainly toroidal orientation) and the payload capacity of the blanket
remote handling vehicle, typically 51 including end-effector. With the poloidal
segmentation that has been studied most extensively thus far, excluding the gaps
left at equatorial ports, 740 modules are attached to the back plate in total, of
which 120 are limiter modules (module numbers 15 and 16), and 100 baffle
modules (module numbers 1 and 17) (Figure 4.1.2.1-1). The modules' poloidal
length varies from 0.8 to 2 m, with a cross section of approximately 0.8 m
(toroidal width) x 0.32 m (radial depth) at the inboard midplane and
approximately 1.2 m x 0.35 m at the outboard midplane. Each module has a
30 mm thick first wall section to remove plasma surface heat flux. The weight of
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each module, excluding the water, ranges from 2.6 to 4.81, which is at all
locations below the limiting weight determined by the torque limitations for
module lifting by the in-vessel remote handling system. Filler shields are
included between modules to provide shielding in what would otherwise be
void areas caused by the need for straight line extraction of the modules from the
poloidally curved back plate.

The number of modules has increased since the IDR, due to changes in the
poloidal and toroidal segmentation, following optimization of the cooling pipe
layout (see below). However, mainly toroidal segmentation is under
investigation and preliminary indications are that with such an arrangement the
number of modules could be reduced to - 600.

The primary module (which is located where the plasma surface heat flux is
< 0.5 MW/m2) is made of a poloidal array of 316 LN IG stainless steel tubes of
10 mm diameter and 1 mm wall thickness embedded in a heat-diffusing copper
alloy layer. The copper layer is bonded to the 316 LN IG stainless steel shield
block. An assessment of the various manufacturing techniques is being carried
out through the small and medium scale mock-ups manufactured and tested
under R&D tasks. Pending these results, solid-to-solid HIP (hot isostatic pressing)
technology is the primary choice at present for the complete assembly. This has
the potential advantage of producing a uniform high quality bond between
dissimilar materials over large surface areas. The quality of the bond and
material properties of the joined materials will be demonstrated by R&D.
Powder HIPing is also being considered for module fabrication since it offers
potential advantages in cost and flexibility in internal and external part shape.
The achievable tolerances and material properties for this technique remain to be
demonstrated.

4.1.2.4 Blanket baffle and limiter modules

Limiter modules used for assisting in the start-up and shut-down of the plasma
are exposed to higher heat fluxes (~ 5 MW/m2). Baffle modules are used to
preserve a neutral particle ratio of 104 between the main plasma chamber and the
lower area of the machine close to the divertors, and see heat fluxes of
~ 3 MW/m2. To sustain higher heat loads in the limiter and baffle FW, the heat
sink is made of separate copper alloy blocks each with rectangular external cross
section and circular internal cross section. The copper blocks are bonded to the
stainless steel shield block. The use of copper and stainless steel in the same
coolant circuits raises the question of their compatibility. To avoid this, the
options of using an stainless steel liner, and that of Ni-plating the copper have
been examined. The former is currently the reference, due to its projected longer
lifetime and on the results of performance testing to date. The use of Ni plating
is considered an alternative.

Due to the particularly stringent requirement in the alignment, the limiter and
baffle will be manufactured with a FW contour that follows the reference
magnetic surface, including the ripple. The final alignment (±3 mm toroidal and
maximum radial step of ±2 mm) of plasma facing surfaces of the limiter and
baffle modules will be obtained by machining the contact surfaces between the
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module and the back plate at the time of installation. The procedure relies on
suitable measurements of the back plate's installed position being recorded by the
in-vessel metrology system, and an accurate mapping of the actual toroidal field
lines (see Section 5).

An alternative or complementary method to achieve the final alignment of
plasma facing surfaces is the use beryllium plasma spray, after the final
installation of the blanket modules.

4.1.2.5 Blanket plasma facing materials

Beryllium is the prime candidate plasma facing material for the primary
modules. It confers the advantages of in-situ plasma spray repair, good oxygen
gettering, and can be baked at low temperatures (~ 240°C). Since the IDR, progress
has been made on estimating the armour thickness required, although a final
choice will not be made until the Final Design Report (FDR). The choice requires
further knowledge and understanding of the stresses and the fatigue lifetime of
the armour in normal and off-normal conditions. Further critical issues for the
use of Be include:

• erosion lifetime (during normal and off-normal events);

• chemical reactivity (Be-steam reaction);

• tritium uptake by the wall (inventory concern);

• reliable Ag-free joining technology to Cu alloy;

• embrittlement due to neutron irradiation;

• behaviour of the Be/Cu joint under neutron irradiation;

• tritium co-deposition.

The use of silicon doped carbon fibre composite (CFC) on the limiter is being
considered as an alternative. The choice of cladding material for the start-up
limiter will depend on a judgement on the frequency of off-normal events like
VDEs, which may lead to a rather short lifetime from erosion of a material
whose thickness is essentially limited by the maximum surface temperature
allowed during start up. CFC would provide a longer lifetime. However, CFC
has other critical issues:

• increased plasma pollution due to chemical sputtering (expected to be
much lower for Si-doped CFC) would reduce the allowable
concentration of a divertor radiator (e.g., Ne, Ar);

• higher bake-out temperature;

• tritium co-deposition.

• behaviour of the CFC/Cu joint under neutron irradiation;
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• degradation of thermal conductivity and dimensional stability due to
low temperature neutron irradiation;

• high chemical erosion;

The erosion lifetime of the lower baffle is determined by sputtering by neutrals.
The lifetime is about 1000 shots for Be and several 1000 shots for CFC, whereas W
has a lifetime of tens of thousands of shots for the calculated fluxes and energy.
In addition, Be might cause the early onset of tritium permeation into the
coolant. Therefore, W is selected as the prime candidate cladding material for
this region. Critical issues for the use of W are:

• core plasma contamination;

• embrittlement due to neutron irradiation;

• behaviour of the W/Cu joint under neutron irradiation;

• thermal shock characteristics;

• melt layer loss.

4.1.2.6 Blanket breeder modules

Progress has been made on developing the design of the breeding blanket which
should provide most of the tritium necessary to achieve the technical objectives
of the EPP, while occupying the same space as the shielding blanket. This system
will use the same water cooling circuit as the shielding blanket during the BPP.
Due to the reduced uncertainties in plasma operation after the BPP experimental
results, better plasma control and less frequent off-normal events are envisaged
during the EPP, and therefore design margins can be reduced. In view of this, the
current design does not use a copper heat sink on the first wall. This eases
internal module design, helping to meet the tritium breeding requirement. All
the coolant passes through the first wall and then through the module interior,
increasing heat transfer at the first wall, and raising internal temperatures to
assist tritium release from the breeder.

Lithium zirconate has been selected as the primary breeder candidate, with
lithium titanate as a promising alternative, provided additional data on lithium
titanate properties establish sufficient tritium release at temperatures of interest.
It is essential for any alternatives to have good tritium release performance
properties in the temperature range of 200 to 350°C.

The lithium of the ceramic breeder is 90% enriched with lithium-6 isotope to
maximize the tritium breeding ratio and to achieve a net tritium breeding ratio
> 0.8. Also, enriched lithium and a beryllium neutron multiplier are used to
reduce the radial blanket thickness, to improve the shielding performance, and
to reduce the breeder material fraction in the blanket. Both forms of beryllium
material, blocks and pebbles, are used at different blanket locations based on
neutronics and thermo-mechanical considerations. As for the shielding blanket,
316LN-IG austenitic steel is used as structural material. Tritium will be
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recovered from the solid breeder by a helium purge gas (He + 0.1 to 1% H2)
during operation. The tritium inventory in the breeder material will be less than
100 g. Breeding calculations show that a tritium breeding ratio above 0.8 should
be achievable, even without the use of the baffle, limiter, and port modules.
(This assessment has been carried out using 3-D neutronics calculations.) This
will allow the primary ITER fluence objective of 1 MW/m2 to be attained over
the 10 year EPP, provided an external supply of tritium of 1.5kg/y can be
maintained.

4.1.2.7 Blanket shield plug

The blanket shield plug is designed to provide shielding in the equatorial
maintenance ports that can be removed as required for in-vessel maintenance
operations. There are four blanket shield plugs corresponding to the number of
maintenance ports. Each one consists of three FW/shield modules, a manifold,
and backing plate. The plugs fill an area 1.6 m (toroidal width) x 2.6 m (height) in
the blanket region and 1.8 m (toroidal width) x 2.8 m (height) in the port area,
which does not include the 200 mm high area in the equatorial port used for
extraction of the pipes of the other blanket modules below the outboard equator.
The plugs are removed through the port using special handling tools on a
horizontal rail permanently installed in the upper part of the port.

4.1.2.8 Test blanket modules

The requirements for test blanket modules have been developed by members of
the TBWG (Test Blanket Working Group) in conjunction with the JCT. These
requirements lead to test modules which are "self-contained", and appear
thermally to the plasma and surrounding systems as a primary module at the
same location. They must also perform to the same stringent mechanical and
electromagnetic requirements as a normal primary module. A separate primary
cooling system and a separate tritium removal system is to be provided for each
test module, before linking to site services. An assessment has been carried out
of the ability to use combinations of various materials or coolants in the test
blanket modules. To date, while certain operational and confinement
restrictions may apply, there appears to be no obstacle to the testing of any of the
blanket concepts proposed by the Parties.

4.1.2.9 Blanket module attachment and structural analysis

Each module is separately attached to the back plate and manifold. The
attachment must be designed to reliably react the mechanical loads under
dimensional changes caused by irradiation. These loads depend on the
distribution of eddy/halo currents in the module and on its electrical connection
to the back plate. At the same time the attachment must provide a means of
handling the differential thermal expansions in the modules and back plate
throughout the operational cycle. The attachment must also provide a method
of initially installing and then replacing the modules, within required alignment
tolerances, on a schedule consistent with the initial assembly plan and the
maintenance time goals, using remote handling maintenance techniques and
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equipment. Two basic schemes have been considered for the attachment of the
modules to the back plate: welding and mechanical couplings.

The welded option offers a robust and predictable method for transferring the
FW pressure and module side wall shear loads to the back plate and provides a
reliable electrical path. However, in the welded concept examined in the most
detail thus far, it requires very thick welds to avoid excessive stress levels. For
module #4, which is subjected to the highest side wall loads from centre
disruptions, a leg/weld thickness of 90 mm would be required to keep peak
stresses at the ends of the weld tracks within allowables. For module #6, the
required thickness would be 60 mm. The thickness at the other positions would
be less than 60 mm as a result of the lesser side wall loads at these positions. A
welding thickness of 90 mm is undesirable due to the time required for welding
and the distorsion such a weld could impose on a back plate of similar thickness.
Approaches which reduce the thickness of the weld are under consideration.

Major concerns with the welded concept (and proposed solutions) include:

• the ability to reliably produce the required quality of thick weld, given
the limitations on position and access, with remote handling
equipment, (narrow gap TIG welding process is proposed);

• the obtainable strength of the (re)weld to an irradiated back plate for a
replacement module (use of an overlay (i.e., buttering) of the irradiated
surface by the MG process to provide a new surface for rewelding);

• the cutting technique including capturing of swarf (plasma or water jet
cutting with capture trough is proposed);

• a weld inspection method (quality certified by control and recording of
weld process parameters);

• meeting the replacement time goals (preliminary calculations indicate
acceptable times, but with small margins).

R&D is still required to demonstrate the acceptability (particularly with respect to
the predictability of welding distortions) of the proposed solutions.

Designs of mechanically attached modules that are more attractive from a
maintenance perspective are also currently being developed. The connectors
which must be removed for module replacement must be sized to react only the
FW pressure loads. The side wall shear loads are typically reacted by surfaces that
are an integral part of the module, and which bear against a mating surface(s) on
the back plate or on the adjacent module. The mechanical connectors are flexible
to accommodate relative displacements between the modules and back plates.
The concept requires accurate measurement and machining of mating parts prior
to module installation. Other key problems include the:

• cooling of the connectors;
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• need for electrical insulation to eliminate current paths through the
connectors and mating surfaces;

• need for flexible current straps to provide reliable electrical contact
between module and backplate.

The FW /blanket modules can be individually detached for maintenance or for a
major machine reconfiguration. Remote replacement will be by in-vessel
vehicle through the equatorial ports (see Section 6). This allows independent
removal of one module, a toroidal array of modules, or all the modules without
having to dismantle the back plate or to cut the primary containment pressure
boundary. Further details are given in Section 6.

For the welded option, an assessment of maintenance times has been carried out.
In the most recent analysis, maintenance times have been estimated to be:

• 11 to 14 days for replacement of one module;

• less than two years for replacement all (including equatorial port)
modules.

assuming the use of up to four vehicles on the in-vessel rail, simultaneous
cutting/welding of branch pipes at up to 4 locations, use of 16 working
hours/day, and a contingency of 20% (see Section 6). Estimates for the
mechanical attachment scheme also fall within this range, with somewhat
greater margin.

4.1.2.10 Blanket cooling

Cooling water will be supplied to the FW/shield modules by poloidally
continuous manifolds. A single supply and return branch pipe will connect each
module to its manifold. The branch pipes are connected to the manifold by
welding. Each branch line will likely contain a flexible element on the module
side of the interface to aid in alignment and minimize the force transmitted
through the joints in the pipes.

The manifolds are sized to provide a total cooling capacity for the entire blanket
system with parameters as shown in Section 4.6. A coolant inlet temperature of
140°C and a pressure of 4 MPa is chosen. This pressure is an increase of 1 MPa
over that assumed for the IDR, and is now in line with the pressure for the
divertor cooling system. The changes to the cooling system parameters are the
result of an assessment of the overall performance under the various operating
conditions.

The coolant inlet pressure of 4 MPa is a compromise between minimizing
primary coolant stresses in the modules and providing a subcooled margin to
critical heat flux conditions during limiter operation. A 4 MPa pressure also
allows wall conditioning at temperatures up to 240°C using hot water. Thus,
drainage, wet/dry cycles and corrosion problems associated with steam or dry gas
conditioning are avoided.
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The inlet coolant temperature of 140°C could partially mitigate the phenomenon
of Cu embrittlement from low temperature irradiation and reduces the size and
cost of the heat transfer system. The flow rate in the module maintains
acceptable critical heat flux and saturation margins. The resulting nominal
temperature rise is ~ 51°C in the inboard baffle/PFW cooling system and ~ 34°C
in the outboard baffle/limiter cooling system.

The splitting of coolant circuits within a segment (Figure 4.1.2.1-1) is now
completely changed from the IDR. There are basically two separate cooling pipe
groups per segment, one for the primary modules and inboard baffle, with supply
and return through the upper port, and one for the limiter and outboard baffle,
with supply and return through the equatorial port. The shield plug, if present,
is combined with the latter system. The reasons for these changes are to provide
a good balance between the primary heat transport loops, reduce the number of
pipes in the upper port, and provide a separate circuit for the components with
the most unpredictable heat load, i.e., the limiters and baffles, as much as
possible.

The overall cooling system of the blanket is described in Section 4.6. The
manifolds are part of the back plate and are permanent (RH Class 3) components.
Separate helium purge gas lines are also provided as required for the breeding
blankets for the EPP.

The back plate cooling can be separated from the first wall/shield cooling system
to provide an independent system for removal of decay heat in order to maintain
the FW temperatures below safe limits during LOFA/LOCA conditions in the
primary loops. In the solid back plate design, the back plate temperature is
controlled by water cooling lines brazed onto the plates at approximately 100 m m
spacing and sized to remove the nuclear heating. However, this arrangement is
currently being re-evaluated as part of the design effort to identify a method that
provides a:

• thermal time constant for the back plate that more closely matches that
of the modules;

• delay time in the return of the water for the reduction of the level of
17N produced in the water while in front of the modules.

A double wall concept is under investigation, similar in construction to the
vacuum vessel.

A method has been proposed for draining, drying, and leak detection of the
modules and is being evaluated. The method minimizes the amount of
additional hardware (piping, valves, etc.) that must be provided.

Draining is carried out at low pressure (~ 100 kPa) by removal of the remote
welding/cutting access flanges on the inlet and outlet of the manifolds located
outside the cryostat, inserting siphoning tubes into the manifold, and siphoning
(possibly with the help of differential pressure application). This drains the water
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from the manifolds themselves and partially from the modules served by the
manifold.

Drying will be accomplished by slowly raising the temperature of the other
sectors to ~200°C using the baking system while blowing low pressure gas
sequentially through the four manifold sets in the drained segment. The heat
from the baking system in adjacent parts of the blanket and back plate is used to
maintain the isolated sector at the required temperature for drying. The steam
formed in the modules on the manifold being tested would be driven out by the
gas. Steam formed in the modules on the other manifold sets in the sector
would escape through two "depressurizing valves", maintaining low pressure
through the sector. The drying temperature will be determined based on a
balance of the need to minimise the drying time while avoiding stress corrosion
cracking of the 316 LN IG coolant boundary.

Leak testing will then proceed for the complete bank of modules on the manifold
set by inserting an inflatable seal in the inlet and outlet manifolds to isolate the
complete manifold/module set and pressurising it with He. A leak will be
detected by monitoring for He inleakage into the VV. If a leak is found on a
module/manifold set, the procedure will be applied to each module in the set.

4.1.2.11 Blanket integration issues

Special modules must be provided adjacent to the NBI ports that provide an
equivalent FW for heat removal adjacent to the beam path through the module
while providing a customized cooling flow path within the module and
attachment to the back plate. The method of achieving the required changes has
not yet been addressed.

The special requirements for integration of diagnostic or diagnostic access
through the modules will also be addressed in future design.

4.1.2.12 Assessment of blanket manufacturing feasibility and cost

The basic capability and facilities required to produce the components are
established within the Home Teams. However, development is required to
characterize each manufacturing step and provide the records and parameters to
be controlled during manufacture to guarantee the technical characteristics
(material properties, size of imperfections, tolerances, etc.) of the final products.
Small and medium scale models of the major components are being produced in
the Large R&D Project L-4 program to characterize the variables in the
manufacturing processes and to demonstrate the ability of the components to
perform their critical functions. Information will also be gained from these
models on the relative cost of the candidate manufacturing processes, e.g., solid
HIP versus powder HIP versus cast and HIP for production of the shield block.

Full scale prototypes, also produced as part of Large R&D Project L-4, are required
to characterize the manufacturing issues, and the resulting cost impacts,
associated with the combination of high (i.e., nuclear grade) quality, large size,
and close tolerances required by the components. The required cost of handling
and workshop practices associated with the manufacturing of the large pieces will
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be better known after the prototypes have been produced. The method of
inspection of the material quality throughout the shield blocks, including the
areas around the collectors, has not been determined. Consequently, the cost of
the inspection is not presently known. Another potential cost impact of the
large size is the high cost of pieces rejected for quality reasons during
manufacturing. This is especially true in the blanket modules whose integral
manufacture results in a costly rework or rejection of the entire module due to a
flaw in any one of the components or interfaces. The cost will be reassessed
during 1997, as experience is gained from Large R&D Project L-4.

4.1.2.13 Blanket overall assessment

In conclusion, the modular blanket design continues to be feasible in
manufacture, installation, and repair, and allows an upgrade to include breeding
capability during the EPP.

The major difficulties continue to be the accuracy to be achieved in alignment
particularly of the baffle and limiters, the design of a module-to-back plate
structural attachment that is both structurally robust and easily maintainable
remotely, the ability of the system to provide margins to withstand halo currents
and/or toroidal asymmetry, and the remote replacement and installation of
modules including the cutting and rewelding of pipes. Progress is being made on
all these issues. In addition to continued work in these areas, work to the end of
the EDA will address the design of special modules associated with the NB
injectors and diagnostics.

4.1.3 Divertor

4.1.3.1 Divertor function and main components

The main function of the divertor system is to exhaust the major part of the
alpha particle power as well as He and impurities 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 safety importance of the divertor components derives from the fact that they
contain the coolant pressure and that coolant pipe breaches have a potential to
challenge the first confinement barrier provided by the vacuum vessel.

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 ~ 201.

The main components of the divertor system are (see Figure 4.1.3.1-1):

• divertor cassette body which provides a mechanical support for
different possible arrangements of plasma interfaces;

• inner and outer vertical targets, which are the high heat flux
components interacting directly with the SOL plasma;
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• the wings in the private flux region and the dome, located below the
separatrix X-point, both seeing mainly radiation and CX neutrals — the
dome additionally baffles neutrals and protects the wings from the SOL
plasma;

• support pads mounted at the bottom of the cassette to provide locking
and alignment of the divertor cassettes;

• earth straps connecting the cassettes with each other (if needed) and the
baffles to prevent arcing and provide a defined current paths;

• divertor to VV gas seals, to prevent backstreaming of gas from the
divertor into the main plasma chamber;

• cooling pipe interface (with bellows) connecting the divertor cassettes
to the radial cooling pipes at each divertor port;

• special diagnostic cassettes providing access for diagnostics.

The HHFCs (4 vertical targets, 4 dump targets, 4 wing/liner assemblies and
2 domes) are mounted on the cassette body in the hot cell by special semi-
automatic tools.

The reference option for the divertor geometry is the vertical target (a gas box
option is being considered as a backup). Each inner and outer assembly
comprises a:

• 1.5 m long vertical target outboard of the separatrix with a water-cooled
> 100 mm thick stainless steel body and a water-cooled copper heat sink
clad with W in the upper part and C in the lower part;

• W clad water-cooled copper wing in the private flux region (i.e., the
region around the dome);

• Be or W clad water-cooled copper dome;

• W clad water-cooled copper cassette liner.

The wing in the private region provides a region of enhanced momentum
removal from the plasma by interaction with neutral CX particles, thermalizes
charge exchange neutrals and transfers kinetic energy in neutrals into neutral
pressure.

The choice of the armour materials will remain open for the rest of the EDA.
However, largely on the basis of armour life-time, a preliminary selection of the
PFMs has been made: CfC for the lower vertical target and dump and W for other
PFCs.

Based on this selection, much of the testing and analytical effort has been focused
on developing credible designs for the vertical targets: with CfC armour, that can
sustain the slow transients (20 MW/m2 for up to 10 s) and for both CfC and W
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armours that can sustain heat load of 5 MW/m2 for a minimum of 1000 cycles.
Designs have been developed with acceptable estimated erosion lifetimes for
both materials: for CfC on the lower part of the vertical target and for W for the
upper part of the vertical target and all the other surfaces of the divertor. First
assessments of the heat sinks (Table 4.1.3.1-1) indicate that adequate life will be
achieved.

TABLE 4.1.3.1-1
Results of Analyses of PFM and PFC Lifetime

PFM

CfC

w

Design
Variant

Description

monoblock/C
utube

brush l m m
square

PFM
Erosion

Lifetime

Shots
5800-8000

Lower VT 2300-7700

Upper VT>10 4

Heat Sink
S MW/m2

Transients

Cycles

> 3 x 105

> 3 x 105

Heat Sink
20 MW/m2

Transients

Cycles

>10 4 Highest life on lower
vertical target.
Low sputtering. Use
for the dome, wing &
upper vertical target.

For the complex and the most critical issue of the armour to heat sink joints, less
reliance is placed on analytical results and instead the results of tests performed
by the HTs in HHF facilities are used as evidence of the design suitability. Results
obtained so far indicate, that a CfC monoblock on a CuCrZr or DS Cu tube meets
the specification, as does a W brush-like structure attached via an OFHC Cu
interlayer to the Cu alloy heat sink. The effects on thermal fatigue of neutron
irradiation-induced embrittlement of beryllium and tungsten, and reduced
thermal conductivity of carbon at low temperatures, have yet to be taken into
account. What also remains to be demonstrated is the repeatable manufacture
and reliability of the components, and this is addressed in the construction and
testing of near full-scale mock-ups in the L-5 project. Until the choice is more
well justified, beryllium is considered a backup material for tungsten and in
some cases for the carbon use indicated above.

4.1.3.2 Divertor cassette body

The cassette body is composed of eight thick forged plates or castings of 316 LN IG
(ITER Grade) which are machined to form the required internal structure, in
particular the water cooling channels and manifolds, and finally welded to each
other along the perimeter (Figure 4.1.3.3-1). HIP casting is being investigated as a
cheaper alternative, and assessments are being carried out to look at the various
options for this process. Preliminary results indicate that material properties for
cast HIP are 10-15% lower than for wrought material and the acceptability of this
reduction for cassette performance is being examined.

The cassette body provides attachment locations for the high heat flux
components (HHFC), water pipe connections for the HHFCs, a pumping hole
connecting the private region to the pumping ports, attachment points for the
support pads and for the earth straps, provisions to weld the cooling pipe
interface, as well as gripping points for the RH machines.
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4.1.3.3 Divertor high heat flux components (HHFCs)

The grouping of HHFCs has changed since the IDR (Figure 4.1.3.3-1). The dome
combined with a stainless steel dome block is one unit. Each wing and its
adjacent gas box liner are now combined into single units, as are each vertical
target and the adjacent short dump target.

The scrape-off layer strikes the dump targets at a glancing angle (< 2°). Targets on
adjacent cassettes must be aligned accurately with respect to one another and
angled slightly so as to shield the leading edges of the adjacent components from
direct incidence of the field lines in the scrape-off layer. A maximum step in the
toroidal direction between adjacent targets of 4 mm is taken as a requirement.
The overall alignment of the divertor is less critical, provided the deviations
from the nominal are of a long wavelength, and an overall poloidal tolerance of
+10 mm is taken as a requirement. These demanding tolerances are met by
individually machining the support shoes (which interface with the toroidal
rails) prior to installation to suit the as-built dimensions of the toroidal rails.

The main design option for the vertical target/energy dump target heat sink has
changed somewhat since the IDR because the increased driving head of the
divertor PHTS pump allows the use of proven HHF thermalhydraulic designs.
For the upper part of the vertical target, smooth tube flow cooling is envisaged
inside a rectangular copper heat sink with brush-like flat W tiles attached. For
the lower part, and for the dump target, a design is foreseen using CFC
monoblocks brazed onto copper tubes employing swirl flow cooling. The wing
armour is W. The wing body contains smooth deep drilled holes ~ 10 mm
diameter and is fabricated from a copper alloy forging. For the dome, a water-
cooled copper hypervapotron structure is envisaged, mounted onto a stainless
steel dome block containing closely packed coolant channels capable of handling
the high neutron heat load. Within the scope of the Large R&D Project L-5,
Home Teams are developing different options for a selection of armour cladding
and joining technique to the heat sink, and it is expected that a combination of
different cooling techniques will be required.

Three different heat sink materials are being investigated by different Home
Teams: Dispersion Strengthened (DS) Cu, CuCrZr, and CuNiBe. Both DS Cu and
CuCrZr are considered viable candidates for the different HHFCs, the former
primarily where large thermal excursions over the normal operating
temperature are expected. From the fabrication point of view, DS Cu cannot be
fusion welded to obtain reliable pressure boundary joints, whereas precipitation
hardened alloys require an additional heat treatment after fabrication to restore
acceptable mechanical properties. CuNiBe has the sparsest material properties
database and is therefore the second backup.

With regard to techniques of joining of candidate armours to the Cu heat sink,
the candidates are:

• for W, active metal casting of Cu onto W fibres to form a brush,
followed by EB welding of the Cu-W composite to Cu-alloy substrate;
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• for CfC, active metal casting inside the bore of a CfC monoblock,
followed by brazing to a Cu-alloy tube;

• for Be, brazing or diffusion bonding possibly using Ti or Al barrier
layers to prevent brittle intermetallic formation.

4.1.3.4 Divertor cooling

The cassette body internal structure and coolant routing has been improved since
the IDR to ensure the coolest water is fed to the highest heat flux regions, thus
maximizing the margin on critical heat flux within the limits of a 4 MPa system.

The reference design assumes that coolant inlet temperature is 140°C to partially
mitigate embrittlement of the irradiated copper alloy. Present estimates show for
the maximum power to the divertor (400 MW), a coolant temperature rise of
20 to 30°C could be achieved with a pressure drop of ~ 1.5 MPa and a total (for the
whole divertor) mass flow rate of 3 to 4 t/s.

4.1.3.5 Scheme of HHFC attachment to divertor cassette body

Considerable effort since the preparation of the IDR has gone into developing the
attachment scheme for HHFCs to make them readily replaceable in the hot cell.
The current proposal is to install all HHFCs and to maintain them in position
against the halo and eddy-current induced loads using a combination of separate
keys and protrusions built onto the HHFCs locating in recesses in the cassette
body. Tight positioning and alignment is achieved using these separate keys
pulling accurately machined surfaces of the HHFCs against accurately machined
surfaces on the cassette body. Adjustment of overthick parts would be achieved
by machining to match the values obtained by laser survey. In the worst cases of
distortion after operation, milling is foreseen to remove a HHFC from the
cassette body.

Coolant pipe connections between the HHFCs and the cassette body are located
within the body of the cassette to avoid regions subject to high neutron
streaming in the gaps between adjacent cassettes. After precise machining of the
length of the HHFC connecting stub pipe to mate to the cut coolant pipe within
the cassette body, welding of the two ends is undertaken by a bore welding tool,
and a cap is subsequently welded over the access hole in the HHFC coolant
manifold afterwards. Cutting of connections for a later refurbishment will be
performed in the connecting stub most recently introduced with the HHFC, so
welds can be made in the least irradiated materials.

4.1.3.6 Divertor support pads

The support pads consist of stainless steel structures with trapezoidal cut-outs to
suit the shape of the toroidal rail (Figure 4.1.3.6-1). This aligns the cassette in the
vertical direction. The pads also include the locking mechanism for the cassettes.
The support pads provide (through contact pressure) the electrical connection
between the cassette and the W at the bottom of the divertor.

DDR-ITER Plant Design Description Chapter II-Section 4.1-Page 23



31 January 1997

The attachment scheme of the central cassettes located in front of the four
divertor handling ports differs from the standard cassette because the toroidal
rails are interrupted in this area. The inboard central cassette support is attached
to a vacuum vessel pad located in the continuation of the radial rail.

4.1.3.7 Divertor electrical links and gas seal

Electrical links (also known as "earth straps") are needed between each cassette
and the inner and outer baffle. Their function is to provide a defined current
path in order to localise halo current forces and to avoid arcing. There is a
possibility that cassette-to-cassette links located under the dome will be required
between every cassette. Designs for the links are being developed and will be
tested in the R&D programme.

The divertor to main chamber gas "seal" (actually a baffles) is located between the
outboard/inboard blanket back plate and the vacuum vessel wall and is
integrated with the electrical link between the divertor and baffle. It is designed
to meet a leak tightness of < 5 Pam3/s for a 104 pressure ratio between the
divertor and main chamber at a pressure of 1 Pa in the divertor area.

4.1.3.8 Divertor replacement

During assembly and remote handling operations, radial and toroidal rails are
used to guide the cassettes and the related RH equipment to/from the in-vessel
area to/from the remote handling casks located outside the cryostat. A
description of the remote handling of the divertor is given in Section 6.

Assuming that shutdown operations are carried out through four divertor
handling ports at the same time, at two shifts a day, 16 hours a day, the
replacement of all 60 cassettes will take about 50 working days, including a safety
factor of 30%.

4.1.3.9 Diagnostic cassettes

Two types of diagnostic cassettes and a diagnostic block are foreseen, located in
groups of three in front of the four remote handling ports:

• up to eight standard cassettes instrumented with sensors such as
magnetic pickup coils, pressure gauges, bolometers and Langmuir
probes located at both sides of each divertor RH port;

• four special diagnostic cassettes for optical and microwave diagnostics:
below these cassettes water-cooled SS mirror racks are mounted, into
which various metallic mirrors are installed; these mirrors relay the
image of the divertor plasma to a second mirror array installed inside
the diagnostic block, which is situated in the divertor RH port.

Inside the four divertor RH ports water-cooled SS blocks 4 m long, 1 m wide, and
2 m high are installed to provide a base for mirrors, lenses waveguides and
possibly fibre heads as well as for a vacuum ultra-violet (VUV) spectrometer.
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4.1.3.10 Further divertor integration issues

One of the main functions of the divertor is to remove particles in order to
control impurities and to remove helium ash. Particles are removed from the
divertor channels through pumping ducts in the cassette body to the region
beneath the cassettes and then outboard to cryopumps located in 16 of the
divertor ports which trap the particles. Optimisation of the pumping ducts in the
cassette body is foreseen to be performed over the next year.

For fuelling, the divertor incorporates five gas injectors. Gas lines are routed
through channels in the toroidal rails and the cassette bodies to positions beneath
the separatrix in the divertor dome. A sufficiently leak tight connection is
achieved between the toroidal rails and the cassette support pads by taking
advantage of the flatness and pressure contact between the two, and without the
need for special remote handling operations.

Plasma wall interactions in ITER with materials such as Be, W, and CfCs is
expected to generate substantial amounts of "dust", much of which will end up
in the divertor region. This dust may be tritiated, radioactive, chemically
reactive and/or toxic. Its high surface area may promote reactions with steam
during a water leak (Be-dust) producing sizeable quantities of hydrogen, or give
rise to the possibility of explosion during sudden air leaks (carbon dust).
Therefore, methods are required to measure the quantity of dust inside the ITER
machine and to remove it during maintenance periods (see Section 6.2.7).

The total amount of allowable dust for each material on safety grounds depends
on various factors such as the type of hypothetical accident scenario, the size of
the dust particles, the location of dust at the moment of the accident, the
temperature of the surface on which it lays, the fraction of dust which is oxidised,
etc. The knowledge of these parameters is only partial and efforts are underway
to improve understanding and gather relevant experimental evidence on the
subject. At present the maximum dust inventory is assumed to be 200kg-C,
100 kg-Be (both from chemical reactivity considerations), and 100 kg-W (from
radiological confinement considerations). Dust production is not at present
thought to be a major driver in the choice of plasma facing materials.

The formation of a codeposited layer of carbon or beryllium, particularly on the
cool surface of the divertor HHFC's, is a concern from the tritium retention
viewpoint. Even if flaking of these layers would occur above a certain thickness,
tritium would remain trapped. Although the physical behaviour of these layers
in ITER is still under investigation, there seems to be a strong need to develop
reliable and efficient in-situ cleaning methods that would periodically remove
tritium from the codeposited layers or remove the layers themselves. Various
techniques are being investigated (e.g., baking in air, abrasion induced by media
such as CO2 pellets, and ICR He/O discharges).
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4.1.3.11 Assessment of divertor manufacturing feasibility and cost

Divertor manufacturing feasibility is partly addressed in the above paragraphs.
To the extent possible, all aspects of divertor manufacture are covered in the
frame of the Large R&D Project L-5.

The cost of the divertor, including all high heat flux and integrated diagnostic
components will depend largely on the choice of plasma facing materials, and
whether or not cast/HIP or powder HIP can be shown to be a satisfactory and
cheaper method of building the cassette bodies than fabricating from steel plates.
CFC components are estimated to be ~ 50% more expensive than either Be or W
armoured HHFCs, but CFC is unlikely to be employed on more than 25% of the
surface of the HHFCs. The cost will therefore be checked in more detail for the
Final Design Report.

4.1.3.12 Divertor overall assessment

In conclusion, the above divertor design provides an engineering solution
compatible with today's plasma physics expectations. Its feasibility is being
thoroughly investigated through the Large Projects L-5 and L-7. Given the
uncertainties in the plasma physics extrapolation, and thus the component
durability, the design provides a system for rapid replacement and
refurbishment. The present design provides an accurate mechanical support,
and flexibility to change the divertor geometry (HHFC geometry) as well as the
plasma facing materials on the HHFCs. It is expected that R&D already active in
present tokamaks GET, JT60, DIII-D) will provide results on which an optimized
choice can be based before manufacturing starts. In case initial experimentation
in ITER shows differences with expectation, the divertor HHFCs in the cassettes
can readily be replaced to provide a different geometry.

The design has developed since the IDR, but there are no fundamental changes
from the design put forward then. Effort for the rest of the EDA will concentrate
on detailed analysis and testing of HHFC in order to demonstrate that the
selected designs provide high reliability and adequate lifetime, and to establish
likely operational limits.
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4.2 Magnet systems

4.2.0 General

The magnet system of ITER has a large bearing on the design of all ITER systems,
and is a major factor in the overall cost and schedule. The overall design strategy
has been to produce a system which uses proven technology at industrial scale, is
flexible in operation, yet which uses redundant elements which can be repaired
and replaced if necessary. To date, significant lengths of superconducting strand
and conductor have been successfully produced by industry worldwide according
to specification and quality, and are being wound into model coils for testing at
the end of the EDA.

With regard to the design of systems specific to ITER, the basic design features
described in the IDR have been confirmed. Since the IDR there has been
significant progress in:

• defining the location and preliminary designs of the interfaces with
adjacent systems, including:

- specifying locations and sizes for all the coil terminal boxes (CTBs)
which interface with the power supplies and cryoplant;

- allocating space for all the busbars and cryogen feed and return lines
from the coils to the CTBs;

- altering the design of the gravity supports to provide for seismic
requirements, and for replacement of a PF coil winding under the
machine, if necessary;

design of supports for the vacuum vessel to transmit vertical and
horizontal loads to the TF coils, for gravity, seismic events, and
VDEs.

• extending the design and analyses of the coils and all support structures
in more detail, including:

- developing the TF coil design in the joint and lead area to provide
more room for the vacuum vessel, accommodating busbar and
cryogen feed and return requirements, and making adjustments for
more efficient assembly and/or replacement of coils;

- changing the outer intercoil structure geometry to accommodate
gravity supports and vacuum vessel ports and supports;

- resizing of superconductor cables, jackets and, in turn, the PF coils
based on adjusted coil locations and changes in scenario
megampere-turn (MAt) requirements;

- developing the PF coil interface structure with the TF coils for
vertical support of the PF coils;
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- preliminary development of locations and sizes for error field
correction coils;

- modifying the central solenoid preload structure to provide more
vertical stiffness & rotational stiffness in the flanges;

- developing an alternative segmented CS design, and evaluating the
alternative for compatibility with the same spatial restrictions for
the reference CS and the necessary CTBs;

- performing more detailed conductor and structural analyses over a
wider range of operational and fault conditions.

The following provides an overview of the design status and the changes since
the IDR, together with an assessment.

4.2.0.1 Coil features and layout

The primary interfaces for the magnet systems are with the power supplies and
the cryoplant. The magnet systems include 20 toroidal field (TF) coils, 7 poloidal
field (PF) coils, 28 correction coils, the central solenoid (CS) and the magnet
structures. The TF coils provide a constant magnetic field to stabilize the plasma.
The PF coils provide the magnetic field, which changes over time to control the
plasma position and shape. Relatively small cross section correction coils are
used to compensate for field errors. The CS provides the majority of the
magnetic flux change needed to initiate the plasma, generate the plasma current,
and maintain the plasma current during burn. The magnet structures integrate
the TF coils, PF coils and CS into one mechanical system for electromagnetic and
gravity load equilibration, as well as supporting the vacuum vessel and internals,
and maintaining the spacing between vessel and magnet systems.

The magnet systems are located within the cryostat which provides the thermal
insulation for the 4.5 K superconducting coils from the ambient heat load. This
is done by a vacuum within the cryostat to eliminate the heat transfer by
conduction and convection, and by the use of intermediate temperature thermal
shields as part of the cryostat to intercept the bulk of the thermal radiation heat
load. The coils must be energized, controlled and protected by the power supply
systems. Hence, buswork and instrumentation are necessary and they must
penetrate the cryostat as well as make a transition from room temperature to the
superconducting temperature of the coils.

Coil protection by the power supplies includes the need for fast discharge in the
event of a quench in one or more coils. The primary quench detection system
relies on measuring and comparing the voltages across similar conductors to
exclude inductive voltages and determining the resistive voltage associated with
the start of a quench. There is a backup system that acts on a longer timescale and
uses the pressure waves generated in the cryogen by a quench as a signal. The
combination of the two provides a quench detection system that is reliable and
robust.
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The cryoplant must supply and collect helium under controlled conditions to
cool the coils and structures to operating temperature, provide cooling for
operating and standby heat loads, and protect the coils by accumulating or
venting the helium under abnormal conditions.

The interface between the coils and power supplies and between the coils and
cryoplant occurs at coil terminal boxes. Since the IDR, their conceptual design
has evolved and their integration into the system has been developed. There are
29 CTBs located on two pit levels to service the coils, and five similar boxes to
provide for instrumentation and cryogen services to cool the structures.
Superconducting buswork and cryogen feed and return lines have been sized to
allow for component distribution and maintenance within the cryostat. Locating
the CTBs in the pit has simplified TF coil connections and limited the
superconducting busbar length. It also avoids crossing any seismic gap with
superconducting buswork. Furthermore, for the TF coils, the protection switches
are also located in the pit with the result that only a single pair of room
temperature busbars would have to cross the seismic gap for the entire set of
20 coils if the seismic isolation concept were to be needed.

The TF coils will operate at a maximum total field up to 12.5 T with a stored
energy of 103 GJ. Maximum field at the conductor of the CS will reach 13 T with
a stored energy of 10.8 GJ. At the surface of the PF coils the magnetic fields will
reach ~ 9 T for the smaller diameter coils, PF-2 and PF-7, and ~ 5 T for the other
PF coils. All magnet systems have to withstand up to 50,000 full-power tokamak
pulses.

The cutaway view in Figure 4.2.0.1-1 shows two TF coils, sections of a PF coil and
the CS, and selected parts of the magnet structures. The centripetal force of the
TF coils due to in-plane electromagnetic loads is reacted by the outer cylinder, the
central solenoid and the inner cylinder, which are all part of one central solenoid
subassembly. The out-of-plane forces acting on the TF coils are supported by the
outer intercoil structures, which are integral parts of the TF coil cases on the
outer legs, two crowns at the upper and lower inboard curved regions of the TF
coils, and the outer cylinder surrounding the CS. The PF coils carry their radial
loads individually and have supports to transmit vertical loads to the thick cases
of the TF coils. A preload structure is provided to vertically compress the CS at
assembly and during cool-down of the machine.

The superconductor has to combine operation in a high field with high current
density and low AC losses. It is composed of superconducting strands that are
cabled in a multi-stage arrangement around a central cooling tube formed from a
perforated tube or spiral as shown in Figure 4.2.0.1-2. Copper strands are
incorporated into the cabling layout to provide the necessary quench protection.
All the strands, both superconductor and copper, are chrome coated with a
2 micron thick layer and selected cable substages are wrapped with a steel strip to
reduce induced current losses. The fabrication process for Nb3Sn TF, PF and CS
coils is wind, react and transfer.

The conduit or jacket for the TF cable of NbsSn strands is constructed of Incoloy
908 with a 2 mm wall thickness. The conductors in the TF coils are not primary
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load-carrying elements because they are enclosed in heavy steel radial plates and
coil cases. The major aspects of the manufacturing development for a TF coil
will be demonstrated in the TF model coil program.

The CS uses three different conductors for grading purposes. They are each in
the form of a cable-in-conduit with a heavy-walled, Incoloy 908, square outer
cross section jacket and a circular cable of Nb3Sn strands. The jackets for the CS
conductor are primary load-carrying elements.

Suppliers for Nb3Sn strand, cabling, jacket material and jacketing have
demonstrated their ability to produce a product of the required quality as part of
the ITER R&D program. Full size cables and jacketed conductors of the CS and
TF type have been delivered since the IDR as part of the model coil programs.
The bulk of the tooling required for the fabrication of the CS model coil has been
completed and trial windings have begun using dummy conductors.

The cable for the PF coils is similar to that used for the TF and CS coils.
However, the conduit for the cable is a heavy-walled, stainless steel jacket with a
square outer section. The conductors for PF2 and PF7 use a cable of NbsSn
superconducting strands. The conductors for PF3, PF4, PF5, PF6, and PF8 use
cables of NbTi superconducting strands. Coils manufactured with NbTi will not
require reaction as part of the fabrication process. They will be manufactured on-
site because their large size makes transportation on land, over long distances,
unreasonable.

4.2.0.2 Interface with power supplies and cryoplant

At the surface of each coil, the conductor will have terminals and make a
transition to a superconducting bus. Each coil will also require helium supply
and return lines. These will be collected in feeders which carry the
superconducting bus and cryogen lines to the cryostat wall where they penetrate
via a cryostat feedthrough which, in turn, is adjacent to a coil terminal box (CTB)
as illustrated in Figure 4.2.0.2-1. The CTBs are part of the magnet systems and are
the interface with the power supplies and the cryoplant. They typically contain
the transitions from superconducting bus to room temperature bus as well as
cryogen feed and return fittings to connect with the cryoplant. Since the IDR, the
design of the CTBs has been adjusted to be more compact to conserve space for
their re-location to the pit.

Figure 4.2.0.2-2 is a schematic showing a typical superconducting coil interface in
more detail. Within the cryostat, the coil winding has two busbars and multiple
cooling lines to supply and return helium. The cooling lines at the coil will
typically be connected to joints within the winding and will operate at the local
voltage of the coil. Each of the cooling lines, therefore, requires an electrical
insulation break so that they can be attached to either a He supply or return
manifold and be operated at ground potential. This is done near the coil.

The superconducting buses, together with the helium supply and return lines,
are surrounded by a vacuum-tight enclosure to form the feeder. The latter can be
quite long and connects to a cryostat feedthrough that penetrates the cryostat wall
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and connects to the CTB. The cryostat feedthrough typically contains U-shaped
bends to allow for thermal contraction differences and a vacuum barrier to
isolate the vacuum in the CTB from the coil and cryostat vacuum. Since the IDR
the pipe and component size requirements have evolved and allowed a
reduction in the overall size of the CTBs and, in some cases, the servicing of
multiple coils or multiple sections of one coil, from a single CTB. This has saved
space and allowed all the CTBs to be placed in the pit.

The CTB contains current lead heat exchangers to allow the superconducting bus
to connect to the room temperature bus terminals at the outside of the box. Since
the IDR these have been simplified to a forced-flow design without a liquid
helium reservoir within the CTB. The CTB also contains valves to control the
helium supplied for various functions and has fittings on the exterior of the CTB
to form the interface with the various lines from the cryoplant.

Each superconducting coil or module requires a helium supply and return from
a manifold near the coil. The interface to the cryoplant for this supply and return
is at the CTBs. Figure 4.2.0.2-3 illustrates the helium distribution system for all
magnet systems except for the current leads which are cooled directly from the
cryoplant and are not in the secondary cooling loop shown. Coils are grouped
into sets which have individual cooling loops with a pump and heat exchanger
in an auxiliary cold box that is supplied with helium from the helium
liquifier/refrigerator. Distribution from secondary loops to the TF coils occurs in
the 10 CTBs dedicated to the TF coils.

In the event of a quench in one or more coils, the helium liquifier/refrigerator
cannot cope with the return of the coil inventory of helium on a short time scale.
A recovery tank is, therefore, provided to serve as a storage for the helium. Each
pair of supply and return lines from the cryodistribution system has a pressure
relief system within each CTB that can allow the large volume of helium
associated with a quench to vent into a separate header located in the upper or
lower magnet interface area. The headers then route the helium to a recovery
tank. The recovery tank and the piping have been sized to accommodate the
extreme condition of a simultaneous quench in all coils.

Figure 4.2.0.2-3 also illustrates the helium distribution system for the PF and CS
coils. The PF section is grouped into two sets corresponding to the Nb3Sn PF
coils and the NbTi PF coils. The distribution from the secondary loops to the PF
coils occurs in the thirteen CTBs dedicated to the PF coils. The distribution from
the secondary loops to the CS sections occurs in the two CTBs dedicated to the CS.

For the TF structures, PF structural interface with the TF coils and the CS
precompression structure, twenty TF cooling loops and ten CS cooling loops are
required. An additional 20 loops are required on the plasma side of the TF cases
because of the nuclear heat load concentration in this area. The lower section of
Figure 4.2.0.2-3 shows three structure valve boxes (SVBs), SI, S2, and S3, similar
to CTBs, and their supply from a heat exchanger box that is part of the cryoplant.
The three SVBs are located in the lower magnet interface area.
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With regard to the power supply interface, covered in more detail in
Section 4.2.7, each superconducting coil or module requires a pair of current
leads. For the TF coils, the 20 TF coils have a total of 10 CTBs located in the upper
magnet interface area. Servicing two TF coils per CTB has allowed for a more
compact design to be consistent with spatial constraints in the pit, while allowing
for a modular design to ease installation and maintenance.

There will be thirteen CTBs for the PF coils. Each coil has two superconducting
buses per coil module from the coil to the CTB and a number of current leads to
the power supplies corresponding to the number of terminal pairs. The CTBs for
PF2, PF3 and PF8 are located in the upper magnet interface area, and the CTBs for
PF4, PF5, PF6 and PF7 are located in the lower magnet interface area. This layout
and the associated space requirements has been developed since the IDR. There
will be two CTBs for each CS coil section. Each section has two superconducting
buses from the CS section to a CTB and two current leads to the power supplies.
The CTBs for the CS are located in the lower magnet interface area.

4.2.1 TF coil system

4.2.1.1 TF coil data

The TF coil has a welded case and each case contains a winding pack of seven
radial steel plates with machined grooves supporting circular conductors in a
pancake configuration. These radial plates transfer the forces acting on each
conductor directly to the cases without accumulation of forces on the turn
insulation. The plates and the case protect insulation during assembly, increase
structural stiffness for the TF coils and eliminate the need for an external
mechanical structure to support the PF coils. This provides an efficient overall
structural scheme and, within the TF coils, a local structural arrangement that
reduces insulation stresses and improves reliability. This concept is the same as
in the IDR, however, changes in dimensions and geometry have occurred since
that time to accommodate changes in ports, supports, and results of structural
analyses.

Tables 4.2.1-1 and 4.2.1-2 show the main parameters for the TF coil system. The
TF coils are essentially identical to those in the IDR from the standpoint of
electromagnetic characteristics. From the geometric standpoint, there have been
some minor changes in cable and conduit weights due to more accurate estimates
of component lengths, densities and sizes. The overall coil weight has increased
from 670 to 7401 and the majority of this increase is in the steel case plus
structures due primarily to providing extensions to the case to accommodate the
gravity and vacuum vessel supports, thickening of case sections locally to reduce
stresses or deflections, and adding material to the case locally for interface with
the PF coil vertical supports. The present design is considered robust, but will be
optimized to reduce weight by removing materials from selected locations as part
of manufacturing and design studies planned for 1997.

DDR-ITER Plant Design Description Chapter II-Section 4.2-Page 6



31 January 1997

TABLE 4.2.1-1
TF Coil - Geometrical Data

Parameter

Overall Height/Width

Approximate Weights:
Cable
Conduit

Insulation

Radial Plates

Case + Structure

Miscellaneous

Total per Coil
Average Turn Length

Value

18.7 m / 1 2 m

64t

19t

7t

1451

4701

35t

7401
44m

TABLE 4.2.1-2
TF Coil - Electromechanical Data

Parameter

Number of Coils

Number of Turns per Coil

Total Current per Coil

Current per Conductor
Self Inductance of a Single Coil

Total Inductance

Total Stored Energy
Max. Toroidal Field at Conductor

Maximum Transverse Poloidal Field
Maximum Total Field

Centering Force per Coil

Vertical Tensile Force per Half Coil
Maximum Applied Voltage per Coil

Maximum Voltage to Ground (15 s Discharge)
Fast Discharge Time Constant

Maximum Voltage Between Double Pancakes

Value

20

192

11.5 MA

60.2 kA
0.92 H
56.9 H
103 GJ

12.3 T
2.6 T

12.5 T
762 MN
378 MN

9kV
± 4.5 kV

15 s

1.5 kV

In case of quench in one of the TF coils, the required time constant for the
discharge is 15 s following a 2 s delay allowed for quench detection and discharge
initiation. The maximum design voltage to ground in every coil section is
± 5 kV. If a quench is detected in a TF coil, the CS and PF coils must also be
discharged. The coil power supply, protection and discharge system have been
designed to this requirement and are described in Section 4.2.7.2.

4.2.1.2 Assessment of TF system

The design of the TF coils has been adjusted to account for spatial requirements
by adjacent systems such as vacuum vessel and ports. It has also been developed
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to provide for vertical and horizontal support of the vacuum vessel and new
gravity supports (see Section 4.2.4). Details of the joint and lead regions have
evolved, as well as the intercoil support structures. Conductor and structural
analyses have been extended to cover a wide range of operating conditions,
including seismic and off-normal events. The result is a robust system and an
increase in overall weight of steel. Reductions are being investigated as part of
further structural analysis and review of designs for cost estimation purposes.

Significant strides have been made in layout of the CTBs in the pit area and
providing sufficient space for the power and cryogen services for the coils. This
is the case for all the magnet systems and has been done with an eye toward
provision for maintenance. Further iterations will occur next year.

The backbone of the TF coil R&D effort is the TF model coil. Industrial contracts
are now in place and the design is almost complete. Manufacture of the radial
plates has started and the manufacture of the coil case will begin this year. In
order to maintain a rapid schedule, the design will use radial plates made from a
single steel plate, a stainless steel rather than Incoloy jacket for the conductor,
and a case configuration with some welds located for efficiency as opposed to
simulation of full scale case requirements.

The wind, react and transfer approach will be used to demonstrate the process
required for the full scale coils. Features such as manufacture of a section of full
scale radial plate from multiple plates, fabrication of full scale case sections, and
development of manufacturing processes to resolve the unique thermal
expansion properties of an Incoloy jacket for the conductor will be done as part of
a parallel effort. The manufacturing proof of principle using Incoloy is essential.

Other R&D efforts in support of the TF program have demonstrated the
manufacture of about 2000 m of Incoloy tube (in lengths of about 8 m) suitable
for TF conductor conduit. A jacketing line has been set up to weld sections of
Incoloy tube together and a 1000 m dummy TF cable has been produced. A
nominal 1000 m long Incoloy jacket will be made, the cable will be inserted and
the conductor compacted in the Incoloy jacket to demonstrate the process
required for the full scale coils.

The insulation to be used for the TF coils involves multiple wraps of pre-
impregnated glass interleaved with a polyimide film around turns, pancakes and
winding packs so as to provide a reliable, fault-resistant barrier. Mechanical and
electrical performance tests have been carried out on samples with and without
exposure to radiation. More work is necessary in this area, including the
determination of the impact on insulation properties of gas evolution in the
insulation under irradiation.

The R&D status for superconducting strand, cable and joints is discussed in
Section 4.2.3.5.
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4.2.2

4.2.2.1

PF coil system

PF coil data

The PF coil system (PF2 to PF8) consists of seven poloidal field coils built with
heavy-walled, stainless steel, square conductors in double pancake configuration.
PF2 and PF7 presently require the use of Nb3Sn conductors. The PF coils are
vertically supported by clamps linked to the TF cases through flexible members,
which allow free radial expansion of the PF coils.

All the PF coils are difficult to replace in the event of failure, especially those
"trapped" beneath the machine, so redundancy has been built into each coil, with
each coil having four distinct "modules". Normally all four modules would be
operated at 3/4 of the maximum operating current. In the event of a failure in a
module, the faulty module would be isolated electrically and the remaining three
modules would be operated at maximum operating current with a reduced
temperature of 3.8 K, thus still achieving the required MAt.

At the time of the IDR the replacement of the lower PF coils by winding under
the machine had not been thoroughly investigated and was problematic, partly
because of the location and spacing of the gravity supports at that time. The
gravity supports have since been redesigned to be consistent with a methodology
that has been developed for rewinding and replacement of the lower PF coils
should that be necessary. This would only be required after failure of two
modules in the same PF coil.

The size of the cross section of the PF coils and the location of the center of each
of the PF coil cross sections are given in Table 4.2.2-1 together with the number of
turns, maximum current, and weight.

TABLE 4.2.2-1
PF Coil Sizes at Operating Temperature, MAT Capacities, and Weights

PF Coil
No.

PF-2

PF-3

PF-4

PF-5

PF-6

PF-7
PF-8

Position of Coil Center

Rc(m)

5.859
12.947

15.364

13.198

9.638

5.859
15.177

Zc (m)»

9.738
7.277

-2.090

-7.943

-9.452

-9.981
3.809

Coil Size with Ground
Insulation

AR(m)

1.586
0.798

0.625

1.287

1.212
1.612
0.305

AZ(m)

1.074

0.995

2.517

1.800

1.167

1.585
0.947

Number
ofTums

412

218

390

423

282

618
78

Maximum
Current

(MAt)
18.5
9.4

17.6

19.0

12.7

27.3
3.5

Weight

(t)
364

330
826

1141

489

556
131

* Note: Zc is measured from the TF coil midplane

Since the IDR there have been minor changes in the location of the PF coils,
some changes in the MAt requirements, and a resizing of cable and jacket cross
sections to account for the expected range of operating conditions for current, AC
losses and loads. The net result is a total weight reduction of the PF coils by about
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420 t. This will, however, be offset somewhat by increases in weights of the PF
coil clamps which are part of the structural interface to the TF coils.

Each of the PF coils will be wound using double pancakes and, with the exception
of PF8, with more than one conductor in hand, due to conductor unit length
limitations and restrictions on operating voltage. The pancakes will be
connected electrically into modules. Since the IDR, the individual coil designs
have been altered such that each coil has four modules. This has led to changes
in the numbers of double pancakes, joints, cooling pipes and terminal pairs,
without significant impact on the overall features of the PF system, but with
better consistency for the interfaces with the power supplies and cryoplant, and a
likely benefit in coil manufacture.

In some of the coils (PF3, PF6, and PF8), there are less than four terminal pairs at
room temperature because the coil voltages are such that more than one module
can be operated in series without exceeding terminal voltage limiting criteria.
Fewer terminal transitions from superconducting bus to room temperature
reduces the cryoplant heat load, but, in these cases, the failure of a module will
require a reconfiguration of the connections within the coil terminal box or, in
some cases, near the coil.

Each PF coil has its own power system, which operates independently from the
others, except for the coordination of the protective actions. In case a quench is
detected in one PF coil, the CS and all PF coils are discharged simultaneously (fast
discharge). This avoids unacceptable out-of-plane load distributions on the TF
coils. The required time constants of the discharge and the maximum allowed
voltage in each coil section (module) are given in Table 4.2.2-2. The PF coil
protection and discharge system, described in Section 4.2.7, is similar to the
system used for the TF coils.

4.2.2.2 Correction coils

The perturbation of the axisymmetry of the magnetic field is called the "error
field". The error field arises due to: misalignment of PF and TF coils, errors in
the shapes of the coils, busbars, nonaxisymmetrical modes of eddy currents, other
non-axisymmetrical currents, ferromagnetic elements, the shield of the neutral
beam injectors, etc.

Conceptual designs for correction coils have been carried out since the IDR.
However, the requirements are still under discussion.

4.2.2.3 Assessment of PF coil system

The PF coil design and analysis for conductor performance and structures follows
the evolution of the requirements for the range of scenarios needed for
operational flexibility and control. Adjustments for the PF coils have been made
since the IDR for better consistency with physics requirements and with interface
restrictions from the power supplies and cryoplant. CTBs have been realistically
sized, but improvements in the interface of the current and cooling pipe
connections near the coils can be made after the coil MAt's are finalised.
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Fabricability of the PF coils on site has been assessed in the past and space has
been allocated on this basis. This will be reviewed next year in the process of
obtaining new cost estimates.

TABLE 4.2.2-2
PF Power System Electromagnetic Data

Coil
Parameter

Number of Section in Series

Rated Current
(normal/backup*)) [kA]

Maximum Stored Energy [Gf]

Maximum Allowed Voltage per
Section [kV]

Maximum Voltage per Section
[kV]

Maximum Regulated Voltage 2)
[kVJ

Fast Discharge Time Const,
(normal/backup 3)) [s]

PF2 PF3 PF4 PF5 PF6 PF7 PF8
Value

4

45
/60

3

10

8

8

15
/12

2

43
/57.3

2.6

10

7

6

20
/15

4

45
/60

9.5

10

5

8

20
/15

4
45
/60

9.2
10

6

8

20
/15

2

45
/60

2.9

10

8

8

20
/15

4

44.2
/58.9

6.1

10

8

8

15
/12

1

45
/60

0.48

10

4

4

20
/15

1) current (33% over nominal value) that will be supplied to the remaining modules in a
damaged coil after one faulted module is separated.

2) no-load voltage provided by the main AC/DC converters.
3) time constant for the discharge of energy of the remaining three modules in a damaged

coil after the faulted module is separated.

4.2.3 Central solenoid coil system

The reference CS design has been assessed and is considered satisfactory for its
task. However, alternatives are being evaluated that may allow for better
operational flexibility from the physics standpoint and significant cost savings,
largely due to the ability to have a PF coil set that is entirely made with NbTi
superconductor. The alternatives have been found to be compatible with the
spatial constraints in the machine.

The reference central solenoid is layer wound with heavy-walled, Incoloy 908,
square conductors along its entire height. Each layer is wound with four
conductors in hand to reduce cooling channel lengths. Layers are alternately
wound from bottom to top and top to bottom, to allow series connections of each
set of four conductors. The four conductors are thus electrically in parallel to
reduce turn-to-turn voltages within the layers. Electrical terminals are located at
the bottom, about 1.5 m below the winding pack, and interlayer series
connections are at the top and bottom, about 1.5 m above and below the ends of
the windings. With this arrangement all joints are located in low field regions.
Tables 4.2.3-1 and 4.2.3-2 show the parameters for the central solenoid (CS).

The CS winding geometry is essentially the same as in the IDR, however, there
have been changes in the weight of the coil and structure. The weight of the
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preload structure has increased from 500 to 710 t due to the need to replace the tie
rods with tie plates for more stiffness and to change the design of the
precompression flanges for improved rigidity. This has been accompanied by an
increase in weight of the outer and inner cylinders due to changes in thicknesses
and a minor net reduction in the weights of the conductor, insulation and buffer
zone due to more accurate estimation of component dimensions and densities.
There are no changes in the electromechanical data since the IDR.

TABLE 4.2.3-1
Reference Central Solenoid — Geometrical Data

Parameter

Height of Winding

Inner Radius of Winding
Outer Radius of Winding

Maximum Conductor Length, High Grade
Maximum Conductor Length, Medium Grade

Maximum Conductor Length, Low Grade
CS Component Approximate Weights

Cable

Conduit

Insulation

Buffer zone, etc.

Outer and Inner cylinders
Total

Preload Structure Weight

Value

12.116 m

1.919 m
2.700 m
758m

916 m

1040 m

2731

4571

531

671
6001

1,450 t
7101

TABLE 4.2.3-2
Reference Central Solenoid — Electromechanical Data

Parameter

Number of Turns

Maximum Field at Conductor
Total Current*
Current per Conductor*

Total Vert. Comp. Force at Mid-Plane**

Self Inductance

Stored Energy*
Voltage per Turn

Operating Voltage between Layers

Operating Voltage to Ground

Value

3,356
13 T

127.7 MA
38 kA

1,005 MN

14.9 H

10.8 GJ
15 V

2.2 kV

+/- 6.3 kV

* Initial Magnetization
** End of Burn

Electromagnetic data for the CS power system are given in Table 4.2.3-3. The CS
is independently powered. In the event of a quench, the CS and all PF coils are
discharged simultaneously. The CS power system is discussed in Section 4.2.7.4.
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TABLE 4.2.3-3
Reference CS Power System Electromagnetic Data

Parameter

Number of Sections in Parallel

Rated Current per Section

Total Current (maximum)

Maximum Stored Energy

Power at Plasma Breakdown
Maximum Voltage per Coil (at breakdown)

Maximum Regulated Voltage *)
Fast Discharge Time Constant

Value

4

42 kA

168 kA

13.3 GJ

2.0 GW
12.6 kV
3.0 kV

20 s

*) no-load voltage provided by AC/DC converters

As an alternative designs, a segmented CS consisting of seven coils which are
pancake wound has been considered. However, the segmented CS requires 13 T
joints which are the greatest single unknown from the standpoint of design and
performance. Significant R&D would be required.

A hybrid CS design is also being studied. In essence, it uses five coils in the
central solenoid column, adds two additional PF coils, increases the total tonnage
of superconductor required, but reduces the amount of Nb3Sn strand required,
and physics performance/flexibility is the same as that of the segmented CS
system. Total conductor cost is, therefore, reduced compared to the reference and
segmented CS, but fabrication costs require further consideration. The hybrid
uses a layer-wound central section with a maximum field at the joint of 5.8 T,
which is a substantial advantage compared to the segmented CS at 13 T. Issues
associated with the design have been identified and are being considered.

A review of the ITER machine assembly schedule indicates that the CS is needed
late in the assembly sequence. Hence, if a 13 T joint program can be successfully
performed, or if an improved CS configuration can be found, it can be
implemented fairly late. Meanwhile, the ability to accommodate either the
reference or the segmented CS design in the machine, including the space
required for added bus and cryolines, has been verified as an indication that a
change is feasible.

4.2.3.1 Assessment of CS coil system

The CS model coil program has demonstrated the ability to produce the specified
strand and cabling by all ITER Parties. About 201 of NbsSn strand have been
produced and the balance of 5 t will be completed in early 1997. All of the heavy-
walled Incoloy jacket for the conductor is expected to be completed this year. A
300 m jacketing line has been set up and used to produce five 100 m lengths of
dummy conductor and the first four lengths of actual conductor required for the
model coils. The design of the CS model coil is essentially complete and major
items of tooling have been procured. Trial windings and heat treatments of
conductor have been demonstrated, and the first layer using actual conductor has
been wound.
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In early 1997, the model coil manufacturers will be able to analyze the experience
of coil manufacturing including the winding, joint preparation, heat treatment
and insulation with the dummy conductor and two or three layers of actual
conductor. The schedule for the model coil fabrication and testing will then be
reviewed in detail, but can be expected to extend beyond July 1998.

The CS model coil uses a conductor with a heavy-walled Incoloy jacket as
required by the full scale CS. The use of a steel jacket in the full scale coil would
reduce the maximum field to about 11.5 T, thus limiting the flux capability to an
unacceptable level. Iron-nickel base superalloys (including Incoloy 908) may
show stress accelerated grain boundary oxidation (SAGBO). There is some
positive prior experience with using Incoloy 908 in NbsSn coils and data on the
conditions required to prevent SAGBO. However, an extensive program was
carried out to fully understand the basic requirements and provide a proper
specification for the heat treatment portion of the coil manufacturing process.
This involved investigations on the heat treatment of the 100 m long full size
conduits with dummy cable inside performed in the industrial production
facilities and results will be used for the model coil conductor.

The supporting R&D effort has included a successful benchmarking activity
involving all Home Teams to standardize the measurement of Nb3Sn strand
critical properties. Conductor joint fabrication has been done in parallel with the
model coil design and the first full scale joints have been tested this year. They
have shown acceptable performance, but reduced losses would be desired and
may be demonstrated in tests next year.

4.2.4 Gravitational and vacuum vessel supports

The gravity support, which carries the entire tokamak, is illustrated in
Figure 4.2.4-1. It consists of 20 vertical columns, one under each TF coil between
PF5 and PF6. The top of each column is bolted to an extension of the lower
intercoil structure for the TF coils. This is a new design since the IDR which
allows for improved stiffness of the intercoil structure, a simplified gravity
support, and a gravity support location compatible with PF coil replacement
winding under the machine, if necessary. The columns rest on and are bolted to
a stiff ring integrated in the floor of the cryostat. They transfer their loads
through the cryostat to the circular support pedestal of the tokamak. The
columns consist of metallic plates bolted together. This provides the flexibility
necessary to allow thermal movements of the coils in the radial direction. The
columns are stiff in the vertical and toroidal directions to resist deadweight and
seismic loads and to minimize tokamak movements during earthquakes. A
load-bearing heat sink at 80 K is placed on top of each gravitational support
column to minimize heat transfer from the room temperature cryostat to the TF
coils. This interface with the TF coils is under development.

To equilibrate the vertical and horizontal electromagnetic loads on the system
during a VDE it is necessary that the PF coils, the CS and the vacuum vessel (VV)
be structurally connected. The PF coils and the CS are tied together through the
TF cases and PF supports. The W is tied into the magnet system by the vacuum
vessel vertical and horizontal supports that connect the VV to the TF coils. The
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preliminary design of these has been performed since the IDR. Each of the 20 V V
sectors has two vertical legs surrounded by a thermal shield at 80 K on all four
sides. Every pair of legs straddles a TF coil and is supported by a single assembly
as illustrated in Figure 4.2.4-2. The assembly is composed of two short radial
beams, suspended by hangers from brackets on the sides of the TF coil case above,
and braced together by a toroidal beam. The vertical support reacts the net
downward forces on the W while allowing horizontal movements, including
differential thermal movements between VV and TF coils. A load-bearing heat
sink at 80 K is placed at the bottom of each VV leg to minimize heat transfer to
the TF coils. This is the interface between the W and the VWS provided by the
magnet system and is under development.

The vacuum vessel horizontal support consists of 20 pairs of adjustable toroidal
tie rods that link the top of each equatorial VV port to the TF coil cases on both
sides as shown in Figure 4.2.4-3. The rods locate the VV horizontally with
respect to the magnets and are normally under minimal tension, but they
transfer lateral forces between the VV and TF coil cases during normal operation
and those from off-normal events such as VDEs and earthquakes. A thermal
shield and a heat sink, both at 80 K, are placed on each rod to minimize heat
transfer to the TF coils and structure. Although the design has not been
developed in detail, this approach is standard in cryostats using thermal shields
and tension members to suspend the cold mass.

4.2.5 Magnet test facility

Studies are underway to determine the level of cold testing required for the ITER
coil systems before commissioning. The extreme case of assembling all coils in
the machine without welding the vacuum vessel segments, installing the
required bus and cryolines, temporarily sealing the cryostat, interrupting the
assembly schedule for a full integrated coil test, then opening the systems and
completing the machine, would result in an extension of the machine assembly
schedule by 2-3 years. This is not practical and, because of work done since the
IDR, is not considered necessary because quality can be assured with a program of
factory and individual coil testing.

4.2.5.1 Conductor critical properties

During conductor fabrication, strand samples from each lot of material will be
tested to assure acceptable critical properties for the base material. Cabling does
not degrade the properties of either NbTi or Nb3Sn strand. The conductor jacket
welds will be individually leak tested before cable insertion. The conductor will
also be leak tested at several stages of the manufacturing cycle, for example, when
welds associated with terminations are done. Conductor strain will be controlled
within specified limits throughout the coil manufacturing process.

4.2.5.2 Insulation and conduit flow properties

The coils are a special case of large scale electrical equipment and will be subjected
to a set of quality assurance and acceptance tests at room temperature at various
stages of manufacture. These tests, with proper prototypical development, will
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be sufficient to establish the acceptability of the insulation and flow rate versus
pressure drop characteristics of the coils and their flow paths. The most sensitive
elements from the performance standpoint are the joints.

4.2.5.3 loints

For the NbTi coils, there is a significant history of success in coil fabrication and
making joints because of the inherent flexibility of this alloy throughout the coil
manufacturing process. As a result, it is expected that sufficient information
about joint performance can be developed on prototypes to allow manufacturing
processes to be specified adequately so that cold testing of the NbTi coils (PF 3, 4, 5,
6, and 8) is unnecessary.

The Nb3Sn conductors which are used in the TF coils, CS and PF2 and 7 are
much more sensitive in the fabrication process because of the heat treatment
required and their more brittle nature after heat treatment. This requires strain
control during coil fabrication. As indicated earlier, the QA program will test
critical properties on the strand and this will confirm the capability of the base
material. The program will also archive conductor after jacketing, as well as
before and after heat treatment. Any non-conformance to the heat treatment or
strain limitations on the winding process will be able to be duplicated on a piece
of archived conductor to assure that results are acceptable. The most sensitive
element remaining is, then, the joints.

The joint R&D program will develop an acceptable joint configuration from the
performance standpoint. The manufacturing qualification program must allow
for a significant number of joints to be tested to assure repeatability of
performance and to relate joint performance at the operating field and
temperature to measurements at lower field and higher temperatures,
e.g., 10-15 K. The result will allow coil sections or coils to be tested at lower than
operating fields and higher temperatures to check joint quality in the
manufactured article.

4.2.5.4 Testing coils or coil sections

Discussions concerning the stages at which Nb3Sn coils or coil sections should be
tested are underway. The joints are considered the sensitive points in the
fabrication of the coils, hence they should be checked after they are finished and
when the added work to be done in the vicinity of the joints after the test is
small. An important factor in considering the test program is the availability of a
refrigerator/liquefier of sufficient size to allow testing on a reasonable time scale.

Assessments to date indicate that a reasonable schedule can be attained with
refrigerator systems in the 800-2000 W range which may be available at or near
coil manufacturers. For a refrigeration capability in this range it is reasonable for
the TF system to consider testing double pancakes, the winding pack or each
complete coil. If double pancakes are tested individually, then roughly half the
joints will be tested and 140 tests will be necessary (20 coils x 7 double pancakes
per coil). If TF winding packs or complete TF coils are tested, then all joints are
complete and the terminals are tested as part of the test configuration. Of these
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options, the testing of winding packs is most attractive because: (1) all joints and
terminals are tested after the work in the joint area is complete; (2) the work
associated with case insertion and completion represents a substantial value
added and would be done after assurance that the joint performance is acceptable;
and (3) the total number of individual tests is reasonable (i.e., 20). The test of a
few individual double pancakes could also be done in the same facility and
would probably be done as first article tests as part of the manufacturing
qualification process.

The PF2 and PF7 coils are made in four modules each. In this case, it may also be
desirable to test the first few double pancakes as first article acceptance tests in
manufacturing qualification, but the most attractive option is to test complete
modules.

It is anticipated that an acceptable testing program will be developed with the coil
manufacturers. It will include sufficient cold testing of first articles (e.g., double
pancakes and joints) and coil modules, winding packs or individual coils.
Acceptance testing at the site will then be limited to room temperature testing to
assure coil insulation and flow path properties as with large scale electrical
equipment. Therefore, no large scale magnet cold test facility is planned for the
ITER site.

4.2.6 Poloidal field control

There have been several improvements and developments in the poloidal field
control system since the IDR. In particular:

(1) The nominal location of the plasma initiation was shifted downward
from the equatorial plane, to have better coupling with the startup
limiter. At present the nominal location is at R= 9.5 m, Z= -0.9 m.

(2) Central plasma initiation (R=7.7 m, Z=0) is not considered for the
present PF system.

(3) The two items above led to a reduction of the maximum current in
PF2 from 27 to 18.5 MAt.

(4) Analysis of the nominal plasma scenario (21 MA) and the alternative
scenarios (24 MA, 17 MA), as well as the detailed design of the PF coils
led also to a small change of the maximum currents in the other main
PF coils PF1-PF7.

(5) Several types of PF control algorithms were obtained and used in the
simulation of the control actions (disturbance in Pp and lj) using
linear and nonlinear plasma models.

(6) Analysis of the control actions led to an increase of current in PF8
from 2.2 to 3.5 MAt.

(7) The alternative PF systems with a segmented CS were analyzed from
the PF scenario and control viewpoint.
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Control of the plasma current, position and shape is provided by varying the
currents in all PF coils. The voltage in each coil is the sum of the pre-
programmed voltage needed for a chosen plasma scenario (feedforward) and that
required for control (feedback). During the experiment, the waveforms of
feedforward voltages will be calculated in numerical simulations of the plasma
scenario, using also experimental results obtained from previous shots. The
feedback voltages are required for stabilization of vertical displacement of
elongated plasmas (which are vertically unstable) and for precise control of the
plasma current, position and shape to:

(1) correct errors in the predicted waveforms of the feedforward voltages;
time scale is longer than 10 s;

(2) control recoverable plasma disturbances (e.g., minor disruptions,
ELMs, sawteeth, etc.); time scale is shorter than 10 s;

(3) control disturbances due to other systems (e.g., PF power supplies,
burn control system, etc.); time scale is shorter than 10 s.

The control system is designed to recover the plasma shape after plasma
disturbances with IAPpl<0.2 and/or IAlil<0.1. Plasma disturbances with larger
magnitudes ("giant" sawteeth, "giant" ELMs, H-to-L mode transition during the
burn, major disruptions) are also expected, but maintenance of shape control
following such events is not considered mandatory.

Plasma shape and position control requirements are considered particularly
important when the power input exceeds 20 MW. The requirements for quasi-
static (with time scale longer than about 10 s) control of the plasma equilibrium
at these phases are:

(1) maintain a minimum nominal clearance gap of 100 mm between the
first wall and the scrape-off layer flux surface that passes through a
point 50 mm outside the separatrix at the outside midplane;

(2) control of separatrix to within ± 100 mm in the divertor region and
near the baffle;

(3) control of the position of the separatrix relative to the outboard first
wall in the vicinity of an IC H&CD antenna to within about ± 50 mm.

A dynamic control system minimizes the recovery time for restoration of
deviation from the quasi-static equilibrium.

Two layers are foreseen in the control system. The first control layer eliminates
deviations of the controlled parameters (e.g., gaps and plasma current) relative to
their reference values. The second control layer chooses the reference values of
the controlled parameters and the control algorithm for the first layer. For
example, when current in some PF coils reach its maximum value, the control
algorithm of the first layer will be changed. All state parameters of the plant (e.g.,
current in PF coils, total power exchanged with the grid, plasma parameters: Ij,
pp, etc.), as well as the plasma equilibrium database, are used by the control
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algorithm of the second layer. This control layer also provides the interface with
the machine protection systems (e.g., coil protection system) and other control
systems (e.g., density control) in case of off-normal events.

The feedback control of the plasma current, position and shape is based on
measurements of poloidal magnetic field and flux around the plasma. Two
arrays of magnetic probes and flux loops are used for the measurements. The
first array is located in the blanket and divertor structures as close as possible to
the plasma. The second array is more distant from the plasma and is located on
the inner surface of the vacuum vessel. Other measurements are also used in
the reconstruction of the plasma shape: the measurement of currents in the PF
coils, in some elements of passive structure, the measurement of the plasma
diamagnetism, etc. The values of six gaps between the separatrix and the first
wall/divertor are output parameters of the diagnostic block during the divertor
phases of the operating scenario.

The controller provides the value of the voltage required by the CS and seven PF
coils for feedback control of the plasma current, position and shape. The input to
the controller is the deviation of the controlled parameters (e.g., plasma current
and six gaps) from their reference values. The control algorithms will be
optimized during ITER construction and operation.

The power supply system receives control voltage demands from the controller,
as well as the value of pre-programmed voltage, and produces voltages at the PF
coil terminals. The maximum voltages available from the converters are given
for each coil in Tables 4.2.7.6-1. The controller should be designed to minimize
steps, derivatives and peaks of the total power exchanged with the grid. For
control purposes, the following values have been considered as typical limits for
the power supply:

• power steps IAPI < 60 MW;

• power derivatives I dP/dt I < 200 MW/s;

• power peaks:

- ± 250 MW at plasma current flattop;

- ± 150 MW at plasma current ramp up/down.

Numerical codes used for ITER control algorithms and for the simulation of
control actions were validated against experiments. Nevertheless, the design of
the control algorithms and their ability to be optimised remains to be validated as
far as possible experimentally on existing tokamaks.

4.2.7 Coil power supply

The coil power supply system consists of the high voltage (HV) substation, AC
power distribution system and the individual subsystems supplying power to the
TF, CS and PF coils. The major functions of these subsystems are to provide
controlled DC current in the coils and to protect the coils by fast discharge in case
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of quench. The technology for the main components for these systems is
available on the world market, or is expected to become available on the right
timescale for ITER.

The concepts and basic design features described in the IDR have not changed.
Progress has been achieved mainly in detailing the design of the components.
Nevertheless, the following substantial modifications have been implemented
in order to improve the design and reduce the cost:

• following relocation of the coil terminal boxes (CTBs) to the pit, the
switches for the fast discharge of energy stored in the TF coils are also
now located in the pit, close to the CTBs. The normal busbars which
connect these switches with the CTBs are routed inside the pit and
would not have to cross the seismic gap in case seismic isolation is
employed;

• a 3 kV AC/DC converter is included in the TF power supply system to
provide slow (~ 1500 s) discharge of the TF coils instead of the 100 GJ
dump resistor system previously foreseen;

• the study of a local energy storage system, as would be required for a
high voltage grid with a limited power capability, has been initiated.

4.2.7.1 High voltage (HV) substation and AC power distribution

AC power is received from the supply grid via a HV substation and is
transformed to an intermediate level (72 kV highest voltage) via four step-down
transformers, each rated at 300 MVA continuous power. This power is
distributed to the AC/DC conversion systems for the TF coils, CS and PF coils,
and additional heating and current drive systems. All the loads are equally
subdivided among the four 72 kV busbars. A 150 MVAr mechanically switched
capacitor bank and LC-filters are connected to each busbar to compensate
excessive reactive power and minimize disturbances to HV grid voltage caused
by the AC /DC converters.

The total peak pulse power demand will be limited to 650 MW active power and
500 MVAr reactive power. This includes power required by the operating
scenario, plasma shape control and additional heating systems. The active power
demand will be limited in derivative to 200 MW/s, with maximum step changes
of 60 MW in normal operation.

An alternative design is being developed of the power supply system (PSS) fed
from a HV grid with limited capability (400 MW, 300 MVAr). In this design a
local energy storage will supply power required to provide plasma position and
shape control and stabilize plasma disturbances. Several options are under
consideration, the preference is presently for AC excited flywheel motor-
generators with controlled output voltage frequency, that allows them to be
synchronized with the HV grid. Therefore, the common 72 kV busbars for AC
power distribution can be used, and no changes are needed for the AC/DC
conversion system.
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4.2.7.2 TF power supply system

All TF coil sections are connected in series and are powered by two thyristor
converters connected in series, as is shown in Figure 4.2.7-1. The first is a low
voltage (LV) converter (no-load voltage 200 V), the second a HV converter (no-
load voltage 3000 V). Both will supply power to the TF system during current
rise. When the TF system is charged and the current has reached the requested
constant value, the LV converter will compensate the resistive voltage drop on
the busbars and the HV converter will be bypassed to limit reactive power
consumption from the grid. The HV converter can be activated again to
discharge the energy from the coils in around 1500 s, enabling a controllable
plasma termination during the decay of the toroidal field (e.g., in case of a fault in
the cryogenic system).

In case of quench 20 fast discharge units (FDU) interleaved in series with each
coil are activated to rapidly discharge the stored energy. These units consist of
circuit-breakers and discharge resistors which are rated to absorb the 103 GJ of
energy stored in the TF coil system at full current, and provide the discharge with
a time constant of 20 s.

Two circuit-breakers are included and connected in series in each of the FDUs.
The first, called the current commutation unit (CCU), is designed for multiple
operation and will open when a quench is detected. In case of failure in one
CCU, the second circuit-breaker (pyrobreaker), not suitable for repetitive
operation but very reliable, will interrupt the current. Both these DC switches
require R&D.

The discharge resistors and counterpulse capacitor banks used to create a brief
current zero in the CCU, are located in the electrical termination building and are
connected with the switches (now located near the CTBs, in the pit) by coaxial
cables. This has substantially reduced the total length and, hence, the cost of the
60 kA busbars rated for continuous operation, which connect the switches with
the CTBs.

4.2.7.3 PF power supply systems

The loop voltage required for breakdown and plasma initiation is obtained by
connecting resistors in series with the CS, PF2 and PF7 coils, where an impressive
amount of power (about 3 GW) is to be extracted. These circuits, called switching
networks, use circuit-breakers, make switches and resistors. AC/DC converters,
called booster converters, are used with the same aim in the PF3, PF4, PF5 and
PF6 systems, where the power to be extracted is ab'out 300 MW. Switching
network units (SNUs) and the booster converters are interleaved with the coil
sections to provide uniform voltage distribution among the sections.

After the plasma initiation the power required to control the plasma current,
shape and position is provided by the main AC/DC converters included in series
with the coils. The booster converters are switched into freewheeling mode and
bypassed. In all PF systems, with the exception of PF8, the main AC/DC
converter is formed by four units connected in series. These units are supplied
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from different 72 kV busbars: in case of a fault in one busbar the system is able to
operate at reduced performance.

The FDUs for coil energy discharge are identical with those used for TF coil
protection. In addition to the circuit breakers involved in the quench protection,
R&D is necessary for the DC current commutating devices used in the switching
networks for plasma breakdown.

4.2.7.4 CS power supply system

The power supply system circuit diagram of the CS is shown in Figure 4.2.7-2.
The equivalent circuit to be considered as the load consists of 4 parallel sections,
each with 14 layers connected in series. These sections must be supplied with a
total current of approximately 170 kA.

Four low voltage AC/DC converters (200 V, 45 kA) are connected in series to each
CS section, to provide equal currents in the four sections during all phases of the
pulse. The main AC/DC converter is formed by two sets of converter units,
serially connected, each set consisting of four units in parallel.

The CCUs used in the switching network and in the fast discharge circuit, and the
pyrobreakers, are rated at 170 kA. Each CCU contains four parallel branches with
mechanical bypass switches and vacuum or thyristor circuit-breakers rated at
60 kA. Due to the use of four bypass switches in parallel instead of three,
necessary to operate with 170 kA total current, a significant current imbalance
may be accepted for both continuous and transient operation. Nevertheless,
design issues remain, and R&D tasks for testing different types of switches in
parallel operation are planned to demonstrate the feasibility of this approach.
Moreover, the design and investigation of a 170 kA rated pyrobreaker has been
initiated.

4.2.7.5 Coil grounding

A soft grounding via high impedance resistors is provided for all the coils. To
illustrate a common approach to the coil grounding, the grounding scheme is
shown in Figure 4.2.7-1 for the TF PSS.

The TF system is grounded through a set of identical resistors connected in
parallel to each coil (TRn). Their midpoint is connected to the TF neutral, which
is a common busbar connected to the ITER machine ground through one resistor
(GR1). The resistance value of the TRn will be approximately 100 il, to maintain
the voltages on the TF coil sections below an acceptable value during the initial
phase of the fast discharge and non-simultaneous opening of the circuit-breakers,
or in the event of their failure (pyrobreaker operation). The resistance of GR1
will be about 1 kfi to limit the fault current to ground and the related arc energy
in case of a single failure in the ground insulation of the TF system. The leakage
current to ground will be measured and used for ground fault detection. A
similar concept is used for the CS and the PF coils.
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4.2.7.6 Main components: design features and assessment

Similar components are used in the TF, CS and PF power supply systems,
namely: AC/DC converters, switching networks for generating the high voltage
for plasma initiation, and discharge circuits for the energy stored in the coils in
case of a quench.

4.2.7.6.1 AC/DC conversion system

The AC/DC conversion system includes: TF converters, main PF converters, CS
current balancing converters and booster converters. A limited number of
different types of units are used for the AC/DC converters intended for steady
state operation. These range in parameters between 45-60 kA, 0.2-3 kV, and
8.5-180 MVA.

The total installed converter power has increased by 12% since the IDR due to
two factors: (1) an additional converter has been included in the TF system to
provide slow discharge of the coil energy; (2) maximum operating current in the
PF coils has been increased from 43 kA to 45 kA.

A different design is assumed for the booster converters, which are rated at
higher voltage (8-12 kV) and lower current (7-11 kA) and which will operate
essentially in pulsed mode.

The design hypothesis on the current sharing among up to 10 thyristors
operating in parallel under normal and fault conditions is being verified by R&D.

4.2.7.6.2 Switching networks and discharge circuits

More than 200 switching devices of different types, each rated at 60 kA, 20 kV, are
used together with discharge resistors as listed in Table 4.2.7.6-1.

The key components are the CCUs for repetitive operation used in both the
switching networks and discharge circuits. A scheme consisting of a mechanical
bypass switch and a pulsed circuit-breaker connected in parallel is foreseen. A
counterpulse system is used to create an artificial current zero for the circuit-
breaker and to transfer the current to discharge resistors.

The development of the switches is innovative. In particular, R&D is required
for the mechanical bypass switches, vacuum circuit-breakers, pyrobreakers and
protective make switches used to bypass the AC/DC converters and the switching
networks in case of their malfunction.

R&D to test 40 kA prototypes of the mechanical bypass switch for the SNU, the
pyrobreaker and the make switch were carried out. The first results confirmed
the feasibility of the designs and allowed full-scale prototypes to be developed.
Testing of these prototypes as well as of prototypes of the bypass switch for the
FDU and the vacuum circuit-breaker will start at the end of 1996. Investigation
of parallel operation of the mechanical and vacuum switches is scheduled for
the second half of 1997, when the work on individual, 60 kA switches will be
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completed. At the same time tests of a 170 kA pyrobreaker for the CS coil PSS
will be performed.

TABLE 4.2.7.6-1
Switching Networks and Discharge Circuits

Components Number of 60 kA Switches/Resistor Energy

TF C S « P2-P8 Total

Switching networks

CCU:
Bypass switch
Thyristor circuit breaker
Make switch
Discharge resistor

0
0
0
0

4
4
7

30 GJ

8
8
16

26 GJ

12
12
23

56 GJ

Discharge circuits

CCU:
Bypass switch
Vacuum circuit breaker
Pyrobreaker
Discharge resistor

20
20
20

105 GJ

8
8
8

14 GJ

22
22
22

37 GJ

50
50
50

156 GJ

Power supply protection

Make switch 1 10
J) The CS switching networks and discharge circuits

switches connected in parallel

15

are assumed

26

o use 60 kA

4.2.8 Overall design assessment

The conductors and structures in the ITER magnet systems have been designed
to use material efficiently without compromising the ability to achieve
performance requirements, but this iterative process has not yet been completed.
The design criteria, material properties and performance of selected components
are being verified in an extensive R&D effort. The focal points for this effort are
the model coil projects for the CS coil and the TF coil. These will demonstrate
conductor performance under the expected operating conditions, and develop
manufacturing techniques directly applicable to the needs of the full scale coils.

The model coil programs also drive the development of conductor fabrication
capability and QA development. ITER-specified superconducting Nb3Sn strand
has been made in all Parties and has been cabled into full size cables for insertion
in full size conduits of the two types required for the ITER coils. Thousands of
meters of Incoloy jacket material have been made for the model coils and this is a
demonstration of the ability to produce the needed material with the proper
tolerances and material properties. Significant effort has been expended to
develop the coil fabrication processes based on a wind, react, and transfer
technology, which provides the best properties of the Nb3Sn conductor and, in
turn, reduced cost and size.
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The design and R&D efforts have been coordinated, and will proceed in parallel
to verify the crucial features of the design and manufacture of the coils.

In the power supplies, the reference layer wound central solenoid requires
devices able to interrupt 170 kA. Four 60 kA devices connected in parallel are
foreseen. Design and R&D on such interrupters are in progress.
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4.3 Cryogenic system

43.1 Cryoplant and ciyodistribution systems

The cryogenic system produces and distributes the cold fluids required to cool
down, keep cool, and warm up the user systems of toroidal and poloidal magnets
and support structures, current leads, thermal shields, the cryopumps of the
divertor, cryostat and NBI, pellet fueling, and other small users such as
gyrotrons.

The cryogenic system consists of three basic parts, namely cryoplant,
cryodistribution, and user systems. The cryoplant produces the cold fluids
required by the users, and the cryodistribution system distributes them to the
cryogenic user system interface locations. Descriptions of these user systems are
outside the scope of this section. Nevertheless, design of two user systems are
described in some detail, because their operational conditions drive the design of
the whole cryogenic system, plant and distribution. These two systems are the
magnets (see Section 4.2) and the torus cryopumps (see Section 4.4).

4.3.2 Heat loads

The above two user systems, magnets and torus cryopumps, have special
requirements. After their initial cooling from room temperature to their
working temperature, the two systems have well-defined static heat loads at
different temperature levels (~ 80 K and ~ 4 K) during the "stand-by" state of the
ITER machine, but have different and much higher heat loads during its "pulsed
operation".

The magnets have :

i) large heat input in the short timespan during the variation (up and
down) of the plasma current, and thus a very large power;

ii) an even larger heat load in case of a plasma disruption;

iii) an average constant power load during the plasma current flat top due
to the coil nuclear heating (proportional to the fusion power),
assumed constant during the current flat top and due to small
magnetic field fluctuations associated with the plasma control and its
intrinsic variations in pressure.

Presently, the coil nuclear heating is estimated to be limited to 17KW (a value
which should be confirmed when the design of all shielding is frozen) and the
magnetic field fluctuations are assumed according to a reference plasma scenario.

The 16 torus cryopumps during "pulse operation" will be deliberately cycled in
temperature, in order to limit their tritium inventory. Cooled at 4.5 K to pump,
they will be heated (regenerated) to remove the tritium pumped, and then cooled
again to 4.5 K. At any time 12 pumps are pumping, 4 are undergoing the
regeneration process. This timing may allow the connections of the cryogenic
plant to the 16 pumps to be designed such that the cryogenic load appears
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approximately constant during the plasma pulse (each pump being cooled and
heated sequentially), at 7 kW + 0.125 kg/s of liquid helium and 3.5 kW during
"long-term stand-by".

There are two crucial functional requirements which drive the design of the
cryogenic system. Firstly, cooling of the magnet system has to be such that,
during normal operation, the windings remain superconducting when subject to
the most adverse heat deposition associated with the intrinsically pulsed loads.
Secondly, the pulsed heat loads have to be reconciled with the LHe
refrigerator/liquifier plant, which is essentially a steady-state device. If
unmitigated heat pulses were allowed to propagate to the cryoplant, the energy
and mass balance of the latter would be perturbed, and the cryoplant would
become uncontrollable above a certain but rather small level of imbalance.

The two crucial requirements mentioned above are related, in that the
magnitude of heat load fluctuations in the return helium flow to the
refrigerator/liquifier plant can be reduced by designing the magnet system
cooling to allow the maximum accumulation of heat pulse energy within the
system so that it acts as a thermal buffer. This approach is being pursued to
minimize the impact of pulsed heat loads on the LHe plant. Even so, it is
presently foreseen that some provision for pulse heat load accumulation external
to the magnet system will be required, as described in Section 4.3.3.2.

Figure 4.3.3.2-1 shows that the coil windings (which must remain
superconducting at all times) are cooled by a supercritical He flow, driven by a
cold pump, which transfers the heat to a volume of liquid He through an
exchanger. This liquid volume integrates the heat load during a certain period of
time, being continuously cooled by the He refrigerator.

The coil cases suffer the largest share of heat load variations due to eddy currents
and during a plasma disruption. Being partially thermally insulated from the
windings (through the large ground electrical insulation), they should be allowed
to have the largest temperature excursion, as a first heat integrator, but an
additional specific thermal buffer will be necessary in front of the refrigerator.

The three Tables 4.3.2.1, 2 and 3 provide the different heat loads. The first shows
the energy deposited in the magnet system during a burning plasma pulse, but
independent of the flat top duration, and during a disruption. From these loads
the need for an integrator is easily recognized. For example, during the plasma
current rise in 150 s, the average power, additional to the steady state one, will
amount to 31/150 MJ/s «= 200 kW. On the other hand, the average power during
the flat top additional to the steady state one, amounts to only 53.5/1000 MJ/s =
53.5 kW.
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TABLE 4.3.2.1
Pulsed Heat Depositions (MJ) in the Magnet System,

(Including Disruption) During a Burning Plasma Pulse but
Independant of the Flat Top Duration

Conductor AC loss
TF
PF
CS

Eddy Current Loss
TFCase

Structure

Friction Loss
CS Winding
Outer Cylinder

lup Flat Top I down Total Disruption

1.0
2.5

6.6

1.3
2.3
1.0

2.1
4.9
3.1

4.4
9.7

10.7

4.0
6.4
8.0

6.6

10.9

2.6
4.4

4.0
6.5

13.2

21.8

35.0

7.0

1.7

1.7

-

-
1.7
1.7

3.4
3.4

TABLE 4.3.2.2
Average Heat Power Load (kW) in the Magnet System During

the Flat Top of a Burning Plasma Pulse Due to Magnetic
and Nuclear Heating

Conductor AC Loss
TF
PF
CS

Eddy Current Loss
TFCase

Nuclear Heating (3)

TF Conductor

TFCase
PF Coil

Joint Loss
CS
PF

Total

Control Loss

Vertical
Displacement (1)

Plasma Beta
Loss (2)

1.4
1.6
0.0

4.4
7.3
1.2

1.4 7.9

4.8
12.2
2.1

0.6
1.8

53.5

Note : (1) a 1 cm plasma vertical displacement is assumed every 1.5 s
(2) a 20% plasma 6 loss is assumed every 50 s
(3) present assumption for nuclear heating of all magnets

during burn =17kW
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TABLE 4.3.2.3
Steady State Heat Power (kW) in the Magnet System

Busbars and Cryodistribution
TF Joint Loss
Thermal Radiation (1)

TFCase

PF Coil

TF + PF Structure

Thermal Conduction
Gravity Support
Vacuum Vessel Support

Cold Pump
Cold Compressors
Total
+ TF Current leads

5

1.5

2

2

3

2
0.3

During Stand By

6
0

21.8

Pulse
23
6

44.8
0.230 kg/sLHe

Note: (1) Present assumption for global radiation from 80 K thermal
shields to the magnets = 7 kW

It is also clear from the amount of energy released in the TF case and structures
(~ 42 MJ) that the design of their cooling arrangement deserves special treatment
to smooth out the load. On the contrary, the buffer which exists in the cooling
path of the windings (the liquid He volume in the cold box) can handle the loads
from a disruption, as well as those associated with the plasma current variations.

The true steady state power has two values. The smallest one (22 kW
+ 0.225 kg/s of liquid He for cooling the current leads to room temperature) is to
be removed during "long-term standby", when no plasma pulse is under
preparation, and the other (45 kW + 0.240 kg/s) which occurs during the
preparation of a plasma pulse and/or during the dwell time between two pulses,
if they are close enough in sequence not to justify a decrease in the coil windings
He flow.

To sum up, the requirements from the magnet system to the cryogenic plant are:

• 22 kW at the lowest temperature level + 0,225 kg/s of liquid He in true
steady state (long term standby for example);

• 53.5 kW + 45 kW = 98.5 kW + 0,240 kg/s in almost steady state during
very long pulses, i.e., pulses whose flat top is much longer than the
average transit time of He in the winding length (~ 1000 s). An
additional power capacity (may be between 10 and 20 kW) is necessary,
corresponding to the slow removal of the energy deposited in the
magnet during plasma current variations at start and end of the plasma
pulse, but will depend quite strongly on the design of the thermal
buffers; clearly there will be a trade-off between the capital investment
in these buffers and the power capacity of the plant.
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For plasma pulses of flat top smaller than or about 1000 s, the total energy
dissipated in the magnet during the flat top can be integrated in the designed
buffers, and the average cryoplant required will be smaller than the previous
value of 110-120 kW. How much smaller will depend on the on-going detailed
design analysis, and on the exact values of pulsed heat loads, which rely mostly
now on assumptions that will become clearer with progress in the design of the
whole ITER machine.

Nevertheless, a strategic choice for the procurement of the ITER cryoplant is
clearly to allow for an increase in its power capacity from an initial value for the
first plasma pulses to a larger one, only confirmed after a few years of full fusion
power operation. This strategy will be made easier to implement by building the
plant from parallel modules.

4.3.3 Cryoplant conceptual design

4.3.3.1 Full cryoplant design

Studies to date have shown that He cryo-plant modules up to a capacity of 25 kW
can be manufactured using the current technology base. According to the above
analysis, five or six such modules will be needed to cool the magnet system and
the divertor cryopumps for operation with very long burn plasma pulses and
eventual steady state operation. The cooling of the neutral beam injector
cryopumps, the pellet injector, and other small users such as gyrotrons, can be
supplied from the cryoplant, or from a dedicated cryosupply. These options are
presently being studied.

To meet the initial requirements of the BPP, there are advantages in installing an
initial, lower capacity cryoplant, for the following reasons. Firstly, the
requirement to cooldown the magnet system and thermal shields in one month
can be met by three 25 kW LHe plant modules (total 75 kW), so this
consideration puts a lower bound on the initial cryoplant capacity if the specified
cooldown duration is to be achieved. Secondly, the operational availability
during the first years of the BPP is less that 10%, and it would be cost-effective to
install the smallest capacity needed for this phase. Thirdly, the ITER machine is
an experimental device which may, in the course of BPP operation, reveal
cryogenic cooling requirements not fully anticipated at the design stage. If this
proves to be the case, any modifications required in the light of experience can be
incorporated into the design of the additional cryoplant equipment needed to
form the full cryoplant, before the latter is procured.

On account of the cost effectiveness of an initial cryoplant concept, studies have
been made to scope its operational capability, starting from the standpoint of
three LHe plant modules, as necessary to cool down the magnet system and
thermal shields in one month. This study is limited to the case of operation with
plasma pulses shorter than or equal to the ITER nominal pulse of 1000 s flat top
at full current, but with an additional interlude between pulses to reduce the
average cooling demand such that it can be met by three LHe plant modules. The
design of the cryoplant has to encompass the cooling requirements of magnets
and divertor cryopumps for all the plasma pulses that will be performed during
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this initial phase of operation. A complete spectrum of all the required pulse
parameters has not yet been established. One possible result of this study could
be that either a fourth cryoplant module has to be added, or a larger interlude
between current pulses than the nominal one of 1200 s, as well as a larger dewar
to accommodate liquid helium, has to be accepted.

4.3.3.2 Thermal buffer requirement

As noted in Section 4.3.2, it is presently foreseen that some provision for thermal
buffers is required, even when maximum use is made of heat load accumulation
within the structural components of the magnet system, in order to present the
cryoplant with acceptably steady loads. As also noted in Section 4.3.2, a full
analysis of the requirements for thermal buffers is not yet available, but a
preliminary study has been made to establish the configuration of a typical
thermal buffer required to smooth the pulsed heat loads. The thermal buffer
considered in this preliminary study is of the constant volume type
(Figure 4.3.3.2-1). The thermal buffer is interposed between the magnet system
component and the cryoplant. Heat pulses are absorbed by a static volume of LHe
which increases in temperature and pressure, and is progressively recooled on a
larger timescale by a two-phase helium flow through the internal passages of a
heat exchanger. This helium is boiled off by the heat flux resulting from a
temperature difference between the static buffer LHe and the saturation
temperature of the two-phase helium. After passing through a phase separator,
the boil-off helium vapour flow returns to the cryoplant through a downstream
pressure regulator which regulates the pressure, and hence the mass flow rate.

For the thermal buffer shown in Figure 4.3.3.2-1, the temperature of the static
LHe increases from 4.11 to 4.42 K during the heat pulse. The final temperature of
the buffer helium is limited to 4.4 K since the presently specified conservative
maximum TF coil case inlet temperature is 4.5 K. Relaxation of this limit will
serve to reduce the buffer size and cost, or allow a LHe plant operating
temperature increase above 4 K, yielding a large increase in cryoplant cooling
efficiency and a consequent decrease in both capital and operational costs.

The thermal buffer considered in this preliminary study is able to accumulate at
a rate of 120 kW/m3, both the nuclear heating and disruption heat loads for the
TF coil case, in a single buffer, so that the same volume of buffer helium
accumulates these two heat pulse sources. The nuclear heating in a given plasma
pulse increases the thermal buffer helium temperature up to about 4.4 K, thereby
limiting the TF coil case inlet temperature to 4.5 K during a non-disruptive
pulse. If a disruption occurs at the end of a plasma pulse, the thermal buffer
helium temperature rises to about 4.8 K, thereby increasing the TF coil case inlet
temperature to 4.9 K.

A detailed transient thermal analysis of magnet structure and coils, and an
assessment of the possibility of thermal accumulation by the case structure, are
needed in order to make a final judgment on the requirements concerning the
minimum inventory of the thermal buffers incorporated in the LHe plant. The
possibility of cooling the crowns and central solenoid pre-load structure in series
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with the TF coil cases will be evaluated with a view to buffer the heat load to the
cryoplant.

4.3.4 Cryoplant description

Figure 4.3.4-1 is a schematic of the cryoplant, in both the initial and full
configurations, which consists of the following main components:

• LHe plant modules of common design (Claude cycle) to cool the
magnets and structures (and possibly the pellet injector, neutral beam
cryopumps, and the divertor cryopumps). Warm compressors are
located in the cryoplant compressor building. The 80 K precooling
boxes and 4.5 K cold boxes of the LHe plant modules are located in the
cold box/dewar building. For the initial cryoplant, three units of
nominally 25 kW will be installed to cool the magnet system. These
will allow magnet system cool-down in one month and BPP operation
(at reduced availability), increased to five units to meet the
requirement of 100% availability for steady state operation. An
additional He plant module may be installed to cool the divertor
cryopumps. A decision on whether this unit is of the same design as
the magnet system LHe modules, or of a dedicated design, will be taken
on the basis of a trade study weighing capital and operating costs, and
reliability, when the heat loads and cooling conditions of the divertor
cryopumps are confirmed by test results. The design of the provision
for cooling the neutral beam injection cryopumps, the pellet injector
and other small users will be performed when the design requirements
are clarified, against the criteria of minimum capital and operating cost.

• Dewar for accumulation of LHe during standby periods, when the
overall availability of the ITER plant is small during the first years of
the BPP.

• LN2 system of nominal capacity 3kg/s (equivalent refrigeration
capacity 1200 kW) for supplying the LHe plant pre-coolers, He
purification, and cooling of the thermal shield helium, and to allow
cooldown of the magnet system within one month.

• Storage to accommodate warm helium from planned magnet warm-up
and after possible quench.

4.3.5 Cryodistribution

The cryodistribution system comprises auxiliary cold boxes (the number,
presently seven, may be reduced if cooling of the TF coil cases in series with the
crowns and central solenoid preload structure proves feasible). These contain
both supercritical helium (SHe) pumps to produce circulation of large SHe mass
flow rates in the coils, and cold He vapor compressors to allow operation at the
low operating temperatures, in particular 4.35 K in the coils, where needed, and
4 K in the thermal buffers. This cryogenic equipment is located in the electrical
termination building. The cryodistribution system also includes long cryolines
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(the number, presently ten, may be reduced). These cryolines connect the
auxiliary cold boxes with the eight cryogenic circular manifolds which are routed
around the cryostat in the tokamak pit. These circular manifolds connect with
the various user systems, and the connection points are the interfaces between
the cryodistribution system and various cryogenic users, including the coil
terminal boxes and valve boxes of the magnet system (the largest cryogenic user),
divertor cryopumps (next largest cryogenic user), and other small users (pellet
injectors, and cryostat pumping).

Each cryoline or manifold is composed of 6-7 supply and return tubes to
distribute SHe flow and 80 K helium, including 80/100 K tubes for thermal
shielding of each cryoline, and to supply the valve boxes of the cryostat and
vacuum vessel thermal shields. Typical outer diameter of each cryogenic
manifold is about 0.6 m and is chosen in such a way to allow sufficient free gap
between the interior cryogenic tubes to enable the use of automatic orbital
welding tools for in-situ assembly and repair. Figure 4.3.5-1 shows the layout in
the tokamak pit of one cryogenic circular manifold (to supply the coil terminal
boxes of 20 TF coil windings and TF coil cases). Figure 4.3.5-2 shows an isometric
view of a cryogenic header with a typical branch connection to a coil terminal
box. Access to the internal cryogenic pipes for an orbital welding tool to make the
field butt welds, is through gaps between adjacent straight segments of the outer
vacuum enclosure of the cryogenic header. Following completion of the butt
welds, and subsequent non-destructive examination, these gaps are closed by
sliding prepositioned sleeves over them and fillet welding the ends of each
sleeve to the outer vacuum pipe which they overlap. Figure 4.3.5-3 shows a cross
section through the same cryogenic header and illustrates that welding tool
access is a major design driver for the layout of the internal cryogenic pipes.

4.3.6 Liquid nitrogen system

The reference design for this system is a plant capable of operating in both the
liquefaction and refrigeration modes so that both normal operation and
cooldown requirements for the magnets can be met with minimum external
delivery (LN2 system filling for initial operation, and following system warmup).
Five LN2 plant units are currently considered as a reference design.

Two stand-alone, medium pressure purification units are incorporated in the
cryoplant as a reference design. These helium gas purification units constantly
purify about 10% of the total mass flow rate produced by the helium compressor
station, which may be too large a value.

The design value of heat load for the 80-100 K helium subsystem to cool the
thermal shields is 225 kW (see Table 4.3.6-1). It should be noted that there is no
allocation for 80 K heat load for fast warmup of the pumping panels of the
divertor cryopumps. This allocation will be made when the warmup helium
mass flow rate is known.

The reference design for cooling the thermal shields is a cold He-gas subsystem
combined with the precooling boxes of the LHe plant. The total mass flow rate of
helium from the warm compressors is cooled to 80 K in the precooling cold boxes

DDR-ITER Plant Design Description Chapter II-Section 4.3-Page 8



31 January 1997

of the LHe plant. A portion of this 80 K helium is circulated through the thermal
shields before being recombined with the remaining part, after which the total
flow passes to the cold boxes of the LHe plant for final cooling to 4.5 K, after a
second pass through the LHe plant precooling boxes to abstract the thermal shield
heat load and recool the combined stream to 80 K. Figure 4.3.6-1 is a schematic of
the thermal shield cooling loop combined with the 80 K precooling boxes of the
LHe plant.

TABLE 4.3.6-1
Heat Loads to the Helium 80-100 K Cooling Loop

(all steady state loads)

Heat loads for 80 K thermal shielding
(80 K He gas cooling subsystem) [kW]
Vacuum vessel thermal shield
Cryostat thermal shield
Thermal housing of divertor cryopumps at
normal operation
Gravity supports
Thermal shielding of cryodistribution system
Contingency
Total

80
30

50

25

25

15
225

4.3.6.1 LN2 system during cooldown

The cool-down scenario of the ITER machine is mainly dependent on the limits
related to cool-down conditions of the superconducting magnet system. During
the first cool-down stage (300 K to 80 K), a graduated decrease of the He
temperature at the inlet of the magnet system is realized to avoid excessive
thermal stress in the coils. Compressed gaseous helium precooled by liquid
nitrogen is used for this cool-down stage. To gradually decrease the He inlet
temperature, warm and cold He flows are mixed in a controlled way.
Preliminary analysis indicates that a total He mass flow of 5.5 kg/s is necessary to
cool down all magnet system components at the same rate of less than 0.5 K per
hour, from room temperature to 80 K, in a period of 22 days. On account of their
relatively small mass, the cooldown of the magnet system thermal shields is
dominated by the thermal radiation heat load, and the helium mass flow needed
to cool them down at the same rate as the magnet system is estimated to be
0.5 kg/s. The thermal shields of the divertor cryopumps can be cooled down after
cooldown of the magnet system. Only three initially-installed LHe plant
modules are required to provide for magnet system and thermal shields
cooldown at a total He mass flow rate of 6 kg/s.

Supercritical helium at 4.5 K is used during the second stage of cooldown (80 K to
4.5 K). The return cold He gas at gradually decreasing temperature (from 80 K to
4.5 K) can be used in the LHe plant cold boxes to reduce LN2 consumption during
this cooldown stage. Cold valves are incorporated in the LHe plant cold boxes, to
return He flow to the heat exchangers at the requisite temperature level.
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4.3.7 Assessment

The progress in the cryoplant design since the IDR has been to consider fully the
consequences of operation with large pulsed heat loads deposited in the magnet
structure due to eddy current losses, nuclear heating, and plasma disruptions. It
is currently anticipated that low temperature thermal buffers will be incorporated
in the cryoplant to allow its operation in the most effective steady conditions, i n
spite of the pulsed heat loads generated in the magnet system.

A design study is needed to determine the feasibility of thermally isolating the TF
coil case from the TF coil windings such that the coil case can be transiently at a
higher temperature than the windings, and if the required thermal buffer
temperature can be higher than 4.1 K, thereby greatly reducing the cryoplant
complexity, and capital and operating costs. This will determine the extent to
which pulsed heat loads can be accumulated within these structures. A final
judgment on the minimum inventory and operating conditions of the thermal
buffers must await the results of the design study noted above. Detailed analysis
of the transient operating conditions of the cryoplant together with the thermal
buffers and magnet and divertor cryopump system is required in support of the
design studies mentioned above.

For the divertor cyopumps, attention has focused on reducing the helium mass
flow rate requested for rapid cryopump cool-down. The reduction of this mass
flow rate allows a large reduction in the total cooling capacity needed by the
divertor cryopumps. The cryoplant power capacity will not be determined before
the results of these studies.
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4.4 Fuel cycle

4.4.1 Fuel cycle — changes since the IDR

A basic flowsheet of the overall fuel cycle is shown in Figure 4.4.1-1. The major
changes which have occurred since the Interim Design Report (IDR) are noted
below and are discussed in the following sections.

The torus fueling rate has been increased from 100 to 200 Pa m3/s, with the burn
cycle extended from 1000 s to 10000 s since the Interim Design Report. The direct
recycling of exhaust from the pumps to the fueling system has been eliminated.
The major impacts of these revisions on the design of tritium plant processes are:

• increasing the plasma exhaust throughput requirements for the front-
end permeator system from the average 50 to the instantaneous
200 Pa m3/s;

• increasing the capability of the isotope separation (ISS) from 20 (40% of
50) to 200 Pa m3 /s (100% of 200), and doubling the tritium inventory to
280 g, to remove protium and produce 50Pam3 /s of 90% tritium
(formerly 5 Pa m3/s).

Mechanisms to inject gas and pellets as part of the disruption mitigation and
fusion safety shutdown schemes have been added, as has consideration of first
wall conditioning. The torus vacuum rough pumping has been changed to
Roots blowers and mechanical pumps.

4.4.2 Fueling

4.4.2.1 Introduction

The fueling system comprises a gas fueling system (including a safety fusion
power shutdown system), a pellet injection system including a killer pellet
injector for disruption mitigation, and a wall conditioning system. All the gases
injected through the various fueling systems into the torus will be supplied by
the tritium plant. An overall sketch is shown in Figure 4.4.2.1-1.

4.4.2.2 Gas fueling

Functionally, the gas fueling system comprises two independent sub-systems, the
first being the gas injection system (GIS) to supply gases for normal operation (to
the vacuum vessel and to the NB injection system), and the second being the
fusion power shutdown system.

4.4.2.2.1 Gas injection

During plasma operations the GIS will be required to provide initial gas filling
prior to plasma initiation, gas supply during plasma density ramp-up, steady state
DT burn, controlled fusion power and density ramp down, gas to support
induced flow in the scrape-off layer (impurity sweeping), and to provide divertor
heat flux control by radiative cooling (seed impurities).
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To provide flexibility for physics operation (e.g., between minimum neutral
density in the main chamber and strong plasma flows in the scrape-off layer
(SOL)), gas injection will be provided at two poloidal elevations, the top of the
plasma chamber (main chamber injection system) and in the divertor chamber
(divertor injection system). To minimize first wall erosion by charge exchange
(CX) sputtering, the gas injected will be distributed toroidally to five discrete
locations at each of the two elevations. To promote poloidal distribution of the
injected gas (~ 1 to 2 m from each pipe), the injection pipes at the top of the
machine will end at the front of the back plate inside the 2 cm gap between
blanket modules (i.e., ~ 50 cm from the plasma) and in the private (i.e., not
connected to the main plasma chamber) flux region behind the wings in the
divertor.

The GIS will consist of ten gas valve boxes, one per injection location as shown
in Figure 4.4.2.1-1. The system will allow the injection of up to six gases
simultaneously, but typically will be used for three hydrogenic species and three
impurity gases (e.g., D, T, DT, Ar, Ne, and He). During wall conditioning with
reactive gases such as diborane (B2D6), one of the impurity lines will be used for
the delivery of this gas.

The total tritium inventory of the gas injection system at a pressure of 0.1 MPa
with a 50/50 DT mixture supplied by a 20 mm line and T2 by a 10 mm line will be
~20g.

4.4.2.2.2 Main chamber gas injection

The main chamber gas injection system consists of five valve boxes spread
evenly around the biological shield inside the upper heat transfer vault. These
valve boxes are connected by a ring manifold system routed along the biological
shield in the upper heat transport system (HTS) vault and subsequently routed to
the tritium plant. The fueling lines are sized to provide 200 Pa m3/s throughput
for D and DT gas and 100 Pa m3/s for all other gases at a delivery pressure of
0.1 MPa. The one T line provided is 10 mm diameter and the other five lines are
20 mm. A 50 mm line is provided for pumping/flushing of the fueling lines.
The primary gas delivery lines and the secondary containment line and valve
boxes can withstand 0.5 MPa.

The valve box, nominally 0.51 m diameter x 0.66 m high, will be shielded against
the magnetic field of ~ 0.1 T to 0.2 T present in the upper HTS vault. The valve
arrangement inside each valve box (see above) allows independent injection of
six fueling gases while using a common 10 mm discharge manifold connected to
the plasma chamber. This common manifold is, in addition, connected through
a valve to the pumping flushing line and thus allows each gas injection line to
be pumped and flushed prior to changeover to a different gas. It also permits
puffing tests for each gas species during commissioning, without using the
plasma chamber (isolation valve to torus closed, isolation valve to pumping line
open). Two 0.5 MPa isolation valves can isolate the fueling system from the
torus in case of a pressure excursion. They can also be employed to stop fueling
of the plasma instantly, thus allowing shutdown of the fusion power within
~ 10 s (slow fusion power shutdown). Two puffing valves bypass the flow
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controllers of two of the impurity injection lines. This allows an even faster
fusion power shutdown (~3s) induced by strong impurity gas puffing
(~ 500 Pa mVs).

The gas discharge manifold is routed from the valve box through the guardpipe
together with the upper blanket cooling pipes to the upper port. The injection
line then enters the vacuum vessel (VV) through a feedthrough in the upper
port flange and is routed vertically downward along the cooling pipes
penetrating the blanket back plate between two blanket modules. The length of
the discharge line from the valve box to the blanket back plate is ~ 25 m
providing a response time of ~ 500 ms. The delivery between blanket modules
allows a poloidal distribution of the gas before reaching the plasma, thus
reducing CX sputtering (erosion).

4.4.2.2.3 Divertor gas injection

With the exception of the routing of the delivery and injection lines, this system
is identical to that of the main chamber gas injection system.

The five divertor gas injection system valve boxes are equally spaced around the
machine at the divertor pit level and mounted at the biological shield between
cryopump ports. The valve boxes are connected by a ring manifold routed at the
top of the equatorial level outside the bioshield. From the ring manifold, the gas
supply lines will be routed into the gallery and through one of the vertical piping
shafts to the upper HTS vault and then to the tritium plant.

4.4.2.2.4 Neutral beam injection gas supply

The NBI gas supply system will be similar to the main chamber gas injection
system with the exception that it is designed for only two independent gases
(H and D). The total fueling rate for the NB injection heating system (three
modules) will be 40 Pa m3 /s D2 gas for a DT discharge and 105 Pa rn-Vs H2 gas for
a hydrogen discharge.

The physical interface between the NB injector and the fueling system will be the
high voltage deck near the NB injectors. A similar pipe manifold as described
above will be routed from the tritium plant to the NB injection high voltage
deck. This particular manifold, however, consists of only two fueling lines (for H
and D), and a flushing/pumping line which are again secondarily contained.
These lines will terminate in a valve box similar to the ones described above, but
incorporating only the components required for two gas delivery lines. The line
sizing and pressure rating of equipment will be identical to that of the main
chamber gas injection system.

The diagnostic neutral beam (DNB) system will be identical to that of the NB
injection system except the fueling rate for this system will be 13 Pa m3/s of
deuterium gas to the neutraliser and 12 Pa m3 /s of protium gas to the ion source
for either protium or deuterium. The NB injection and DNB will use a common
gas delivery system from the tritium plant with local distribution between the
four valve boxes located at the high voltage deck. Because of high voltage
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insulation requirements (to avoid breakdown in the gas), all the gases will be
delivered with 0.2 MPa pressure.

4.4.2.2.5 Fusion power shutdown

A fast fusion power shutdown system is required. Studies are being carried on to
see how it may be implemented. A preliminary concept is described in the
following. However, further R&D is required to give confidence that this system
will be effective.

An impurity gas delivery system, for injecting two different gas species (e.g., Ne
and Ar) comprises five independent impurity gas delivery systems located
adjacent to the valve boxes of the main chamber GIS and uses the same torus
injection manifolds as the GIS. The system comprises two gas bottles at each
location which are charged with the selected injection gas from the GIS gas
delivery manifold. Located between the gas delivery manifold and each gas bottle
are two 0.5 MPa isolation valves which are normally closed and opened only for
the charging of the gas bottle. The outlet connection from each gas bottle is
connected to the gas injection manifold via a normally closed isolation valve.
The gas bottles are pressurised to 0.2 MPa and provide an injection rate of
500 Pa m3/s into the torus. Preliminary estimates indicate that fusion power
shutdown and a consequent disruption will occur within 3 s.

4.4.2.3 Pellet injection fueling

4.4.2.3.1 System

The pellet fueling system will consist of a steady state pellet injector capable of
injecting hydrogenic species for fueling and impurity pellets for physics
experiments or wall conditioning. In addition, a stand-alone, "killer pellet"
system will be provided for rapid discharge termination as a part of the shut-
down disruption mitigation systems.

4.4.2.3.2 Steady state pellet injection

The pellet injection system will provide a fueling rate of 50 Pa m3/s with pure T2
pellets and 100 Pa m3 /s for other hydrogenic species in the form of pellets in the
range of 3-10 mm diameter at speeds of up to 1.5 km/s. These parameters have
been selected to aim at pellet penetration beyond the ELM-affected zone (~ 15% of
minor radius) and to limit density excursions and resulting fusion power
excursions to < 10%.

The reference pellet injector selected is a centrifuge. The selection of this type of
injector eliminates the need for differential-pumping of the pellet injection line
and the attendant reprocessing requirements for propellant gas.

The steady state pellet injection system will consist of:

• two centrifuge pellet injector drivers;

• three extruders per injector;
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• a feed manifold for the gas supply (six gas lines and a pumping/
flushing line);

• a continuous regenerating cryopump per injector;

• a pellet injector cask housing the two injector assemblies;

• a flight tube per injector connected through an equatorial port to the
plasma chamber;

• a diagnostic, control and data acquisition system per injector.

Two centrifuge pellet injectors are installed inside a transport cask (6 m long x
4 m high x 3 m wide) located at the equatorial level. At its operation location, the
cask will be positioned 2 m from the port flange and clamped to the rails with
hands-on operated clamps.

The pellet injector cask is similar to the remote handling casks and compatible
with the rails connecting every port with the hot cell building. The cask will
provide secondary containment for all the equipment located inside and be rated
at 0.2 MPa. The cask construction will be a nominally 20 mm thick shell with
reinforcing ribs.

A valve box similar to that used for the GIS will be used for the gas supply to
each of the two injectors through two doubly-contained 10 mm diameter flexible
pipes. The valve boxes will be mounted adjacent to the wall between the pit and
the gallery and connected through a ring manifold, similar to that used for the
GIS to the tritium plant. Cryogenic, service vacuum, and electrical connections
will be located to allow connection to the rear of the cask and will be designed for
hands-on operation.

Each pellet injector is connected to the torus via a 5 cm diameter flight tube
exiting into the plasma chamber in the gap between two blanket modules. The
flight tubes are routed alongside the limiter/baffle cooling pipes at the bottom of
the port, through the VV flange into the interspace volume, and finally exit the
cryostat flange outside the cask cross section on the side of the port near the
cooling pipes. Outside the cryostat the two flight tubes are doubly-contained,
ending in a 0.2 MPa rated valve box which houses two 0.5 MPa rated isolation
valves for each injection line.

During operation the cask is connected with two doubly-contained 4 m long
flight tubes to this valve box. The flanges on both ends of these interconnecting
tubes are hands-on operated. Two further isolation valves, one per line, located
just inside the pellet injector cask allow the cask to be isolated from the
interconnecting tubes during maintenance or for transfer to the hot cell. The 4 m
space between the cask and the cryostat flange will incorporate a short, cask-
mounted, diagnostic platform.

Each of the injectors has three extruders of which one is producing pellets, one is
making ice, and the other one is in standby mode. The standby extruder will also
be used for pumping the exhaust of the continuously regenerating cryopumps
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during operation. This approach reduces the cooling and gas delivery
requirements of the pellet injection system by recovering the 20-30% loss
occurring during formation and acceleration of the pellet. The two continuously
regenerating cryopumps, "snail pumps", are mounted to the injector and keep
the injectors and the flight tubes under high vacuum. The exhaust of these
pumps is also connected to the vacuum service manifold allowing discharge
through the vacuum pumping system. This vacuum service manifold is also
used to back a small turbo pump used for pumping the guard vacuum system of
the injector.

Only one of the two injectors is active during plasma operations, the second
injector being on standby and available for immediate operation, if required,
following a failure of the operational unit (redundancy). This standby injector
will also be available for physics programs where impurity pellet injection is
required (e.g., Ne, Ar, etc.) by adjusting the extruder temperature.

The major parameters of the pellet injector system are shown in Table 4.4.2.3-1
below:

TABLE 4.4.2.3-1
Pellet Injector System Major Parameters

Number of Injectors
Fueling Rate

Pellet Speed

Pellet Diameter

Pellet Gas Species
Repetition Rate

Injection Time

2 (1 operational, 1 stand-by)

100Pam3 /sforH/D/DT

50Pam3 /sforT

650 m/s-1500 m/s

3mm-10mm
H, D, T, DT
2 Hz for 10 mm pellet

10 Hz for 6 mm pellet

50 Hz for 3 mm pellet

up to 10000 s

4.4.2.3.3 Killer pellet injection system

A candidate system for discharge termination is called the "killer pellet"
injection system. The concept is detailed below but it should be borne in mind
that it may undergo substantial changes during the remainder of the EDA.

A separate simple mechanical pellet injection system would be installed on the
pellet injector port. The injector will be controlled by CODAC. The requirement
to provide a reliable and quick impurity pellet(s)-based discharge termination,
leads to the choice of solid state pellets and a simple injection system (e.g.,
pneumatic gun). Impurity pellets made out of Li, Be, B or C are currently being
considered.

To ablate the pellets well inside the plasma, a speed of > 500 m/s with a relatively
large pellet mass equivalent to a pellet > 10 mm is envisaged. Due to the
different plasma conditions which could be encountered during the injection
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and the potential damage that could occur to the first wall, in particular in the
case of a low temperature plasma, a single pellet is unacceptable. As a result, a
shotgun approach is being considered in which - 50 pellets of 3 mm diameter are
injected "at once".

4.4.2.3.4 Maintenance

Any substantial maintenance of the pellet injector cask will be generally done
outside the pit in the hot cell area. To this end the cask will be decoupled from
the flight tubes and service connections. The connection tubes remaining in the
pit will be valved off and, where necessary, packed into temporary glove boxes.

In the hot cell area a maintenance and test bed enclosure is foreseen for the pellet
injector cask. After repair or regular maintenance, the injectors will be tested
before moving the cask back into the pit. Time-limited maintenance tasks will be
performed inside the pit through a controlled access which will allow service
technicians to enter the cask while wearing protective clothing.

During operation, the cask is filled with an inert gas and monitored for tritium,
water, and air leaks. The jacket around the torus valves will be maintained at a
low pressure for rapid tritium leak detection. The centrifuge injector housings
will be designed to contain the largest credible fragment from a rotor failure at
the rated speed.

The maximum tritium working inventory in the pellet injection system is 65 g
(extruder: 50 g, continuous cryopump: 8 g, gas lines/manifold: 7 g).

The killer pellet system will be in a double-contained housing rated at 0.5 MPa
outside the cryostat flange but inside the bioshield. This housing will contain the
turning mechanism (pneumatic cylinder) for the revolver disk and the firing
valve as well as the gas reservoir. The volume of this housing will be sized so
that a leak in the gas reservoir would result in a pressure below 0.5 MPa.
Maintenance will involve removal of the unit from the machine and will be
done hands-on after removing a bioshield sub-plug behind the system.

4.4.2.4 Wall conditioning

4.4.2.4.1 Introduction

Wall conditioning will be used prior to plasma operation to remove water,
oxygen and other impurities from the plasma facing walls; clean, secondary
surfaces not directly interacting with the plasma but potential sources of plasma
impurities; reduce hydrogenic gas recycling from the walls (desorption) during
plasma start-up; and minimize the in-vessel tritium inventory by the removal of
co-deposited layers.

A combination of surface conditioning techniques comprising baking, glow
discharge cleaning (GDC), electron cyclotron resonance discharge cleaning (ECR)
and reactive gas purging will be used. The use of thin film coating will also be
considered.
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The baseline methods adopted for wall conditioning will be baking of all the in-
vessel components to 240°C, reactive gas purging with gases such as diborane
(B2D6) to clean hidden surfaces, GDC without toroidal field using D and He, and
ECR-DC with toroidal field using D and He. Boronization using GDC and
diborane gas injection may be necessary if W migrates to areas where it causes
difficulties with plasma operation. The present concept for the removal of co-
deposited tritium layers will be to apply a glow discharge while fueling with a
mixture of D, Ar, and O.

4.4.2.4.2 Baking

Baking will be undertaken following a vent of the machine to atmospheric
pressure. The vacuum vessel will be limited to 200°C and the shield blanket,
divertor, and other in-vessel components will be heated to 240°C by the heat
transfer systems (cooling water circulated through an electric heater with
secondary heat exchanger off). The bake-out will be undertaken for a period of
~ 100 h until the impurity partial pressures drop to < 10"3 Pa. Following this
initial bake-out, while the temperature is maintained, reactive gas purging and
glow discharge cleaning will be undertaken. At the completion of the bake-out
and wall conditioning cycle, the in-vessel components will be cooled to an
operating temperature of ~ 150°C, at which time the partial pressures for
impurities will be < 10'7 Pa and < 10"5 Pa for hydrogen isotopes.

4.4.2.4.3 Reactive gas purge

Reactive gas purging with diborane (B2D6) gas will be undertaken following the
initial baking period to remove impurities such as oxygen from in-vessel
surfaces which are not accessible by glow discharge cleaning. With pumping
suspended, the vacuum vessel will be back-filled with diborane (B2D6) to ~ 0.5 Pa
for a few hours. During this period the chemical reaction (B2D6 + 3 MO -> B2O3 +
3M + 3D2) takes place, removing oxygen. This method has been successfully
applied in the TEXTOR tokamak. It is planned to develop detailed operating
conditions and assess impurity removal rates based on this experience.

4.4.2.4.4 Glow discharge cleaning system

A current density of ~ 0.1 A/m2 (experience from present tokamaks) over an
accessible surface area of ~ 1000 m2 will require a GDC current of ~ 100 A. To this
end, five electrodes will be used in order to limit the GDC current per electrode to
~ 20 to 25 A. These electrodes will be inserted from five upper ports through a
similar mechanism as used for the viewing system. During plasma operation
the electrodes will be retracted and the holes in the blanket and VV shield will be
closed with the same mechanism as foreseen for the viewing system.

Two preliminary concepts are presently being discussed for the GDC electrodes:
the first in which they are combined with the viewing system, and the second in
which separate ports are used. In the latter case, only the design of the viewing
system mechanisms, in particular, the blanket and VV shield area, will be
utilized. During plasma operation the GDC electrodes will not be retracted
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above the cryostat lid, thus simplifying the design and the confinement barriers
(no valves, just electric, cooling water and pneumatic feedthroughs). With the
other approach, an exchange of the viewing system assembly with a GDC
assembly will be required. The advantages of this approach are that most of the
viewing mechanisms are retained and only the part which is lowered into the
vessel is replaced when changing from GDC to viewing. Thus, no additional
systems or port space are required. An assessment of these two approaches and
cost estimates will be done before the end of 1997.

During GDC the electrodes, about 0.15 m in diameter and 0.3 m long, will be
inserted into the vacuum vessel protruding about 1 m from the first wall surface.
The drive mechanism will be ~ 0.4 m diameter and 7 m long (if not combined
with the viewing system). The electrodes will be supplied from a constant
current steady state DC voltage power supply of ~ 1000 V located in the vacuum
pump room. The vacuum vessel pressure will be actively controlled to ~ 0.1 Pa
during GDC and the discharge gases will be hydrogen and deuterium for
impurity removal, helium for degassing of hydrogenic gas absorbed in the
plasma facing components, and diborane for boronization.

4.4.2.4.5 Electron cyclotron resonance discharge cleaning system

For ECR-DC, two start-up systems (90 to 140 GHz) and one heating and current
drive system (170 GHz) will be used. For wall conditioning, the required ECR
power is about 1 MW. In the case of the start-up system, the frequency will be
varied in the range between 90 and 140 GHz by a tuneable gyrotron. The
resonance location will be swept from the low toroidal field area to the high
toroidal field area. But, even when including the 170 GHz frequency of the
heating system, the full width of the plasma chamber cannot be covered. An
alternate method to move the resonance layer is to change the toroidal magnetic
field in the range from 4.2 T to 5.7 T at the machine center. However, the
requirement for this variation of the magnetic field needs to be studied given the
magnet design limitation (stress levels) for the total number of TF cycles. A
combination of frequency variation and field variation will probably be required
to cover a reasonable area of the plasma facing walls.

The ECR-DC systems have the capability of steady state operation. The
maximum vessel pressure for ECR-DC is about 0.01 to 0.1 Pa. Working gases for
ECR-DC will be the same as for the GDC. This type of discharge has been
demonstrated to efficiently clean plasma facing surfaces in Alcator C-MOD, and
tests are planned on several other tokamaks. Until the efficacy of this method is
more fully established, it will remain a backup option for recovery after a
shutdown, but would in any event be used between discharges where less
efficient impurity/ hydrogen removal will be required.

4.4.2.4.6 Thin film coating

Alternative methods such as thin film coating by boronization with GDC or
ECR-DC and solid impurity pellet injection (e.g., Li-pellets) into the plasma
discharge are under consideration.
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4.4.3 Vacuum pumping systems

4.4.3.1 Introduction

The vacuum pumping system comprises the major systems listed below.

• torus vacuum pumping system;

• cryostat vacuum pumping system;

• NB injector auxiliary external pumping system;

• IC H&CD vacuum pumping system;

• EC H&CD vacuum pumping system;

• guard vacuum pumping system;

• service vacuum pumping system;

• diagnostic vacuum pumping system;

• leak detection systems;

• vacuum system pressure relief manifolds;

• vacuum venting gas system.

4.4.3.2 Torus vacuum pumping system

The torus vacuum pumping system comprises:

• torus roughing system;

• torus high vacuum pumping system;

• torus venting system; and

• torus maintenance cover gas re-circulation connections.

The torus roughing system evacuates the torus from atmospheric pressure to the
primary torus cryopump cross-over pressure of 10 Pa and evacuates the primary
cryopumps during regeneration. The design adopted for the torus roughing
system will comprise two pump sets, one for redundancy, each containing two
inlet Roots blower stages backed by a fcur-stage piston pump complete with
interconnecting valves, as shown in Figure 4.4.3.2-1. The torus roughing pumps
are located in the vacuum pumping room and their exhaust is routed to the
tritium plant for reprocessing. A roughing line connects to the torus via a port
that is snared with one of the diagnostics at the equatorial plane. Installed in this
line are two high pressure isolation valves (0.5 MPa rating), the second providing
redundancy, to isolate the roughing system in the event of a pressure excursion
in the torus. A ring header, located at the divertor level, is used to connect the
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regeneration line of each cryopump. This doubly-contained ring header is
connected to a foreline manifold which connects to the roughing pumps. This
manifold incorporates isolation valves that perform a similar function to those
installed in the roughing line.

The torus high vacuum pumping system is used during plasma operation to
pump the torus exhaust consisting primarily of hydrogen isotopes together with
helium and impurity gases. It also provides high vacuum pumping during all
other phases of machine operation including evacuation during dwell periods
between plasma discharges, wall conditioning, bake-out and leak testing.

The design for the torus high vacuum pumping system is based on 16 batch
regenerating cryogenic pumps. These pumps are independently controlled to
allow individual pumps to be regenerated, shut down in the event of failure, or
to regulate the pumping speed at the torus.

The pumps are installed inside the vacuum vessel ports, behind the divertor
cassettes, at the divertor level. The pump installation will be an integral part of
the vacuum vessel service plug to facilitate maintenance.

The pumps (see Figure 4.4.3.2-2) are operated at three nominal temperature
levels: 4.5 K for the cryopanel surfaces, 80 K for the radiation shields and inlet
baffle, and 300 K to maintain the cryopump housing and inlet valve below the
vacuum vessel port temperature. The 80 K radiation shield and inlet baffle
provide an optically-tight, thermal radiation shield to limit heat transfer to the
4.5 K panel. The 80 K inlet baffle also serves to cool the incoming gas before it
reaches the 4.5 K cryopanel surfaces, thereby reducing the heat load to the 4.5 K
surfaces. Cooling of the housing and valve with 300 K gaseous helium is
necessary to reduce the heat transfer to the 80 K surfaces which would occur if
directly exposed to the port which is at 380 K during plasma operations and 475 K
during bake-out.

The cryopanels will be coated on one or both sides with charcoal sorbent material
in order to pump helium. The cryopanels will normally be cooled using
supercritical helium with an inlet temperature and pressure of 4.5 K and 400 kPa
respectively. The surface temperature of the charcoal will be 5.3 K during DT
operations which provides adequate pumping speed, capacity and base pressure
for cryosorption pumping of helium and protium and cryocondensation
pumping of the other hydrogen isotopes.

A valve, mounted on the inlet to the pump, is provided to allow regulation of
pumping speed and also allow total regeneration of the pump.

The total tritium inventory stored in the cryopumps is directly proportional to
the period between successive regenerations. Therefore, the pumps will be
regenerated sequentially during the plasma discharge. At any moment during
plasma operation, 12 of the pumps are pumping the plasma chamber exhaust
and the other four pumps are in various stages of regeneration. The first pump
is undergoing rapid warm-up to 80 K, the second and third pumps are
undergoing gas desorption and evacuation of the desorped gas, and the fourth
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pump is undergoing rapid cool down. Using this scheme, the maximum tritium
inventory of the pumps at a DT fueling rate of 200 Pa m3 /s is 168 g.

The torus is vented to atmospheric pressure through the torus roughing line by
the torus venting system. This system will provide a variable venting rate and
use nitrogen as the vent gas.

4.4.3.3 Cryostat pumping system

The cryostat pumping system comprises:

• cryostat roughing system;

• cryostat high vacuum pumping system;

• cryostat helium pumping system; and

• cryostat venting system.

The cryostat roughing and high vacuum pumping systems are used to initially
evacuate the cryostat to high vacuum prior to the cool down of the magnets. In
addition, the roughing pumps also provide for the recovery of cryostat vacuum
following a large inbreak of helium from the magnet cooling system. The
roughing pump set is similar to those used for the torus roughing system. A set
of supercritical helium cooled cryopumps located inside the cryostat are used to
evacuate the cryostat from the roughing pump cross over pressure to high
vacuum prior to cool down of the magnets. After cooldown of the magnets, the
helium pumping system is used to pump helium that may accumulate in the
cryostat as a result of minor leaks from the magnet cooling systems, thus
preventing the loss of cryostat vacuum and the resulting increased heat load to
the magnets. The helium pumping system is also used for the detection of air
leaks into the cryostat using accumulation leak detection techniques.

The cryostat is vented to atmospheric pressure through the cryostat roughing
line by the cryostat venting system. This system will provide a variable venting
rate and use nitrogen or air (in case of man access) as the vent gas.

4.4.3.4 Heating and current drive vacuum pumping systems

4.4.3.4.1 NB injector and diagnostic neutral beam (DNB) auxiliary pumping
system

The NB and DNB auxiliary pumping system is used to regenerate the three NB
injectors and one DNB injector. The system comprises the following major
elements:

• a single roughing pump set which is shared by the three NB injectors
and one DNB injector; and

• an externally-mounted, auxiliary cryopump connected to each NB
injector.
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The roughing pump system is similar fo that described for the torus roughing
system and is used for the partial regeneration of each NB injector and full
regeneration of each auxiliary cryopump. During a regeneration sequence, the
roughing pump set is used only to evacuate a single NB injector or regenerate
one auxiliary cryopump. The exhaust of the roughing pumps is routed to the
tritium processing plant.

The injectors are roughed down with the torus. Upon reaching crossover
pressure of the torus high vacuum system, ~ 10 Pa, valves are closed and the
pumping switched over to the auxiliary pumping system. The auxiliary
cryopump of each NB Injector then evacuates the injectors to a low enough
pressure, to limit gas conduction heat losses within the NB injector, prior to
cooling down the beamline cryopanels.

During NB injector/DNB regeneration the beamline cryopanels are warmed up
while initially being roughed by the roughing pump set. On achieving a pressure
of ~ 100 Pa the roughing set is isolated and the auxiliary cryopump is used to
complete the evacuation of the NB injector prior to cooling down the beamline
cryopumps. The auxiliary cryopumping system is used as a transfer pump to
effect fast regeneration of the hydrogenic species accumulated by the beamline
cryopumps of each NB injector during NB/DNB operation. The auxiliary
cryopump is subsequently regenerated by the roughing pump system.

The NB injectors/DNB injector are vented to atmospheric pressure through the
torus vent system.

4.4.3.4.2 IC H&CD pumping system

The IC H&CD system includes arrays of eight coaxial transmission lines which
are open at one end to the torus vacuum and closed about 10 m away by double
sets of 0.5 MPa vacuum windows. The annular space in the transmission lines
on the vacuum side of the windows must be maintained below 10"4 Pa to avoid
arcing. It will be necessary to pump the transmission lines at an intermediate
point due to the low conductance from the window to the open end of the
transmission line.

The IC H&CD vacuum pumping system consists of non-evaporable getter pumps
in each transmission line. These pumps have the advantage that they are
simple, small, and can be regenerated back into the tokamak for convenient
handling of tritium. The pumps will reside in the secondary volume between
the vacuum vessel closure flange and the cryostat secondary closure plate.

The interspace between the windows is pumped in the same manner as the
transmission line and provisions are made in the vacuum system design for leak
testing this interspace.

4.4.3.4.3 EC H&CD pumping system

The EC H&CD system consists of arrays of 28 corrugated waveguides which are
routed from the gyrotrons to one of the torus equatorial ports. The waveguides
are open to the torus vacuum at one end and are pumped by the torus. Vacuum
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windows are located several meters away from the open end at a position
corresponding to the port interspace vacuum. The gyrotrons are self pumping
(i.e., with integral getters). The waveguide runs between the windows, and the
gyrotrons must be maintained at < 10~3 Pa vacuum to avoid transmission losses.

The EC H&CD vacuum pumping system will be used to pump the waveguides
between the windows and the gyrotrons. It will consist of common pumping
plenums which are penetrated by 28 waveguides. The waveguides are
"perforated" with many small holes in the plenum region to provide a
conductance path from the interior of the waveguides into the pumping
plenums. The plenums are located every 30 m along the waveguide run and are
pumped by sputter ion pumps. These plenums are valved into the service
manifold to allow initial evacuation prior to ion pump operation. Additional
high vacuum pumps are located at each of the RF conditioning systems.

4.4.3.5 Other vacuum pumping

There are several other vacuum pumping sub-systems which are needed but are
in earlier stages of design. They include the guard, service and diagnostic
vacuum pumping equipment.

4.4.3.6 Leak detection systems

4.4.3.6.1 General approaches

Leak detection of the primary and cryostat vacuum systems will be based on
residual gas analysis using mass spectrometer leak detector (MSLD) techniques.
These techniques will be used both during initial assembly and following the
start of operations. A combination of the following MSLD methods will be used
to test the various systems and components:

• hood testing: the component to be tested is internally pressurized with
tracer gas while in a vacuum, with the vacuum monitored by a MSLD;

• evacuation testing: the component to be tested is evacuated and the
exterior probed with a tracer gas;

• probe testing: the component to be tested is pressurized and the
exterior probed with a high sensitivity sniffer probe;

• spiking: an extension of the hood testing method in which trace
amounts of additives are combined with the water in each cooling
loop, replacing the tracer gas, to produce a unique cracking pattern
when measured by the MSLD;

• accumulation testing: an extension of the hood technique in which the
change in global mass spectrum of a sample from the monitored
vacuum space is compared over time; the sample is collected by an
accumulation pump, e.g., cryopump, and the mass spectrum analyzed
on regeneration;
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• pressure change: a change in pressure within a space is used for leak
indication.

Testing will be undertaken using either global or local test methods. Global
systems will be provided for the torus, cryostat, and general service.

4.4.3.6.2 Testing of major components and systems

The test methods to be used on the following major systems and components are
detailed below:

Vacuum vessel testing and back plate:

Initial leak testing will be conducted before the introduction of water by
pressurizing the cooling circuits with tracer gas and using the hood technique.
Both the torus and cryostat global leak detection systems will be used for
monitoring. Testing will be conducted on each sector of the vacuum vessel and
the two cooling circuits of the back plate. For leak localization, the torus will be
vented and remotely positioned sniffer probes used.

Each water cooling circuit will be spiked to allow isolation of a leak to a specific
cooling circuit. This cooling circuit will be subsequently isolated and dried to
allow further localization of the leak using remotely positioned sniffer probes.

Blanket:

Initial leak testing will be conducted before the introduction of water by
pressurizing the blanket cooling circuits with tracer gas and using the hood
technique. The torus global leak detection system will be used for monitoring.
Testing will be conducted on each cooling circuit of the blanket. For leak
localization, testing will be conducted at both the sector and blanket module level
using remote leak test equipment introduced into the cooling pipes. This
equipment will allow the isolation of individual blanket sectors and modules
and use both hood and evacuation techniques.

The same remote equipment would be used for leak detection following blanket
module replacement.

The water cooling circuit will be spiked to allow isolation of any leak to a specific
cooling circuit. This cooling circuit will be subsequently isolated and dried to
allow further localization using the methods outlined above.

Divertor:

Initial leak testing will be conducted before the introduction of water by
pressurizing the divertor cooling circuits with tracer gas and using the hood
technique. The torus global leak detection systems will be used for monitoring.
Testing will be conducted on each cooling circuit of the divertor. For leak
localization, testing will be conducted at the cassette level using hands-on
assisted leak test equipment located outside the bioshield. This equipment will
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allow the isolation of individual divertor cassettes and use both hood and
evacuation techniques.

The same equipment would be used for leak detection following divertor
replacement.

The water cooling circuit will be spiked to allow isolation of any leak to a specific
cooling circuit. This cooling circuit will be subsequently isolated and dried to
allow further localization using the methods outlined above.

Cryostat double wall:

For leak detection, advantage is taken of the segmentation and a positive
pressure within the double wall of the cryostat. Helium is used as the interspace
filling gas. Both the cryostat global leak detection system and pressure change
techniques are used to localize leaks to the segmentation level. Probe and
evacuation techniques, using the general service leak detection systems, will
then be used for leak isolation.

4.4.4 Tritium plant

4.4.4.1 Summary description

The ITER tritium plant contains a variety of process systems including:

• front-end permeator — separate hydrogen isotopes from all impurities;

• isotope separation — change DT concentration to match fueling
requirements;

• fuel storage — provide proper fuel mixtures to match fueling
requirements, and store process tritium and deuterium during non-
operating periods;

• impurity detritiation — reduce tritium concentration in non-hydrogen
impurities to permit release to the atmosphere;

• tritium recovery from process wastes, heat transfer system cooling
water, waste water, secondary confinement and building atmospheres
to maintain tritium releases at acceptable levels. The water detritiation
is carried out by the water detritiation system (WDS) and the
atmosphere detritiation is carried out by several atmosphere
detritiation systems (ADSs) and associated systems.

4.4.4.2 Front-end permeator

Hydrogen isotopes are separated from exhaust impurities by permeation through
a palladium/silver alloy membrane, operating at 400°C, that is uniquely
permeable to hydrogen. The first stage permeator will be made up of three
parallel units, each with the equivalent of 0.7 m2 of 0.08 mm thick alloy. At the
design permeator operating conditions of 250 kPa in the high pressure tubing,
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200 Pa m 3 /s of an equimolar DT mixture will diffuse into the 50 kPa pure product
side evacuated by Metal Bellows pumps to achieve hydrogen recovery above
95%.

If desired for process reasons, a second permeator stage may be operated with
hydrogen product pressures maintained below 2kPa by two independent
Normetex pumps discharging to the stage 1 Metal Bellows pumps to achieve
overall hydrogen recovery exceeding 99%, thereby reducing the requirements for
the impurity detritiation system.

The permeator feed system consists of Metal Bellows pumps for interface with
the vacuum pumping system discharge at 0.1 MPa. Series Normetex pumps
provide the low pressures required for evacuation of any tritium plant process
system when required.

Two 200 I surge tanks are provided between the feed pumping system and the
permeator to relieve feed streams when the exhaust rate exceeds the capacity of
the permeators and product pumping systems.

4.4.4.3 Impurity detritiation

A decision on selection of the impurity detritiation process, has been deferred.
The candidate processes for detritiation of the impurity stream from the head-
end permeator are: HITEX, CAPRICE, and a combined permeator membrane
reactor (PMR). The CAPRICE process, modified by the addition of redundant
equipment and tanks to provide the additional reliability required for ITER
operation, is used as the basis for cost estimates. The non-hydrogen stream from
the front-end permeator, containing elemental hydrogen, helium, tritiated
hydrocarbons, and tritiated water is collected in one of two 300/ tanks. The
combined impurity stream is circulated continuously, first through a nickel
catalyst where hydrocarbons are decomposed into elements, and then through a
water gas shift catalyst, where carbon monoxide reacts with water to form
hydrogen and carbon dioxide. The carbon dioxide reacts with elemental carbon
on the first catalyst bed to give carbon monoxide.

Hydrogen generated from the decomposition of the hydrocarbons and from
conversion of water vapor is continuously removed from the impurity
processing loop by permeation through another palladium/silver membrane.
The recovered hydrogen is transferred to isotope separation for enrichment, or
hydrogen storage until required. The detritiated impurity stream is transferred to
process waste treatment for release to the atmosphere.

4.4.4.4 Glow discharge cleaning exhaust processing

Glow discharge cleaning (GDC) exhaust may consist of either helium or protium
and deuterium with impurities. Protium and deuterium exhaust will be
processed through the head-end permeator and impurity detritiation systems
exactly like the normal tokamak plasma exhaust with impurities. When helium
is used for the GDC operation, the exhaust will be processed through a liquid
nitrogen cooled molecular sieve (80 K) bed to remove the impurities, with
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helium recycled directly back to the tokamak. The molecular sieve beds will be
regenerated periodically by warming to room temperature and recirculating
helium and impurities to the impurity detritiation system.

4.4.4.5 Process waste detritiation

Gaseous waste streams from throughout the tritium processing systems are
collected in one of two 300 / tanks and processed through an oxidation catalyst
reactor bed to convert elemental and organic hydrogen species to water that is
adsorbed on a molecular sieve to reduce the tritium concentration to a level
acceptable for release to the atmosphere. The detritiated waste is collected in a
200 I tank and periodically discharged to the stack via the vent detritiation
system (VDS).

4.4.4.6 H, D, T isotope separation system (ISS)

The purpose of the isotope separation system (ISS) is to extract tritium from the
water detritiation system (WDS) and to partially separate hydrogen isotopes from
the plasma exhaust flow to allow changes in composition of re-injected fuel.
Cryogenic distillation of hydrogen is the only process available at the ITER-
relevant scale. The system (see Figure 4.4.4.6-1) has five distillation columns and
eleven equilibrators. The separation relies on the slight differences in boiling
points in the 20-25 K range at atmospheric pressure for the six combinations of H,
D and T isotopes. These are in ascending order of boiling points: H2, HD, HT, D2,
DT and T2. The differences in volatility permit separation of isotopes with
tritium concentrating at the bottom and H2 at the top of the distillation cascade.

The purpose of the first column (CD10) is to remove tritium from
predominantly hydrogen-rich streams and to produce a highly detritiated
hydrogen stream as the overhead product, and D2, DT rich stream as the bottom
product for further processing in columns CD20, CD30, and CD50. Appropriate
product recycle lines are provided to permit temporary operation in a closed
system with a concentration and flow profile ready to service resumed plasma
operation. Feeds to the ISS are, as a result of design optimization, divided into
two streams:

• the tritium "lean" ISS feed stream containing a mixture of two streams:

- the NB injector (NBI in Figure 4.4.6-1) source gas — 38 Pa m3/s,
(99% D, 1% T);

- the return stream from water detritiation — 980 Pa m3/s.

• the tritium rich plasma exhaust flow — 208 Pa m3/s containing: 5% H,
23-50% T and balance D, is fed into the opposite end of the distillation
cascade, namely distillation column CD50.

The ISS products are:

• 90% T, 10% D up to 50 Pa m3/s;
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• detritiated H2 reject stream containing less than 10~8 % T;

• where T in feed exceeds 45 Pa m3/s, also a by-product 50% T, 50% D; and

• balance deuterium with maximum 0-6% H.

The system consists of five distillation columns (see Table 4.4.4.6-1). If there is no
plasma operation then only CD 10, 20 and 40 operate. If there is plasma operation
then CD 10, 20, 30 and 50 operate. The CD10 feed, which was in the WDS in
contact with water, is conventionally dehumidified and subsequently, as for the
CD50 feed, further polished in a cryo-adsorber. This is to remove all traces of
impurities which, at the ISS operating temperature, would freeze and
accumulate. The columns, cryo-adsorbers, overhead condensers, heat recovery
exchangers, and reboilers are all located inside the cryogenic cold box. This box
provides both vacuum insulation and hard shell type secondary confinement.
The remaining components, such as pumps, valves and equilibrators, all
operating at ambient temperatures, are located in an inert atmosphere filled
glove box.

TABLE 4.4.4.6-1
Summary of Equipment Design Parameters for ITER ISS

Parameter

# of stages
pressure

column dia.

Location

top/bottom

top/bottom
tritium invent, over oper. range

refrigeration load

Dimension

[kPa]
[mmj

tgl
[W]

CD10

125

110/115
158

1.2- 2.6

1200

CD20

100

110/115
116

3-26
900

CD30

120

110/115

109
0.4 - 2.5

800

CD40

50
140/150

16

10-0

20

CDSO

70
110/115

120/50

157-258

1000

The entire ISS, with the exception of four infrequently operated valves, has no
moving part operating at cryogenic temperatures and/or located in the difficult
to access cold box environment. This is one of the most important design aspects
in achieving a virtually maintenance-free cold box. Because the ISS is inherently
unsuitable for later upgrading, it will be built to full ITER requirements from the
beginning.

4.4.4.7 Water detritiation system (WDS)

The purpose of the water detritiation system is to remove tritium from waste
water and from cooling water. Since the quantities of water involved are
substantial (120kg/h) and the tritium concentration low (from 2Ci/kg steady
state for the coolant to as high as 150 Ci/kg for limited quantities) a well-proven
distillation of water under vacuum (at 50°C) has been chosen for ITER. This unit
produces a detritiated reject stream < 0.001 Ci/kg and a concentrated bottom
product 30 Ci/kg. Tritium from the WDS is transferred into a tritium lean
hydrogen stream by way of catalysis-aided exchange in a vapor phase catalytic
exchange (VPCE) process. The tritium enriched hydrogen from VPCE carries
tritium into the ISS.
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Since the water detritiation need will slowly develop over the life of ITER and
since the technology permits modular deployment, it can be installed in stages.
The WDS flexibility is in terms of tritium concentration but not in terms of water
throughput.

A fully capable ITER WDS system (see Table 4.4.4.7-1) will have a concentration
profile ranging from 0.001 Ci/kg at the low end where water is rejected to the
environment, to 30 Ci/kg. Because the waste detritiation needs will precede the
coolant detritiation needs, the waste section (3/4 of WDS) will be built first and
the remaining coolant detritiation system (1/4 of WDS) later. Where
intermittently high tritium recovery tasks occur, such water will be detritiated
through the VPCE directly, as indicated in the logic diagram Figure 4.4.4.7-1. If,
on occasion, highly contaminated water (e.g., from an ADS) is generated the
water will be recirculated directly through the VPCE until its concentration is
lowered to a level compatible with the WDS feed, and then the water can be
mixed with the feed for once-through treatment before subsequent rejection.
Figure 4.4.4.7-2 indicates the configuration of the water processing system.

TABLE 4.4.4.7-1
Summary of Design Parameters for the Water Detritiation System

Parameter

Number of Stages

Pressure
Temperature

Column Diameter

Number of Sections
Length Column #1

Length Column #2

Length Column #3

Location

top/bottom
top

bottom
top/bottom

total
total
total

Dimension

[kPal
[K]

[K]
[cm]

[m]

[m]

[m]

WD10, WD20

360

11/13
320.9
320.9

122/122

16

29

29

WD30

120
13/15
320.9
338.2

100/100

5

23

VPCE

2

110/120

473
340
10

The distillation columns consist of 3 m long modules, their diameter is 1.2 and
1 m for the waste and coolant WDS, respectively. The WD10 and WD20 will
have 16 sections (8 sections each) and the WD30 5-6 sections. Each section has the
separation power equivalent to 24 theoretical stages and is self-contained with its
own liquid collection and redistribution system. Individual sections are
connected with each other through bolted but sealed welded flanges. Mass
transfer and isotopic exchange is facilitated through intimate liquid to vapor
contact on a copper-bronze, structured packing which has been oxidized for
wetability.

The VPCE unit has two stages, each containing one module with combined
evaporator-superheater and one module combining the catalyst bed and the
condenser-gas/liquid separator. These, with pumps, associated piping, valves
and controls, will be located in a secondary confinement filled with nitrogen at
atmospheric pressure.
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Although the VPCE removes only approximately 2/3 of the tritium from the
lOkg/h feed, it is an essential step for transferring tritium from liquid to
hydrogen making it possible to subsequently process it in the ISS. The transfer of
tritium from water into hydrogen takes place by way of isotopic equilibration
between the tritium rich water and tritium lean hydrogen in the presence of
catalyst at 200°C.

All electric heaters are located in thermo-wells and can be replaced without
entering the primary tritium processing envelope. The operating pressure and
temperature in the VPCE unit are 110-120 kPa (a) and 320-473 K, respectively.

4.4.4.8 Atmosphere detritiation systems (ADSs)

For tritium removal from atmospheres, only a process based on catalytic
oxidation of hydrogen followed with molecular sieve adsorption of the humidity
is available at a scale needed for ITER. A typical ADS unit is shown in
Figure 4.4.4.8-1.

Independent supply and return headers, complete with distribution piping
feeding to and returning from each room in the designated treatment zones, will
also be provided.

When a tritium monitor detects any tritium spill in a process room, it will
immediately set off the local alarm, automatically isolate the ventilation system
from the room, and alert the control center for operator-initiated action or will
start ADS automatically.

Contaminated air from the affected room will first pass through a filter assembly
to remove any loose particles, then it is pre-heated to 150°C for catalytic
conversion of H, D, T into its oxide form. Moisture generated in the recombiner
is partially condensed and removed in two condensers (C-l and C-2), which are
cooled by cold water and chilled water (5°C), respectively.

Remaining moisture in the purified gas is adsorbed in the molecular sieve-filled
drier bed to a discharge dew-point below -65°C. Dried, purified gas is returned to
the confinement of origin. A small quantity of purge flow (14% or 500 cu m/h)
from the ADS discharge will be re-directed to the VDS where it is polished and
discharged to stack to create a reversed leak flow disabling any tritium release
from the affected space.

When a drier bed is filled with moisture, it is replaced with a regenerated unit
and placed into the regeneration service. Regeneration takes place through the
following steps: heating, drying, and cooling.

Heating takes place by circulating gas in a closed loop, pre-heating the gas in the
heat recovery heat exchanger HX-2 and then heating it to 300°C in heater H-3.
Then it will pass onto the bed to release and pick-up the moisture trapped in the
molecular sieve. The hot gas laden with vapor from the regenerated bed will
release its moisture content first in the gas/gas recuperation heat exchanger
(HX-2), and then in the condenser C-3 cooled by chilled water.
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Drying with gas taken from the main process will further reduce the moisture
content of the regenerated bed. The drying gas is propelled by the regeneration
blower B-1.2 at reduced capacity and is heated to 300°C by the regeneration heater
HX-2 before purging the hot regenerated bed. The spent gas will return to the
front end of the main process where it is mixed with the main incoming stream
before it is cooled in condensers C-l and C-2. This drying process will continue
until the dew-point of the regenerated bed reaches the set limit (-85°C).

After drying, the bed must be cooled before it is ready for service. This is done
again by recirculating the cooling gas in the regeneration loop with heat
exchanger C-3 providing the cooling capacity.

Common units

Standby atmosphere detritiation system (ADS) is a 3500 m3 /h unit which is on
stand-by, ready to act in the event of equipment failure of a kind that will result
in tritium release into the building. This is the only unit sized with a single bed
to remove the largest possible release without regeneration in 30-40 hours.

Vent detritiation system (VDS) is a 500 m3/h system and it will treat only a
fraction (at maximum approximately 14%) of the atmospheres treated by the
ADS. Its purpose is to create a building air inflow to prevent or minimize
contamination spread if there is tritium present in the building. This unit will
have also a high temperature recombiner bed to enable oxidation and subsequent
capture of organic materials. Additionally, it treats effluent gasses from the
tritium plant processes.

System dedicated units

Plasma chamber maintenance detritiation system (MDS) is a 3500 m3 /h inert gas
unit which may have to carry out additional functions such as cooling, dust and
oxygen removal, etc. The most challenging design task is adsorbing the large
amount of tritium released after baking from the first wall (up to 1300 Ci/h) with
the very small amount of humidity available, and preventing oxygen transfer to
the first wall components.

Hot cell dedicated atmosphere detritation system (HDS). In general, parts
delivered into the hot cell for repair or disposal have been decontaminated in-
situ as much as possible. Due to the nature of hot cell operation, it must be
expected that secondary release of small amounts of tritium could occur as the
parts are cut, prepared for welding, volume reduced, etc. For this reason, a
continuously operating 500 m3/h unit with an integrated 200 m3 /h VDS is
provided. The dedicated unit is isolated from all other ADS systems mainly to
minimize the probability of beryllium cross-contamination.

Heat transfer vault dryer (HTD). Tritium operation will be gradually
implemented and, approximately five years later, permeation into the coolant
will start. Then a conventional air dryer may be required to continuously
remove tritiated water vapour leaked into the vault from the cooling loops. The
size of the HTD will be determined by the desired tritium concentration in the
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vault and the expected yearly leaks of water from the cooling systems. Both of
these parameters will be known before the drier is procured. In the meantime,
the reference design includes a 3500 m3 /h unit.

Secondary confinement detritiation system. Most tritium handling equipment is
located in a glove box type secondary containment under inert atmosphere.
These will be serviced by a centralized secondary confinement decontamination
system similar to but smaller (50 cu m/h) than the plasma chamber maintenance
MDS.

4.4.4.9 Fuel storage and distribution

This system, with P&I diagram shown in Figure 4.4.4.9-1, provides for storage
and distribution of the DT working inventory during processing and when
operations and systems are shut down, and for the unloading, storage, and
transfer of all tritium received from offsite when needed for fueling.

The system consists of twelve uranium hydride beds, each provided with
independent headers to permit flexibility for simultaneously receiving hydrogen
from the front-end permeator and isotope separation, and for transferring to
torus fueling (3 streams) or to a hydride bed for storage.

Torus fueling and pellet injection systems are each supplied through an
independent system, consisting of a hydride bed, a 200 / surge tank, and Metal
Bellows pump with pressure control loop. Three 200 I tanks are provided for
makeup of specific gas mixtures and for a surge volume to permit control of
supply pressure to the torus fueling system. The tanks and fueling headers are
provided with a mass spectrometer to permit accurate analysis of the feed
mixture. An ion chamber and flowmeter are provided on each fueling line from
the tritium plant to provide an estimate of the fuel gas and tritium fed to the
torus and pellet injection system.

The uranium hydride bed pressure during hydrogen receipt/transfer is
controlled by maintaining uranium bed temperatures in the range of 30-200°C
(< 10 kPa) during receipt and 300-400°C (60-90 kPa) during transfers from the bed.
Each of the hydride beds is surrounded by an evacuated jacket to collect any
hydrogen that permeates through the walls of the heated bed. The jacket may be
evacuated to the front-end permeator as required to maintain the low pressures
required to reduce conduction heat losses during operation.

There are no pressure gauges on the uranium beds, only on the headers servicing
the headers. The pressure gauges were eliminated to provide a simple vessel for
containment of high pressures under accident conditions. Sensors for
measurement of temperature have been retained and are representative of
pressure for a given gas mixture.

4.4.5 Tritium accountability and inventory

The tritium inventory and material balance area summaries are shown in
Figure 4.4.5-1. It is expected that not all the sub-inventories would be allowed to
peak at the same time so that the total could be kept below 4 kg on-site. The

DDR-ITER Plant Design Description Chapter II-Section 4.4-Page 23



31 January 1997

quantity in the torus, and quantities transferred to the hot cell and waste
treatment, have considerable uncertainty. Thus, for tritium accounting
purposes, these inventories are combined. However, the tritium in other parts
of the system can be measured with high accuracy. As a result, to maintain a
working estimate of tritium in the torus, hot cell and waste treatment, it will be
necessary to determine the amount received on site and subtract the amount of
tritium in the process part of the system.

4.4.6 Assessment

The gas fuelling design is progressing and no major problems have been
identified. The existing technology base for centrifuge pellet injectors, together
with the ongoing R&D effort focusing on increased pellet velocities and the
acceleration of large pellets, will provide a solid foundation for the extension of
this technology to ITER parameters.

Wall conditioning techniques will achieve a suitable environment for plasma
operations. However, the key issue for ITER is the development of effective wall
conditioning methods to remove tritium from co-deposited layers. The rate at
which these layers build up is still uncertain, in spite of the large amount of work
and progress in this area. Existing tokamaks and test facilities will continue to be
needed for experimental results as well as more realistic modelling of the co-
deposition process.

The design of the vacuum pumping system is progressing well, though the
following two areas need attention. The torus cryopumps meet the ITER
performance requirements, but the cryogenic helium demands are relatively
high, due to the need for fast regeneration (to minimise tritium inventory and
minimise potential deflagration pressures), and require further optimisation.
Ongoing R&D and design investigations are currently being directed towards
minimising the cryogenic demand during fast regeneration within the these
constraints.

Cost effective and time efficient approaches need to be developed for leak
detection and location which balance the complexity of remotely operated
systems with the use of hands-on techniques in accessible areas.

With the exception of impurity detritiation, the torus exhaust processes and
equipment design are based on proven technologies that have been used in
tritum facilities for many years. The detritiation process selection will be delayed
until completion of ongoing R&D programs on four alternative processes that
are expected to be completed by the the end of EDA.

The ISS cryogenic load will be provided by a standard commercial refrigerator
which will be located outside the secondary confinement. The technology
applied, namely cryogenic distillation, is based on experience with industrial
units in successful operation for the past 30 years. No R&D programs are
essential for the successful application of the above technology. However, there
is an.incentive to reduce the high tritium inventory in CD50 and alternative
solutions are being sought. There are several WDS units of the required kind in
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service. In terms of detritiation performance, ITER uses parameters proven in
practice but not routinely used in the industry, but no R&D is required.

While the drying feature of ITER ADS is routinely used in industry, the
recombining feature is rarely needed and consequently not frequently used.
There are only few such units in operation but their performance has been
measured and is well known. No R&D is required for the conservatively
designed ITER ADS systems.
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4.5 Cryostat and thermal shields

4.5.1 The cryostat system

The cryostat provides the vacuum to limit the residual gas conduction and
convection heat loads to the cryogenic magnet structure. With its extensions, it
forms part of the tokamak second confinement barrier. It also provides decay
heat removal when all vacuum vessel and in-vessel cooling systems have failed.

The IDR identified the need for the cryostat to have a flat lower head to give
space for replacing the lower PF coils without increasing the pit depth. It has
since also been concluded that a flat upper head is desirable to increase the height
of the cylindrical section, such that all the main equipment penetrating the
cryostat wall should do so through the cylinder, thereby minimising the
disturbance caused when removing the complete cryostat flanged upper head.
Both these requirements have been implemented in the present design.

Further design optimization of the cryostat system is needed, mainly to
minimize the overall cost. Additional safety-related studies are needed to
further explore the structural effects of large accidental leaks of cold magnet
helium.

4.5.1.1 Cryostat vessel and ports

The cryostat vessel has been designed to a maximum absolute pressure under
fault conditions of 200 kPa internal and 100 kPa external. Also, it is designed to
survive, without damage, the accidental loss of magnet helium coolant into the
cryostat. Figure 4.5.1.1-1 shows a cross section of the cryostat and the main
dimensions. The upper head is 2.5 m thick which is required for stiffness. The
lower head is 1.0 m thick because it has intermediate supports. The cylinder
walls are 20 mm thick and separated by a 200 mm interspace. The interspace
region between the inner and outer walls is divided into many compartments to
facilitate leak localization.

The cryostat mass is 2,8201 including ribs, flanges, reinforcement and support
skirts. The upper head mass is 9201. The cryostat internal volume is 30,900 m3.
With 12,800 m3 taken up by the machine, main bellows, and cooling pipe
shrouds, the cryostat free volume is 18,100 m3. The overall toroidal resistance is
34 un.

There are many access ports to the cryostat interior. In the upper head, there is
one 7.5 m diameter port on axis for access to and removal of the CS. Removal of
PF2 will require removal either of the entire upper head or cutting a round hole
in it big enough to remove the PF2 coil and the crown. For this reason, the plate
thickness is reduced in that region. Replacement of PF3, PF4, PF8 or TF/VV
sector will require removal of the cryostat lid.

On the lower half of the cylinder, there are four ports, of nominally 3 m
diameter, for access to the lower machine area. On the lower head, there is a
3.8 m diameter port on axis for access to the lower machine inboard of the
closely-spaced gravity supports.
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There is one big flange which connects the upper head to the cylinder. Other
shop-fabricated subassemblies will be welded using a splice-plate technique
similar to that used for the vacuum vessel.

4.5.1.2 Bellows and penetrations

The bellows have been sized for many of the flexible connections among the
vacuum vessel, cryostat, and building, including the PHTSs guard pipes,
equatorial and divertor ports, magnet feedthroughs, and pressure suppression
pipes. Bellows with a cryostat vacuum outside during normal operation have to
be designed for 0.2 MPa differential. The internal design pressure depends on the
nature of the system. The bellows connecting the vacuum vessel equatorial and
divertor ports and the cryostat penetrations form a closed volume with PHTSs
pipes, which could fail and cause a spill of coolant. These closed volumes will be
fitted with pressure relief devices that open below 0.2 MPa differential into the
upper and lower vaults. Similarly, the outer envelopes of the magnet feed lines
will be provided with pressure relief devices discharging to the quench gas
discharge manifolds.

Because of their high cost, the bellows connecting the vacuum vessel ports with
the cryostat penetrations at the equatorial and divertor port locations are
designed to survive, without damage, many accidents with large cold helium
leaks into the cryostat vacuum. This results in the maximum design basis
contraction of the cryostat, but has only a minor effect on the bellows design. The
aforementioned bellows between the equatorial and divertor ports and the
cryostat penetrations are designed as replaceable elements, with access for
replacement from outside the bioshield (see Figure 4.5.1.2-1). Figure 4.5.1.2-2
shows a magnet feedthrough in the upper coil terminal box area, where the
bellows have to accommodate a cryostat downward displacement in the region of
70 mm during an accidental large leak of cold helium into the cryostat.

4.5.1.3 Structural supports

The main gravity support of the cryostat is at the outside diameter of the lower
head, in the form of a continuous skirt connected to the cryostat at its upper end
and with the lower end bolted to a circumferentially continuous corbel-type
structure which is part of the vertical bioshield. The support skirt is splayed
outwards to minimize the radial width of the corbel. The tokamak flexible
support legs bolt onto locally machined abutments in a circumferentially
continuous thick structural annulus. This annulus surmounts the ring pedestal
which comprises two concentric shells 60 mm thick 630 mm apart, joined by ribs.
The cryostat inner wall is welded to the annulus and the outer wall to the 60 m m
shells. The annulus and the two 60 mm shell portions above the interface are
part of the cryostat lower head and will be prefabricated with it, being joined with
the previously installed ring pedestal by butt-welding when the lower head is
positioned in the tokamak pit. The innermost cryostat support is similar to the
ring pedestal support but of lighter design on account of the lower loads.
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4.5.1.4 Assembly, leak detection, and repair of the cryostat

To minimize the total cost of procurement and installation, as much shop
fabrication as feasible will be done, of segments of maximum size while still
conforming to the site transport requirements. The upper head will be
segmented into ten, pie-shaped segments of 36° containing peripheral access
ports, and one circular CS/cryopump access port subassembly. There are eight,
pie-shaped lower head segments of 45° and one, on-axis, circular access port
subassembly. The cryostat cylinder is pre-fabricated in ten circumferential
segments of 36° each. Also, each 36° element is segmented vertically into three
pieces, with joints at 10.97 m from the cylinder top and 5.34 m from the bottom.
The top piece contains the upper PHTSs and magnet feedthrough penetrations,
the middle piece, two divertor and two equatorial penetrations, and the bottom
piece the lower magnet feedthroughs and the four lower access ports (in four
bottom segments only).

Each segment will be shop fabricated as a closed compartment, using the
reinforcing ribs at the edges of each segment to bridge the inner and outer wall
plates to form a closed box. Each segment will be vacuum leak tested at the
supplier's shop. After assembly in the tokamak pit, the same compartments will
be connected to the ITER vacuum pumping system. Thus, in the event of a
global leak in the cryostat wall being detected using the cryostat helium pumping
system, each compartment can be sequentially evacuated to localize the leak to a
given compartment. Differential pumping would be used within the leaking
compartment to control the leak until the next planned shutdown. To localize
the leak on the millimeter scale necessary to do a welded repair, the cryostat will
have to be vented (as part of a planned shutdown), and a helium dispenser
transported to the leaking compartment wall. The dispenser will then have to
traverse the wall until a peak is seen on the leak detector receiving the gas being
pumped from the leaking compartment, as the dispenser passes over the leak
site. The cryostat thermal shield stands off the inner wall by at least 150 mm so
that access is available to do a weld repair to the localized leak site.

4.5.1.5 Thermal shields

The vacuum vessel, cryostat, and port/pipe thermal shields intercept thermal
radiation from components that are at temperatures well above cryogenic, and
therefore emit substantial thermal radiation. The thermal shields reduce this
heat load by over two orders of magnitude. Figure 4.5.1.5-1 shows the locations
of the shields.

The vacuum vessel thermal shield consists of parallel stainless steel fins spaced
apart with cooling tubes between them. Pressurized helium gas at 1.6 MPa is
used as the coolant because of concerns with the activation of nitrogen in a
nuclear environment, and concerns with the formation of frozen ozone, formed
by irradiation of trace oxygen in nitrogen, which could form and accumulate
around the superconducting coils. The helium coolant flows in tubes that are
widely spaced along the fins. The heat fluxes at the tube walls are a few hundred
W/m 2 and the heat transfer coefficient provided by the low speed helium
coolant is more than adequate.
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Figure 4.5.1.5-2 shows a section through the vacuum vessel thermal shield.
There are robust bumpers on each side of the insulated and non-insulated joints.
They are 20 mm wide, 50 mm deep and extend all around the thermal shield.
Their depth extends them to just beyond the passive foils on the hot side and just
beyond the cold fin on the cold side. Closure between the vacuum vessel and the
TF coil case, that could occur during seismic events or asymmetric VDE's, is
stopped by these bumpers in order to prevent crushing the thermal shield. The
cold side of the bumpers is covered with an electrically-insulated face plate.
Attached to the bumpers are cantilevered "centerers" that maintain constant
contact with the TF coil case to provide a constant 20 mm clearance all around,
yet can recess out of the way if the TF coil case contacts the bumper.

Passive, low-emissivity stainless steel foils are mounted on the vacuum vessel
thermal shield on the vacuum vessel side to reduce heat load to the shield
during operation. The foils are not needed on the cold side. These foils are
attached to the shield about every 500 mm, and are curved to react
electromagnetic pressures The foils are attached to the foil supports with
clearance holes to reduce thermal conduction and also to allow the foils to flatten
without buckling when they are compressed together by electromagnetic loads.
Dimples in the foils cause them to rebound to the original spacing after
compression.

The vacuum vessel thermal shield is divided toroidally into 20 subassemblies
which are made up of inboard and outboard sectors. Each subassembly has the
electroinsulating joint located at the TF coil vertical mid-plane. The electrical
insulation is ceramic structure or deposited ceramic. An adjustable joint between
subassemblies is located in the vertical plane between the TF coils and it is not
insulated. The maximum load is at the non-adjustable insulated joint and the
load null is at the adjustable joint. As a result, the shield supports must be
insulated. The inboard and outboard sectors of the vacuum vessel thermal
shield are interconnected with at least one electrically insulated joint poloidally.
The outboard sector of the thermal shield has split-half extensions over the
vacuum vessel ports.

The helium gas coolant enters near the bottom machine supports and exits
alongside the vacuum vessel top ports. For redundancy, only half the tubes in a
sector are operating at any time, including when baking the vacuum vessel at
200°C. Each sector is manifolded with two inlet and two outlet feed pipes per
sector passing through the cryostat. The manifolds are placed in accessible
locations. There are a total of 80 coolant feed pipes traversing the cryostat
vacuum.

For assembly, the vacuum vessel thermal shield sectors are first placed on either
side of a TF coil and the under-coil joint between sector halves is secured. The
thermal shield is attached by shield supports to the TF coil at two locations
inboard and two outboard near the equator. The shield supports are long for low
thermal conduction and for flexibility. The passive foils are installed and a
vacuum vessel sector is inserted. With temporary bracing, this assembly is raised
to the vertical and lowered into the pit. Bridge plates then secure the thermal
shield sectors together before the vacuum vessel splice plates are welded in place.
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The cryostat thermal shield design is similar in principle to the vacuum vessel
thermal shield, but there are important differences because it is more accessible
and therefore can be maintained. Also, it may be necessary to gain access through
the cryostat thermal shield for machine or cryostat maintenance. The cryostat
thermal shield location is chosen based on requirements to (1) place the PHTS
pipes outside of it, (2) allow remote or hands-on access to the machine and the
coil break boxes, (3) allow access to the cryostat inner wall around the
penetrations, (4) allow access to the underside of the machine and allow shield
sector removal to permit replacement of a lower PF coil. All of the coil break
boxes are inside the thermal shield. The coil feeders either pass through the
thermal shield where their temperatures reach about 80 K, or they are covered by
the passive shield sleeves extending up to an area with feeder temperature about
80 K.

The cryostat thermal shield has removable sections to allow access to the
machine. It uses a fixed space frame to which horizontal cooling tubes are
welded. Single, 5 mm thick stainless steel fins with passive foils cover the
"windows" of the space frame. These fins contain no cooling tubes and are easily
removed for access to either side. To satisfy the heat flux requirements, there are
passive foils on both sides. There are also passive foil strips covering the space
frame.

The structural and assembly aspects of the vacuum vessel thermal shield design
are well developed. More comprehensive analysis of the combined radiation
and lateral conduction of heat in the passive foils is needed to confirm the
efficacy of the proposed concept. The reliability level of the vacuum vessel
thermal shield needs to be carefully evaluated. Similar analysis is required for
the cryostat thermal shield, together with studies to ensure compatibility with
assembly and maintenance scenarios.
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4.6 Water cooling system

The configuration and layout of the primary and secondary heat transfer systems
have changed significantly since the IDR. This was mainly induced by the
deletion of all secondary heat transfer systems (SHTSs), between the primary heat
transfer systems (PHTSs) and the site heat rejection system (HRS), for all primary
heat transfer systems except those serving the divertor cassettes and test blanket
modules, and the adoption of a more compact layout that would give an
improved design with respect to efficiency and cost and seismic stability.

Furthermore, it was decided to divide the systems into more loops and in
particular to separate the cooling of the outboard limiter and baffle modules from
the primary first wall modules, such that in case of a leak in in-vessel
components the amount of coolant to be handled and the drying of components
prior to leak detection would be simplified considerably. In case of an ex-vessel
loss of coolant accident (LOCA) in a loop with radioactive coolant inventory, the
resulting steam pressure could be contained by the building structures, thereby
avoiding the release of coolant containing activated corrosion products (ACPs)
and tritium into the environment. Division into loops of roughly equal size has
resulted in a high degree of standardization of components and pipework in the
various systems.

The IDR design featured two large rectangular vaults inside the tokamak hall in
which the main loop components were sited. A pressure vent scrubber system
was connected to each vault. In case of an ex-vessel LOCA, the steam pressure
was vented through the scrubber system. To improve seismic stability, the main
loop components of the PHTSs have now been moved into annular vaults at the
upper and lower pit levels. These two vaults are interconnected by ducts such
that their combined volume is available for expansion of steam during an ex-
vessel LOCA. The present design is therefore based on "closed confinement",
thereby eliminating any environmental impact in case of an ex-vessel LOCA.

The relocation of the loop components of the PHTSs into the pit has resulted i n
considerable shortening of the pipe connections and reduced the secondary
confinement around the pipes to the penetrations through the cryostat and the
vaults.

Tritium permeation into coolant loops is not expected to be measurable before
the end of the BPP. The tritium concentration in the coolant will be kept very
low by processing in a water detritiation system (Section 4.4). Even if the
permeation should turn out to be larger than estimated, this can be efficiently
counteracted by increasing, at modest additional cost, the processing capacity of
the water detritiation system. Initial test data and computer calculations have
given enhanced confidence that, in combination with an efficient coolant
chemistry control and purification system, the concentration of ACPs will be kept
continuously at very low levels. It has therefore been decided that all
intermediate loops, except for those of the divertor cassettes and test blanket
modules, should be eliminated. The divertor secondary heat transfer system
(SHTS) has been retained due to the unavailability of adequate copper alloy
corrosion data applicable to ITER conditions, whereas the SHTSs for test blanket
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modules have been kept for a variety of reasons including incompatibility
between water and primary coolant (in the case of liquid metal), and enhanced
tritium permeation through a heat exchanger due to relatively high primary
coolant temperatures.

The IDR shield blanket module coolant conditions were based on an inlet
temperature of 100°C. In the present design, the coolant inlet temperature for all
in-vessel components is 140°C. This brings the inlet temperature in line with
that of the divertor cassettes and has been selected to avoid excessive neutron-
induced loss of ductility in copper and copper alloys, which occurs when the
material is irradiated below 140°C. Furthermore, the coolant temperature rises
for the primary first wall (PFW)/inboard baffle (IBB) PHTS and limiter/outboard
baffle (L/OBB) PHTS have been increased resulting in lower mass flow rates and
more efficient heat exchangers.

A complete preliminary thermohydraulic redesign for the primary and
secondary heat transfer systems, as well as dimensioning the main components
and performing the layout of the systems in the upper and lower vaults and
surrounding areas has been achieved since the IDR.

As in the case of the primary and secondary heat transport systems, the design of
the heat rejection system has undergone significant development since the IDR.
The cooling tower system was defined in terms of a hot basin, cooling tower array
and cold basin. This has had two beneficial results. It has reduced the number of
cooling towers and it has enabled an increase in the circulating water system
return temperature from 60 to 75°C. Increasing the return temperature, in turn,
has reduced the size of circulating water system pipes and pumps, reduced the
hot basin volume and further decreased the number of cooling towers.

The heat rejection system was reconfigured such that the circulating water flows
by gravity through two parallel, prestressed concrete penstocks (~2,lm in
diameter) from the cold basin in the northwest corner of the site to the -9 m level
in the east and west tokamak services building. The circulating pumps were
relocated to this building. This considerably reduced the lengths of individual
piping runs. The individual cooling loops were redistributed in order to
correspond to the new arrangements for the PFW/IBB, and L/OBB PHTSs and
the divertor SHTS. The decision to use primary side PHTS inlet temperature
control precipitated the decision to use a one-to-two headering arrangement for
the PFW/IBB and L/OBB PHTSs for further cost savings.

Because of the number and size of circulating water cooling loops, it was not
possible to route the piping directly to the HTS vaults. Rather, the piping is now
routed outside the tokamak services building through a below ground pipe chase
to the tritium and electrical termination buildings, where it passes through at the
-2.5 m level to the tokamak building.

Heat rejection system design progress since the IDR consists of:

• completion of all process flow diagrams for the cooling tower system,
main circulating water system and branch loops;
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• optimization, sizing, and material selection of all major piping, pumps,
valves, basins and cooling towers;

• preparation of pipe routing diagrams for the site and buildings.

4.6.1 Function

The heat transfer systems have the following functions:

• remove the heat deposited in the in-vessel components and vacuum
vessel during a plasma pulse, and exhaust it to the environment;

• remove decay heat from the in-vessel components and the vacuum
vessel after plasma shutdown;

• provide the ability to bake the in-vessel components and the vacuum
vessel;

• provide safe confinement of the radioactive inventory of the coolant;

• confine radioactive materials from the torus following any failure of
in-vessel component boundaries;

• remove the heat from auxiliary components.

4.6.2 System configuration

The heat transfer systems comprises all systems necessary to remove the heat
from the ITER plant during plasma operation and dwell periods, as well as from
auxiliary components of the ITER plant, and exhaust it to the environment.
Total heat to be removed by the heat transfer systems is estimated to be
approximately 2.9 GW (see Table 4.6.3.3-1), including heat from auxiliary
component cooling systems, site utilities, etc. This amount of power includes
not only plasma fusion power but also that generated by neutron multiplication
in the vessel systems, and pump power etc. As such, the HTS comprises a
number of closed primary heat transfer systems (PHTSs), secondary heat transfer
systems (SHTSs), as well as the heat rejection system (HRS), together with
various auxiliary systems. The overall water cooling system is depicted in
Figure 4.6.2-1.

4.6.2.1 Primary heat transfer systems

The PHTSs consist of cooling circuits for the primary first wall/inboard baffle
(PFW/ IBB), limiter/outboard baffle (L/OBB), divertor (DV), vacuum vessel
(W), back plate (BP), additional heating system, test blanket modules, and
diagnostics.

It should be noted that the primary first wall (PFW) is referred to sometimes (see
Section 4.1) as the primary module (PM).

The PHTSs serving particular in-vessel components, and the vacuum vessel
itself, are divided into a number of separate loops. The main drivers for the
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division into a relatively large number of loops are to limit the quantity of
coolant released under the worst coolant leak, and to allow a high degree of
standardisation of components.

Design and configuration of the loops are largely based on application of
components developed for nuclear applications. There are, however, two factors
that impose special difficulties on the design. The first is the desire to fit the
loops inside the upper and lower vaults without having to increase the radial
width of these areas. This has some negative impact on maintenance access, as
shown in an initial study. The second is given by the fact that standard ITER
operation will be in a pulsed mode. In the pulsed mode the coolant
temperatures, pressures and flow rates have to be controlled within certain
margins. These ranges are given by a number of limiting parameters including a
minimum coolant inlet temperature (140°C), to avoid copper embrittlement, and
establishment of coolant temperature, pressure and flow conditions that
guarantee a safe margin from critical heat flux at any location inside the
components that are cooled, as well as avoiding excessive thermal stresses in the
in-vessel and ex-vessel loop components.

The applicable ranges within which the coolant parameters have to be controlled,
as well as the control methods to maintain the parameters within these margins,
are under consideration. During a plasma pulse, the coolant exit temperature
follows the power deposition profiles of the in-vessel components, delayed by the
thermal inertia of the components subject to transient temperature conditions.
Temperature changes in the coolant lead to concomittant volume changes. The
latter are accommodated by the pressurizer. Temperature control is achieved by
controlled bypassing of the heat exchanger. Bulk coolant temperature changes
and any changes in loop hydraulic resistance, due to bypassing of the heat
exchanger, lead to changes in flow rate. The three parameters that have to be
controlled within certain margins, i.e., coolant temperature, pressure and flow
rate, are therefore fully interlinked.

During dwell time, the inlet temperature to the in-vessel components has to be
held at nominally 140°C. This requires full bypassing of the heat exchanger,
except for any small heat load due to decay heat and pumping power. The heat
exchanger will therefore be cooled down to approximately 35°C, the temperature
of the circulating water system or SHTS. During burn time, however, up to the
full primary coolant flow may be routed through the heat exchanger, raising the
temperature of this component to a range in between that of the coolant exit
temperature of the in-vessel components (up to 191°C) and the temperature of
the circulating water system. It is clear, therefore, that the chosen method of
temperature control for the in-vessel components leads to temperature
transients in the heat exchanger. The detailed design of the temperature control
method will therefore aim at striking the right balance between providing safe
operation of the loops and keeping the thermal stresses in all loop components
to acceptable levels. On the other hand, component design plays an important
part in reducing thermal stress. In the reference PHTSs layout, conventional
U-tube heat exchangers have been selected with the primary coolant on the tube
side. In this configuration the relatively thin-walled tube bundles are subjected
to the largest temperature fluctuations, whereas the thick shell is subjected to the
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temperature fluctuation of the secondary coolant which are of a much smaller
magnitude, of a much reduced transient nature, and at a lower temperature
level. If required, special thermal protection for the inlet and outlet plenum for
the primary coolant could be foreseen.

The present strategy is to achieve the control functions during a plasma pulse by
using only active control of the bypass valves, whereas the aim is to design the
pressurizer and bypass valve system such that active pressure and flow control
during a pulse would not normally be required.

The W PHTS has a safety role in that it provides the ultimate decay heat
removal for all in-vessel components should the other PHTSs not be available.
For this reason, the VV PHTS is required to have a passive heat removal
capability, i.e., by means of natural convection.

During plasma operation, the PHTSs transfer heat generated in in-vessel
components, including the vacuum vessel, to the environment via the SHTSs or
directly through the HRS. In between pulses, the PHTSs remove decay heat from
the plasma facing components as well as the back plate and vacuum vessel. The
expected maximum decay heat generation at plasma shutdown is ~ 32 MW,
decreasing after one day to approximately 1.5 MW. The design of the vacuum
vessel PHTS is based on providing decay heat removal for all the in-vessel
components by natural convection in case of loss of electric power ("blackout",
i.e., loss of both off-site power and on-site emergency power generated by diesel
generators).

The PHTSs also provides the baking function of the in-vessel components
(240°C) and the vacuum vessel (up to 200°C ). Due to the build-up of ACPs and
permeation of tritium through the first wall into the coolant, the coolant in the
PHTSs, especially the loops serving the first wall including baffles and limiters, as
well as the divertor, may gradually become radioactive. To keep the activity to
acceptably low levels, the affected PHTSs may be connected to chemical and
volume control systems (see Section 4.6.3.4.1) as well as to a water detritiation
plant.

4.6.2.2 Secondary heat transfer systems

The SHTSs are used as intermediate loops between the PHTSs and the HRS to
avoid the release of radioactive materials in the primary coolant into the
environment in case of a heat transfer tube rupture in the heat exchanger (HX).
Given the large uncertainties in copper alloy corrosion behaviour under the
ITER water chemistry and operation conditions, the concentration of ACPs in the
divertor PHTS could be sufficiently large to require secondary (intermediate)
closed loops. The present design is therefore evolving on the basis that the
divertor as well as test blanket module PHTSs will have secondary heat transfer
systems.

4.6.2.3 Heat rejection system

The HRS provides the final heat sink for ITER site heat loads, and is divided into
two sub-systems, the circulating water system (CWS) and an ultimate heat sink,
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which is presently considered to be the cooling tower system (CTS). The CWS
circulates water from the cooling tower system to the PFW/IBB, the L/OBB
PHTSs, the divertor SHTS, the low and high voltage neutral beam systems, the
back plate, component cooling and chilled water heat exchangers. Water is
provided at a maximum temperature of 35°C and returned at a maximum
temperature of 75°C. The CTS consists of a hot basin, cooling tower array and
cold basin. The hot basin has a volume equal to the integrated flow of a nominal
pulse. The cooling tower array consists of three cooling towers with five cells
each. The cold basin volume is set by the makeup requirements for ten nominal
pulses or about 41,000 m3.

The HRS has two operating modes, high-flow and low-flow, which establish the
key design features and parameters. The high-flow mode corresponds to the
ITER plant plasma operation state, when the HRS rejects plasma-generated heat,
in addition to heat from the component cooling and chilled water systems. The
low-flow mode corresponds to states when the HRS rejects tokamak decay heat
in addition to component cooling and chilled water system heat.

4.6.2.4 Auxiliary systems

The heat transfer systems includes various auxiliary systems such as the
chemical and volume control systems (CVCSs), draining and refilling systems,
and a radioactive gas processing system (RGPS).

The main functions of the CVCSs are the control of coolant chemistry and the
purification of coolant during operation. The main components of the CVCS
units are located adjacent to the loops they serve.

Draining and refilling systems for the PFW/IBB, L/OBB and DV PHTSs include
storage tanks having sufficient capacity to hold the total coolant charge. Coolant
dryout equipment will be designed if required to allow certain leak test and
localization operations. Another auxiliary system is the radioactive gas
processing system (RGPS) that will be designed to receive all gases that evolve
from the loop circuits, filter and detritiate the gas before either returning it to the
loops, sending it to storage, or releasing it to the environment via an existing
vent detritiation system.

4.6.3 Detailed design description

4.6.3.1 Primary heat transfer systems

The design choice for the PHTSs was largely motivated by standardization. As a
result the layout and design of components for the PFW/IBB, L/OBB, and DV
PHTSs loops are very similar or identical. The BP loops are of much smaller
geometrical dimensions and the layout of the NB PHTS will be similar to that of
the loops serving first wall components.

The VV PHTS is of a unique design due to its special role as ultimate heat sink
and the PHTSs for test blanket modules are much smaller in size than the
aforementioned systems and use also coolants other than water.
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In the following the PFW/IBB PHTS is described in some detail as a generic
example to which are added only a few details for the L/OBB, BP and DV PHTSs.
Also, the design of the VV PHTS is explained in some detail.

4.63.1.1 Primary first wall and inboard baffle (PFW/IBB) PHTS

Each loop serves the modules in two adjacent vacuum vessel sectors, leading to
10 loops in total. Routed between the upper vault and each vertical port of the
vacuum vessel are six feed and six return pipes to the in-vessel module
manifolds. All 12 pipes to one upper port are contained within one evacuated
guard pipe of approximately 1.5 m diameter that terminates in the vault and
includes a rupture disc to discharge, in case of a leak, any excess pressure into the
vault. The guard pipes are being designed for internal pressure of > 0.25 MPa and
0.2 MPa external pressure (commensurate with the maximum pressure as a
result of pipe rupture). The guard pipes also contain the return coolant lines
from the vacuum vessel and flow and return lines to the back plate as well as
instrumentation cabling to the shield blanket modules, and the helium purge
lines to be used in the breeding blanket modules. Other lines will be routed
through some of the twenty guard pipes, e.g., gas puffing lines. The feed and
return pipes to the equatorial blanket plugs are routed from the upper vault
down through pipe shafts, located between ports, to the equatorial ports.

During an operational period, the plasma facing components must be
maintained within a prescribed temperature range despite the pulsed nature of
plasma operation. Temperature control is achieved by the controlled bypassing
of the HX. During the dwell period only a trickle stream is required
commensurate with the decay heat deposited in the plasma facing components.

The main loop parameters of PFW/IBB PHTS, together with L/OBB and divertor
PHTSs, are listed in Table 4.6.3.1.1-1 and the PFW/IBB PHTS flow diagram for the
pulse operation state is shown in Figure 4.6.3.1.1-1.

The loop layout allows either full or partial draining of the loops to allow
maintenance and repair, including replacement of specific components (see
Section 4.6.4.3).

During loss of site power, small pump units are automatically switched to
Class III emergency power for removal of decay heat. Furthermore, these pumps
will be used for maintaining coolant circulation during non-operation periods.

The upper HTS vault contains not only the PFW/IBB PHTS loop components,
but also the loop components for the back plate PHTS loops as well as the
associated CVCS units. The two collectors for the VV PHTS are mounted on the
inner bioshield wall. Drain tanks for the PFW/IBB PHTS are located inside the
gallery area — outside the pit. The tanks will be used not only for storage of loop
inventory during maintenance, but also for storage of the loop expansion coolant
when the loop is heated up to operating temperature and baking temperature.
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TABLE 4.6.3.1.1-1
Loop Parameters for PFW/IBB, L/OBB and Divertor PHTSs

Thermal Power/Loop

Coolant Inlet Temperature

Coolant Outlet Temperature

Coolant Pressure(*l)

In-Vessel Pressure Drop

In-Vessel Water Holdup/Loop

Number of Loops

Flow Rate/Loop

Loop Pipe Inner Diameter(*2)

Total Pressure Drop

Total Water Holdup/Loop

Pumping Power /Loop

Pump Size
Heat Exchanger
-Type
-Second. Coolant Inlet Temp.
-Second. Coolant Outlet Temp.
-HX Size
-Heat Transfer Surface
-Number ofU-tubes
-Primary Water Holdup
-Empty Weight(*3)

Pressurizer
- Size
- Water Holdup
- Heater capacity

PFW/IBB

150 MW

140°C

191°C

4.0 MPa

0.5 MPa

10.2 m 3

10

677kg/s

0.478 m

0.98 MPa

38.9 m3

1.0 MW

1.9m-Dx4.7m-H

U-tube
35°C
75°C

2.2m-Dx6.5m-H
916 m2

2,121
8.5 m3
40.4 t

1.2 m-Dx 5.63 m-H

2.8 m3

TBD

L/OBB

137.5 MW

140°C

174°C

4.0 MPa

1.0 MPa

10.3 m 3

4

851kg/s

0.527 m

1.58 MPa

51.4 m3

2.0 MW

2.5m-Dx5.7m-H

U-tube
35°C
75°C

2.2m-Dx6.1m-H

877 m2

2,259
8.4 m3
38.8 t

1.2m-Dx3.5m-H

2.4 m 3

TBD

DVPHTS

100 MW

140°C

165°C

4.0 MPa

1.5 MPa

10.5 m3

4

929kg/s

0.575 m

1.84 MPa

61.4 m 3

2.6 MW

2.7m-Dx6.2 m-H

U-tube
75°C
115°C

2.2 m-D x 6.5 m-H
1,011m2

2,352
8.8 m 3

41.6 t

1.2 m-D x 4.6 m-H

2.0 m3

TBD

(»1) Maximum in PHTS loop.
(*2) Fluid speed: v = approx. 4.0 m/s.
(*3) Excluding shield and insulator.

4.6.3.1.2 Umiter and outboard baffle (L/OBB) PHTS

The main reason for segregating the limiter and outboard baffle modules from
the remaining primary first wall modules is that its thermal power input
parameters are more demanding and may remain uncertain until operation.
Segregation allows adjustment of the parameters of the L/OBB PHTS loops, as
well as adjustment of component design, if required, without affecting the larger
number of PFW/IBB PHTS loops. The loop components are located in the lower
vault.
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The L/OBB PHTS has its own dedicated draining and refilling systems (see
Section 4.6.3.4.2).

4.6.3.1.3 Divertor (DV) PHTS

The feed and return pipes to the divertor cassettes penetrate the cryostat inside
the divertor ports, where they are routed, six per port, through the upper part of
the ports. Four of the twenty ports are dedicated maintenance ports. The
internal pipe routing is such that, at most, only two of the six pipes have to be
removed when cassettes are replaced, whereas in the remaining 16 ports,
cryopumps can be replaced without removal of internal divertor coolant piping.
Outside the ports, the coolant pipes are individually routed to the lower vault
inside the same vertical pipe shafts as the L/OBB PHTS pipes.

4.6.3.1.4 Vacuum vessel (VV) PHTS

The W PHTS is divided in two loops, each connected to alternate sectors.
Coolant to the VV closure plates at the divertor and equatorial levels is
connected in parallel with the W sectors, such that the closure plates of a sector
are connected to the manifold serving the same W sector. Each of the two loops
is designed to be able to remove the total heat load of the vacuum vessel during
all modes of operation. Due to the very large thermal capacity of the VV and the
relatively small maximum heat load, the global temperature increase of the V V
during a 1000 s plasma pulse, even without the vacuum vessel cooling, is only of
the order of 1°C. Also, considerable margin exists for the time necessary to
connect the cooling system to an emergency power supply in case of interruption
of the normal supply. In the unlikely case that emergency power is also not
available, the heating-up rate of the VV by radiative heat transfer from the in-
vessel components is very slow so that the peak decay heat dissipation occurs
only after approximately one day, after which the temperature drops gradually.
The relatively long time spans offer therefore ample scope for reconnection to
normal or emergency power supplies, so that use of the natural convection mode
for maximum decay heat removal is extremely unlikely, although the system is
being designed for it.

The VV coolant feed pipes penetrate the cryostat inside the divertor ports, one
feed pipe per sector of approximately 100 mm diameter. The return pipes are
connected to the vertical ports and exit the cryostat inside the guard pipes of the
PFW/IBB PHTS coolant lines. The pipes of each loop are manifolded, into ring
headers, inside the upper vault.

The main pipes are then routed through the upper vault to the top of the tritium
building and electrical termination building via the tokamak hall, where the
pumps, pressurizers, heaters, bypass valves, etc. are located, whereas the water-to-
air heat exchangers are sited on top of the buildings. In case of loss of main
power, valves in the main loop automatically open (fail open) and valves in the
bypass loops close (fail close). The small coolant pressure drop for normal and
emergency operation makes it possible to use emergency power for the main
pumps. Even in case of a total loss of power, this small pressure drop facilitates
the transition to natural circulation regime to remove the decay heat. During
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normal operation, forced circulation using a HX bypass valve to control the inlet
coolant temperature will be used. Due to the attenuation of neutrons in the
blanket and divertor structures, the W loops are expected to contain only very
small concentrations of ACPs. As the VV is fully shielded from plasma wall
interactions, and the temperature during normal operation is kept rather low, no
diffusion of tritium into the W coolant is anticipated. Therefore, the expected
content of radioactivity will be sufficiently low so as not to require secondary
confinement. The VV is subject to only minor neutron damage, as it is not
directly exposed to plasma interaction, and as the vessel is designed and
fabricated to a recognized pressure vessel code, full safety credit may be taken
from its function as a confinement boundary. In case of the W PHTS, the
second confinement boundary is provided by the pipework and components.
Therefore these can be routed outside the HTS vault without requiring an
additional confinement envelope. The main loop parameters for the VV PHTS
are given in Table 4.6.3.1.4-1.

TABLE 4.6.3.1.4-1
Loop Parameters for VV PHTS

Thermal Power/Loop

Coolant Inlet Temperature

Coolant Outlet Temperature

Coolant PressureCl)

In-Vessel Pressure Drop

In-Vessel Water Holdup/Loop

Number of Loops

Flow Rate/Loop

Loop Pipe Inner Diameter(*2)

Total Pressure Drop(*3)

Total Water Holdup(*5)/Loop

Pumping Power/Loop

Heat Exchanger(*6)
-Size
-Heat Transfer Surface

Pressurizer Size(*7)

Normal Operation

1.5 MW

100°C

lire
2.0 MPa

0.002 MPa

-212 m3

2

32kg/s

0.15 m

0.28 MPa

~265m3

- l O k W

-12m-Lx6.5m-W
9,135 m2

2.7 m-D x 7.7 m-H

Off-Normal Operation

3MW

100°C

~174°C

2.0 MPa

0.0002 MPa

-212 m3

1

9.5 kg/s

0.15 m

0.03 MPa(*4)

~265m3

-

-12m-Lx6.5m-W

9,135 m2

2.7 m-D x 7.7 m-H

(*1) Maximum in PHTS loop.
(•2) Fluid speed = ~ 1.9 m/s at normal operation.
(*3) Assume altitude difference between W center and Air HX ~ 50 m-H.
(*4) Assume pump internal pressure drop ~ 0.01 MPa
(*5) Assumed pipe length: 600 m/loop.
(•6) Air cooled type HX.
(•7) Pneumatic (He) type.
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4.6.3.2 Secondary heat transfer systems (SHTSs)

The divertor SHTS consists of two loops. Each of the two loops is connected to
two adjacent divertor PHTS loops and dissipates the heat to the heat rejection
system (see Section 4.6.3.3). The large diameter (~ 650 mm) feed and return pipes
to the shell side of the primary HX are routed from the lower HTS vault through
the gallery, through vertical pipe shafts, into the basement level, and from there
to the tokamak services building east, for the two PHTS loops positioned on the
east side in the lower vault, and to the tokamak services building west for the
two other divertor PHTS loops. Here the hot leg is connected to a pressurizer
and to the tube side of the secondary HX. After the HX, on the cold leg side, the
main and auxiliary pumps are connected to the main loop.

Inside the HTS vault each leg includes an isolation valve to permit local
drainage for maintenance. The HX shell side and the pipe runs to the tokamak
services building can be gravity drained into a small sump tank inside the HTS
vault and from there pumped to the drain tanks in the tokamak services
buildings. During normal operation, the pressure on the secondary side of the
HX is maintained slightly above the primary side for contamination control in
case of a leak in the HX.

4.6.3.3 Heat rejection system (HRS)

The heat rejection system provides the heat sink for ITER site heat loads.
Figure 4.6.3.3-1 shows the overall system concept with supply lines to identified
client heat loads. The HRS is divided into two sub-systems, the circulating water
system (CWS) and the cooling tower system (CTS).

The system design parameters for the high-flow mode is given in Table 4.6.3.3-1.
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TABLE 4.6.3.3-1
HRS Design Parameters

Client
System

PFW/IBB PHTS

L/OBB PHTS

Back plate PHTS
Divertor SHTS
Additional heating
PHTS
Component cooling
water system

Chilled water system
CVCS

High-Flow Operation

Power
MWt

(Maximum
Capacity)

1,500*

550*

22

400»
100-

200
120
104

65
28

Feed
Temp.

°C

35

35
35
35
35

35
35
35
35

Return
Temp.

°C

75

75

75

75
75

60
42

42
60

* The sum of the power from the primary first wall,
limiter/outboard baffle and divertor is limited to
2200 MWt.

4.6.3.3.1 Circulating water system (CWS)

The CWS delivers feed water at a maximum of 35°C from the cold water supply
basin to the client systems. The elevation drop from the cold basin to the -9 m
level is sufficient to allow gravity flow with adequate suction head at the supply
pumps. Two "return" penstocks deliver the heated water from the tokamak
services buildings to the hot basin. Individual cooling water circuits within the
tokamak building complex draw water from a feed penstock and deposit the
heated water in the return penstock with sufficient remaining head to overcome
the elevation head to the hot basin.

Component cooling water and chilled water supply headers, which serve the hot
cell and site services buildings, are fed directly from the cold basin.

Table 4.6.3.3.1-1 identifies the main CWS parameters.
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TABLE 4.6.3.3.1-1
CWS Supply Circuits

Client System

PFW/IBB PHTS
- Main headers
- Branches

L/OBB PHTS
- Main headers
- Branches

Back plate PHTS

Divertor SHTS

Additional heating PHTS
Component cooling water
system

West Tokamak Building
East Tokamak Building
Power Supply Zone
Hot Cell Building
Site Services Building

Chilled water system
West Tokamak Building
Power Supply Zone
East Tokamak Building
Hot Cell Building
Site Services Building

No. of
Supply
lines

5
10

2
4
2

2
2
5

5

Line Flow
Rate
kg/s

1,800
900

3,000
1,500

132

1910

600

900
1,215

540
875
875

230
230
980
450
280

Pipe ID
mn

850
600

800
550

250

1,195
500

350
700
450
550
550

250
250
500
400
250

Pump
Power
kWe

0.81

0.61

0.03

0.40

0.23

0.15
0.63
0.15
0.26
0.23

0.09
0.09
0.32
0.20
0.09

The penstocks are prestressed concrete and the supply line pipe is carbon steel.
Both have a maximum pressure rating of 1 MPa.

Flow during the high-flow mode is produced by the main pump. During the
low-flow mode, the large pump is shut down and the small pump delivers
approximately 10% flow for decay heat removal.

Temperature fluctuations of up to 3°C will occur over the normal pulse
duration. The inlet and outlet pipes of the PFW/IBB, L/OBB, and back plate
PHTSs, and CVCS loops have isolation valves at the outside of the upper and
lower HTS vault walls. These valves and the pipe stub to the wall penetration
form an integral part of the vault confinement boundary. A relief valve is
located inside the vault to relieve overpressure to a blowdown tank in the vault.

4.6.3.3.2 Cooling tower system (CTS)

The CTS rejects heat from the CWS to the atmosphere through forced draft
cooling towers and returns cooled water to the CWS at a maximum temperature
of 35°C. An important factor for the design of cooling towers is the wetbulb
temperature. After review of meteorological data for cooling tower design, the
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design wet bulb temperature was set at 28°C. The value encompasses the 5%
design condition (meaning that the 28°C condition on the average is exceeded
only 5% of the time) for all Parties' territories.

A process flow diagram is shown in Figure 4.6.3.3.2-1. The design parameters are
derived from nominal pulse operation. The thermal loads and temperatures to
the CTS are given in Table 4.6.3.3.2-1. The cooling tower system design
parameters are derived from a succession of nominal pulses and are given in
Table 4.6.3.3.2-1.

TABLE 4.6.3.3.2-1
Cooling Tower System Design Parameters

Design Parameter

Inlet Temperature at Start of
Pulse, °C
Inlet Temperature at Start of
Dwell, °C
Inlet Temperature During
Shutdown, °C
Pulse Flow, kg/s
Dwell Flow, kg/s
Shutdown Flow, kg/s

Hot Basin

65

38

40

20,900

20,900

7,500

Cooling
Tower

45

57

40

20,900
20,900

7,500

Cold Basin

33

35

35

20,900

20,900

7,500

The hot basin is made of unlined reinforced concrete and is located below ground
with the water surface at ground level. The hot basin has LxWxD dimensions of
50x48.5x10 m and a volume of 24,300 m3. The penstocks penetrate into the basin
at the -5 m level and discharge through distributors to promote mixing.

Four vertical transfer pumps deliver water from the hot basin to a distribution
manifold. Each transfer pump is rated at 5.3 m3/s and 0.98 MWe. Individual
lines transfer the water from the manifold to the inlet point of each cooling
tower cell. These points are located at 7.5 m level of the cooling towers.

The hot basin outflow must be equal to the inflow from the CWS in order to
maintain constant level. This is accomplished by three bypass lines from the
distribution manifold to the hot basin. The bypass valves are controlled
sequentially to maintain a constant basin level.

Each of the five cells per cooling tower has a constant speed fan and inlet water
flow connection. Flow through a cell is separate from other cells. A bypass line
from the distribution manifold to the cold basin can be used to maintain CWS
feed temperature during periods of very cold weather.

The tower structure is constructed from prestressed concrete,
shows the main cooling tower design parameters:

Table 4.6.3.3.2-2
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TABLE 4.6.3.3.2-2
Cooling Tower Design Parameters

Parameter

Wetbulb Temperature, °C

Inlet Temperature, °C
Outlet Temperature, °C

Number of Towers

Height to Top of Fan Deck, m

Tower width (across flats), m

Cells per Tower

Fans per Cell

Fan Radius, m
Fan Power, kWe
Fan Diffuser Height, m

Cell Air Flow, m 3 / s

Fill Depth, m

Value

28

53
35

3

12

48

5

1

10
180

2

890

1.8

The towers are located above the reinforced concrete cold basin. The functions of
the cold basin are:

• collect water from the cooling towers;

• provide water storage for losses during sustained pulse operation;

• provide a small amount of mixing to maintain a maximum CWS
temperature of 35°C.

The cold basin is made of unlined reinforced concrete and is located below grade
with the water surface at grade level. The LxWxD dimensions are 189x46x5.1 m
and the volume is 41,000 m3. The cold basin volume was set equal to the
makeup requirements for one day of nominal pulse operation. It was assumed
that up to 10 nominal pulses would occur in one day. Table 4.6.3.3.2-3 shows the
average water losses during this period.

TABLE 4.6.3.3.2-3
Water Losses During One Day of Nominal Pulse Operation

Drift

Evaporation
Blowdown
Total

Average Rate
kg/s

1.4

1,250
415

1,700 (design value)

Total for
10 Pulses t

31

27,500
9,140

37,400

Evaporation losses result in concentration of dissolved solids in the cooling
water. The dissolved solids concentration is limited to 2000 ppm by a blowdown
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line which transfers water from the basin to the industrial sewage system. This
water should be maintained and decontaminated if needed. A concentration
factor of four was assumed. Makeup is supplied from the raw water system.

A small degree of CWS and cooling tower water chemistry control will be
accomplished through addition of corrosion inhibitors and biocides to the cold
basin.

Taking sea water or cooling towers as the final heat sink depends on selected site
conditions. However, even if sea water is selected, a similar system design and
operation can be expected by the additional indirect cooling loops between HTS
and sea water sink.

4.6.3.4 Auxiliary systems

The auxiliary systems that are integrated with the design of the heat transfer
systems include the chemical and volume control systems (CVCSs), and draining
and refilling systems. Furthermore, gaseous and liquid waste will have to be
processed before environmental release.

4.6.3.4.1 Chemical and volume control systems (CVCSs)

The chemical and volume control systems comprise one or more separate units
consisting of pipework, valves, instrumentation, pumps, heat exchangers, tanks,
filters and resin beds for all the heat transfer systems described above.

The main functions of the CVCSs are summarized as follows:

• control of the coolant chemistry during all modes of operation in order
to suppress radiolysis, inhibit corrosion, and decontaminate the wetted
surfaces;

• purification of coolant by removing ACPs;

• extract and return a side stream from the PHTSs loops for detritiation
in the tritium plant;

• control of coolant inventory in excess of the volumes that can be
handled by the pressurizers.

It should be noted that the ACPs- removal and side stream connection to the
tritium plant will be installed only when required. The processing capacities of
the individual CVCS units are determined by the maximum allowable amount
of corrosion products that could be released under accidental conditions
(assumed < 10 kg/loop) and the requirement to keep the dose received by
maintenance workers as low as reasonably achievable (ALARA). Final
determination of the processing requirement for the CVCS units can be made
only after more corrosion data become available from R&D programmes that are
presently underway. This is expected to be the case towards the end of the EDA.
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The main components of the CVCS units are located adjacent to the loops they
serve. The rationale for locating the units inside the vaults results from the fact
that their radioactive inventory requires secondary confinement. Certain
components are also considered "high" maintenance items which may cause
some release during maintenance preparatory work.

The CVCS units for the PFW/IBB PHTS loops, including two that also serve the
back plate loops, are located inside the pit in the upper HTS vault, immediately
adjacent to the loops they serve, whereas those for the L/OBB PHTS loops, as
well as for the divertor PHTS loops are located in the lower HTS vault. Two of
the five CVCS units in the upper vault that are associated with PFW/IBB PHTS
loops also serve one BP PHTS loop each. These two units are therefore both
connected to three PHTS loops. (The draining and refilling system for the upper
vault is also common to both systems.)

All other CVCSs units are sited outside the HTS vaults. Those for the neutral
beam injection PHTS loops are located inside the laydown hall, the units for the
test blanket modules PHTSs are TBD, whereas the unit for the vacuum vessel
PHTS will be above the upper vault, alongside the wall of the tokamak hall. The
CVCS units for the SHTS of the DV are of much simpler design than those for
the PHTSs since they only have to control the water chemistry to counteract
corrosion, neither ACP treatment nor radiolysis suppression will be needed.
They are located inside the tokamak services buildings, where the main loop
components are sited. The vaults provide secondary containment for the CVCSs
that serve the PFW/IBB, L/OBB, BP, and DV PHTSs. All other CVCSs, except
those for the blanket test modules, do not need secondary containment.

A simplified process flow diagram of a CVCS unit is given in Figure 4.6.3.4.1-1.

4.6.3.4.2 Draining and refilling systems

Full capacity drain storage tanks are provided for those loops that have
radioactive inventories too high for discharge. This includes all the loops
serving in-vessel components. The storage requirement for the NB injection
PHTS loops will be minimised based on the contents of ACPs and tritium.

For the vacuum vessel and the divertor SHTS loops only partial drain storage
capacity will be provided. Draining will be started only after the coolant
temperature has been decreased to well below 100°C and the loop pressure has
been decreased to ambient. The drain storage tanks will be designed as
atmospheric, not presssurised coolant containers.

For the PHTSs, storage segmentation is based on avoiding the mixing of coolant
at different contamination levels or chemistry requirements. PHTSs storage
tanks are located in the tokamak building, outside the vault, either in the gallery
area or in the area underneath the cryostat, whereas the W drain tanks will be
located in the tokamak hall.
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4.6.3.4.3 Radioactive gas processing system

Gases that contain radioactive contaminants, including tritium, evolve
intermittantly or continually under different operation modes, including
maintenance of the PHTSs loops. Major sources of these gases are pressurizers
(mixture of steam and hydrogen), cover gas of the drain and refilling systems,
purge gas during pressurized drainage, vent gas of PHTSs loops during refilling
and exhaust gas from water ring pumps during refilling. The radioactive gas
processing system, which is a centralized processing system, serves all PHTSs
loops, CVCSs and drain and refilling systems. Design of the system
(configuration, component sizing, layout, etc.) is underway.

4.6.3.4.4 Volume control

The excess coolant resulting from the expansion of the volume during heating
from ambient to operation and to baking temperature, is extracted by the
associated CVCS unit to the drain tanks to be pumped back when the
temperature is decreased. During a plasma pulse, the expansion during ramp-up
and contraction during ramp-down, is accommodated by the pressurizer.

4.6.4 System performance summary

4.6.4.1 Chemical and volume control systems

The CVCSs loops are being designed with the following characteristics:

4.6.4.1.1 Passivation of inner surfaces

This is used to form a protective oxide layer on the wetted surfaces after
installation or maintenance, prior to plasma operation, in order to reduce the
subsequent oxidation rate. Oxygen is added to the coolant to promote the
formation of stable spinel rich (mixed chromium/iron/nickel oxides) films.

4.6.4.1.2 Suppression of radiolysis and inhibition of corrosion

During normal operation, the coolant chemistry will be controlled such that the
further deposition of oxide layers on top of the stable spinel film is kept low.
This is achieved by lowering the oxidation potential, by adding and dissolving
hydrogen in the coolant. Continued circulation will be maintained through
filters and resin beds to remove suspended and dissolved compounds
respectively to reduce the concentration of ACPs in the coolant and keep low
the plate-out along the loop surfaces.

4.6.4.1.3 Pre-maintenance clean-up

To lower the dose burden to maintenance workers, it is envisaged to carry out an
intensive campaign of removal of the deposits of ACPs. The flow rate used
through the CVCSs is increased to approximately twice the normal processing
rate and the chemistry is changed to remove deposited ACPs by dissolving
oxygen and or hydrogen peroxide into the coolant.
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4.6.4.2 Decay heat removal

There is no dedicated decay heat removal system. Instead, this function is
performed by the heat transfer loops, i.e., the complete "train" formed by the
PHTSs/SHTSs and HRS. Since the amount of decay heat to be removed is only a
small fraction of the nuclear heat load during a plasma pulse, most loops employ
an auxiliary, small pump of approximately 10% of full flow throughput, to
remove decay heat from the in-vessel components. These pumps are connected
to Class 3 emergency power to protect them from loss of site power. Since
coolant flow stoppage of the HRS leads to the loss of the heat sink, three units of
small pumps, also connected to Class 3 emergency power, are included in the
HRS design. The role of the VV PHTS as the ultimate decay heat removal
system, in case all other systems fail, has been described above. To fulfill this
role, two fully independent loops are employed each capable of removing, by
natural convection, the total ITER decay heat while still keeping the vacuum
vessel below the maximum allowed temperature.

4.6.4.3 HTS component maintenance

Maintenance for the PHTSs loops, requires entering the vaults and opening the
containment. To reduce the radiation background in a vault during
maintenance, as well as the dose rates from the components to be serviced, a pre-
maintenance campaign for the removal of ACPs (see Section 4.6.4.1.3) will
precede the opening of the containment. The actual maintenance times for the
selected ITER HTS layout is presently being studied.

During maintenance of the main in-vessel PHTSs loops, the BP and W PHTS
loops will remain operational to remove decay heat. A thermal contact gas will
be established inside the vacuum vessel in the form of a nitrogen purge stream.
Maintenance of the W PHTS will normally involve only the components
inside the tokamak hall and on the tritium plant and electrical termination
buildings. Operation of at least one VV PHTS loop should be maintained at any
one time. Also, the VV PHTS and BP PHTS should not be maintained at the
same time, thus always having available a redundant number of loops to
remove the decay heat load in case of the unavailability of other loops.

4.6.4.4 In-vessel component bakeout

The baking of the in-vessel components at 240°C and the W at 200°C is one of
the normal operations of the PHTSs loops. The rate of temperature rise is
limited by the need to keep differential temperatures within certain limits and
dominated by the large thermal capacities of the W and BP compared to their
maximum heat input. For the same reason, the cooldown temperature gradient
is also controlled to maintain differential temperatures within the permissible
range. The length of a baking campaign is, however, likely to be dominated by
the duration at baking temperature, rather than the heating-up and cooling-
down times.

Baking will be achieved by heating up the PHTSs coolant water by an electrical
heater and a small coolant circulation pump while bypassing the heat exchanger.
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4.6.4.5 Draining and refilling

The draining and refilling systems provide the possibility of partial and full (for
all PHTSs except the W PHTS) draining of the loops. This allows maintenance,
including replacement of the in-vessel components, as well as maintenance and
service inspections on the HTSs loop components to be carried out. For that
reason, all loops serving in-vessel components have drain tank capacities that
are sufficient to hold the coolant contained in the loop. The drainage of the in-
vessel components, especially the blanket modules and the divertor cassettes, is
only partly possible by gravity and therefore involves additional measures. Even
then, the internal geometries have many potential water pockets. It is therefore
likely that residual amounts of coolant still remain inside the internal
components. These will be removed, if necessary, by drying (see also Section 4.1).

4.6.4.6 Measures against transients

4.6.4.6.1 Temperature control during ramp-up and power transients

Thermal transients of 20% of full power, lasting 10 s or less, are part of the design
basis. The plasma facing components have been designed so that the normal
supply of coolant is adequate to deal with such power surges. As for the PHTSs
loops, exit temperature changes are considerably damped by the large thermal
capacities. Preliminary study by RELAP/ATHENA model-analysis indicates for
the DV PHTS coolant exit temperature that for a plasma ramp-up time of 50 s
the coolant temperature reaches near stable conditions after approximately 100 s,
by controlling the bypass flow on the primary side. A promising candidate dual
control valve system is being investigated. This consists of two butterfly control
valves that are mechanically interlinked and operated by a common actuator.
This system acts like a three-way control valve.

4.6.4.6.2 Flow control during ramp-up and power transients

Ideally, the total flow should remain constant or within an acceptable range
during bypass valve operations. Study of the PHTS control scheme is underway.

4.6.4.6.3 Pressure control during ramp-up and power transients

In the reference design, PHTSs loops for in-vessel components use electrically
heated pressurizers (pneumatic systems for the VV PHTS), as is also common i n
PWRs. For the PFW/IBB PHTS, the hot leg temperature changes 51 °C during
ramp-up and ramp-down resulting in "surge-in" and "surge-out" flow at the
pressurizer due to the volumetric change of the coolant in each loop. The surge-
in flow (volume ~ 1 m3, initial temperature 140°C, and average temperature
during surge-in 165°C) cools the water in the pressurizer (saturated at ~ 243°C,
3.5 MPa) and therefore decreases the steam pressure. The surge-out flow
increases the free volume in the pressurizer (initial steam volume; ~ 2 m3) by
~ 50%.

Initial assessment shows that the overall effect is too large a drop in pressure
than can be counteracted by the installed electrical heater. The calculated
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pressurizer heater capacity for a conventional steam pressurizer is rather too
large to keep constant steam pressure (the required heater capacity depends on
the required pressure tolerance). It may be feasible to reduce this by using an
improved design. As an alternative, pneumatic presurizers are being considered.
Their gas volume to coolant in-surge and out-surge volume ratio should be
sufficiently large to achieve passive pressure control within acceptable ranges
during a plasma pulse.

In the case of sudden power surges, overpressure will be suppressed by spraying
cold water into the pressurizer or by pressure relief into the pressure relief tank.

4.6.4.7 Measures against off-normal events

Auxiliary pumps are connected to the Class 3 emergency power. The systems are
therefore protected against the loss of off-site power. Transient analysis has been
carried out in safety studies to confirm that the integrity of the in-vessel
components and ex-vessel loop components is safeguarded under these
conditions.

An in-vessel LOCA will trigger a plasma disruption. Cooling will be continued
by the unaffected loops until the temperature is well below 100°C and the loops
can be depressurised. Cooling of the leaking loop will continue until a low liquid
level set point in the pressurizer triggers the pump of that loop to stop

An ex-vessel LOCA will be detected first by pressure sensors in the vaults, when
ejected coolant flashes to steam. This indication will be used to trigger the
plasma to shut down and the isolation valves in the associated CWS loop to be
closed to avoid any further contamination of the secondary coolant in case the
LOCA is due to a pipe rupture in the heat exchanger. In addition, it is foreseen
that the coolant activity on the secondary side of the HXs will be regularly
measured so that small leaks are discovered, that do not lead to a drop in liquid
level in the pressurizer. The transient behaviour of the in-vessel and ex-vessel
components has been analysed under these conditions.

In case of loss of flow caused by a pump trip, plasma shutdown will be initiated as
soon as the pump rotational speed has dropped by a certain nominal value. The
auxiliary pumps will then be switched on to take over the coolant circulation.

4.6.5 Assessment of the design

The ongoing design of the PHTSs loops is based on existing technology and
industrial practice. The pulsed mode of operation and baking of the in-vessel
components, requires, however, design features that are ITER-specific. The
detailed design of the control of flow, inlet temperature and pressure, requires
detailed modeling of the in-vessel components to carry out dynamic simulations.
This work is now in progress.

For the coolant operating temperature range in ITER an aqueous corrosion data
base to provide input into the detailed design, for stainless steel and for copper
and copper alloys, is under R&D. The ITER design is evolving along the line that
in-vessel and ex-vessel large leaks in contaminated PHTS loops are fully
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contained within existing building structures and therefore have no
environmental impact.

The main outstanding technical issues to be resolved during the remainder of
the EDA are:

(i) design of temperature, pressure and flow control systems;

(ii) obtain relevant experimental input data (corrosion data for copper,
etc.) for the design of the CVCSs;

(iii) confirm that the low flow conditions inside vacuum vessel sectors
during heat removal by natural convection, do not lead to
unacceptable stagnation phenomena.

The main problems inherent in the present design, i.e., coolant temperature,
pressure and flow control as well as the restricted space inside the vaults, have
been identified and will be continued to be addressed during the remainder of
the EDA.

The heat rejection system has one major issue relating to the potential for
primary heat exchanger leaks, which could introduce tritium and ACPs into the
heat rejection system. The isolation requirements, method of detection, control
logic for isolation and procedure for system cleanup are currently under review.
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Plasma Operation Mode
Number

Point

Flow Rate (kg/s)

Temperature (C)

Pressure (MPa)

Velocity (m/s)

Inner Diameter (mm)

Material

Coolant

1

In-Vessel
Outlet

47.7

191

3.30

4.3

1266

SUS316L

PW

2

In-Vessel
Outlet

36.8

191

330

33

126.6

SUS316L

PW

3

In-Vesse
Outlet

61.8

191

3.30

5.6

126.6

SUS316L

PW

4

In-Vesse
Outlet

41.8

191

3.30

3.8

126.6

SUS316L

PW

5

lstSBge
CoSctx

Oullet

338.6

191

3.22

4 3

333.4

SUS316L

PW

6

2nd Sags
Cofectr
omet

677.2

191

319

4.2

477.8

SUS316L

PW

7

HX
Met

-677.2

191

3.17

-4.2

477.8

SUS316L

PW

8

HX
Outlet

-677.2

140

3.10

-4.2

477.8

SUS316L

PW

9

HX
Outlet

2orttuenc(

6772

140

305

4.2

477.8

SUS316L

PW

10

Circufeticn
Pump
Met

674.7

140

3.02

4.2

477.8

SUS316L

PW

11

CrciiJkn
tump
Ouilt

674.7

140

4.00

4.2

477.8

SUS316L

PW

12

CVCS
Met

25

140

TBD

2.1

41.2

SUS316L

PW

13
2ndStaee
OstrliSor

Met

338.6

140

388

43

333.4

SUS16L

PW

14

HX
Inlet

899.7

35

<1.0

3 3

600.0

C«bon St«i

RW

15

HX
Outlet

S99.7

75

<1.0

3.3

600.0

Carbon S t d

RW

PW: Pure Water RW: Raw Water

FIGURE 4.6.3.1.1-1

PFW/IBB PHTS Process How Diagram for Plasma Operation Mode
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4.7 Control, command and data management

The ITER control, command and data management system has remained at the
conceptual level, pending the improved definition of the different processes to
control, and the data to acquire, from the expected instrumentation and
diagnostic systems. Progress in those definitions, which have been under
development since the IDR, will allow the specification, by next year, of a design
for this system simultaneously with the description of the ITER operation plan
in the Final Design Report.

4.7.1 COD AC system

The CODAC system, through its supervisory system, ensures the integrated
control of the whole ITER plant and provides high level command to subsystems
dedicated to the control and operation of the machine and of its diagnostics.

To achieve these objectives, CODAC includes a synchronisation system, and a
large bandwidth network of communications, with gateways and
communication protocols which allow real-time participation in control from
centers remote from the ITER site.

In addition, CODAC includes the management of the experimental database, its
storage and archiving.

In the hierarchical structure of CODAC:

• subsystem controllers are supervised from a central control system;

• individual plant subsystems are directly controlled and monitored by
their dedicated intelligent control systems;

• the limits in the autonomous behaviour of a subsystem are always
determined by the supervisory control system, allowing the possibility
of going from complete autonomy during tests for example, to a total
subordination when all parameters of the subsystem process are fixed
from the supervisory control system.

A formalism, accepted as an international and industry standard (IEC 848) for
logic controllers, can be used to describe all operational sequences in a sequential
function chart (e.g., Grafcet). This automatically translates into instructions for a
computer linked by its input/output to signals and activators respectively. (For a
limited number of very nonlinear and complex control processes, the use of a
neural approach with learning capability is not excluded.)

To be effective in implementation the same methodology will be used for control
and command whatever level is involved (supervisory or subordinate), for
machine process operation or diagnostic acquisition.

This methodology is based on sequential transitions between successive "states"
of the system being controlled. Each state is defined by all the parameter values
of this state. Transitions are actions allowed when and only when preset
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conditions are fulfilled. Normal and off-normal conditions, can be included in
this methodology as long as their consequences are fully known. As an example,
Figure 4.7-1 shows a few nominal states of the ITER plant at the highest level of
definition, and examples of actions forming the transition from one state to
another.

With regard to the process of data acquisition, the ITER tokamak operation, even
if mostly pulsed, will involve very long time scales (1000 - 10000 s), but events of
interest will occur on short time scales (0.1 -1 ms). The basic concept for data
acquisition in these extreme conditions, so that the number of data values can be
realistically limited, relies on a cyclic memory. The length of the cycle for a given
parameter would be controlled at a higher level so as to correlate with other
timing signals for example, and the memory would act as a buffer in line with
the sensor. Data would be either dumped or transferred and stored depending on
a higher level instruction in time.

4.7.2 Interlocks and general alarms system

The interlocks and general alarms system provides overall machine protection as
well as personnel protection across the whole ITER plant, sometimes in parallel
with the CODAC system.

When some predetermined parameter or measurement value goes outside the
normal range of variations, and puts in jeopardy either the investment or the
personnel, interlocks have to act rapidly and directly, at the plant level. For such
action the interlock system must be fully independent of the CODAC system.

The interlocks and general alarms system will record and display information
(nature and timing) of each interlock action. In addition, it will record and
display information related to personnel access to controlled areas.
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4.8 Heating and current drive (H&CD)

4.8.1 Introduction

ITER requires 100 MW of heating and current drive power. This power will be
provided by a combination of a minimum of two different systems. During the
EDA, design and R&D efforts have concentrated on three heating and current
drive systems: neutral beam injection, ion cyclotron and electron cyclotron
heating and current drive (IC H&CD and EC H&CD). A fourth option of using
lower hybrid frequency waves to heat the plasma and drive the current is being
developed by the European HT, and a draft DDD has recently been produced.
However, the integration of the design into the ITER machine, and an
assessment of the implications for its subsystems, has not yet begun, so for this
report the possibility of using this system is not considered.

With the present status of knowledge, it is premature to select the technologies
that will be used. 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 the
choice at a later date of at least two of the technologies, without changes in
design.

This approach has been applied in the continuing detailing of the design, which
has emphasized incorporation of results from the ongoing R&D program,
achievement of satisfactory confinement boundaries and maintainable
configurations.

4.8.2 Main functions of H&CD systems

The main functions of the H&CD systems are to:

• heat the ITER plasma to the ignition;

• drive non-inductive current in the plasma;

• control the plasma equilibrium and burn state;

• provide the L-H transition;

• stabilize. MHD instabilities.

In addition, a separate, lower power electron cyclotron resonant frequency system
is provided for plasma start up and wall conditioning.

4.8.3 Neutral beam heating and current drive (NB H&CD) system

4.8.3.1 System performance

The neutral beam (NB) heating and current drive system will deliver 50 MW of
1 MeV D° beam to the plasma. The system consists of three injectors, each
delivering 16.7 MW through an equatorial port. Operation in H° will also be
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possible with a beam energy of S 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 to induce plasma
rotation.

4.8.3.2 Major components

The major components of the NB system, see Figure 4.8.3-1, are the:

• injectors themselves (which are described in more detail below);

• NB power supplies (which are described in Section 4.8.6);

• auxiliary systems including the pumping system (which is described in
Section 4.4.3); gas supply system (which is covered by Section 4.4.2);
control and data acquisition system (which is covered by Section 4.8);

• cryosystem; The injector cryosystem will be a stand-alone system
allowing the injectors to operate independently of the tokamak. The
system will deliver LN2, LHe and cold gaseous helium to the injectors
as required for the system cool down and filling, and for the fast
regeneration of the NB cryopumps.

• water cooling system (see also Section 4.6.2.6). The NB cooling system
consists of:

- a water cooling subsystem for the main beamline components,
which are all at or near ground potential. The water flow is 700 kg/s
for all three injectors, with inlet and outlet temperatures of 80°C
and 110°C when the injectors are operated at full power. During
commissioning or any operation of the injectors independent of
ITER, the system allows operation with an additional flow of
< 130 kg/s to the beamline calomiter(s);

- a water subsystem for the ion source and accelerator (at various
potentials between 0 and -1MV). The inlet temperature and
temperature rise of the cooling water are kept low to minimize or
eliminate beam steering and to prevent degradation of the ability to
hold the accelerator voltage caused by Cs deposition. The inlet
temperature is 20°C, and the outlet temperature will be about 60°C.
The water flow is 70 kg/s per injector.

4.8.3.3 Confinement boundaries

The three injectors will be connected to adjacent tokamak ports and be located
outside the cryostat inside a common enclosure, the NB injector cell. The
injectors are extensions of the first confinement barrier, and the NB cell will
form the second confinement barrier. The injector vacuum vessel will be
cylindrical and designed to withstand 0.5 MPa overpressure. The NB injectors
cell will be made of reinforced concrete capable of withstanding 30 kPa (g).
Bursting discs in pipes leading to the upper heat transfer vault prevent the
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pressure in the NB cell from exceeding 30 kPa (g). A schematic showing the basic
concept of the confinement barriers of the NB system is shown as Figure 4.8.3-2.

The water-cooled components inside the injector form part of the first
confinement boundary. This requires a fast beam interrupt system in case of any
event likely to lead to a malfunction of the component, and extensive
qualification of the NB injectors system operation prior to use on ITER.

The NB injectors cooling system safety isolation valves inside the NB cell and
HV deck are presently considered the limit of the second confinement boundary.
If the quantity of activated erosion/corrosion products in either of the cooling
loops beyond the valves should be above the acceptable limit(s), the second
confinement barrier may have to be extended beyond these valves.

4.8.3.4 NB injection system description

The main elements of an injector are shown in Figure 4.8.3-1. The layout of the
system on ITER is shown in Figure 3.2.5-1.

D" ions are formed from E>2 gas in a caesiated arc discharge-type, negative ion
source. The reference design of the injectors uses a multi-aperture, multi-grid,
five-stage electrostatic accelerator to form a beam of 40 A of 1 MeV D~. The
accelerator grid system is contained within and supported from an insulator
column assembly consisting of alternating alumina insulators and metal (Ti)
flanges. The ion source is enclosed within a steel dome connected to the
insulator column. The ion source and accelerator are surrounded by a pressure
vessel connected to the high voltage transmission line. Both the pressure vessel
and the transmission line are filled with high pressure insulating gas.

The beam emerging from the accelerator is made up of 1300 "beamlets" from
1300 apertures on each grid of the accelerator. The apertures are arranged such
that the beam is made up of five "column beams", each rectangular in cross
section and the full height of the accelerator. The overall beam envelope at the
exit of the accelerator is ~ 1.6x0.6 m2 (height x width).

In the horizontal plane, the beam has to be accurately aligned to ensure high
transmission efficiency. This is achieved partially by offset aperture steering, and
partly by an electrostatic deflection system acting on the column beams at the exit
of the accelerator. Beam steering is also required in the vertical plane in order to
maximise the beam-driven current at the magnetic axis of ITER. This is achieved
by subdividing the accelerator in the vertical plane into five segments, which are
geometrically aimed at the magnetic axis.

The 1 MeV D~ beam is converted to 1 MeV neutrals by collisions with D2 gas in
the neutraliser, with an efficiency of « 60%. To minimise the gas flow required to
create the neutralisation target within the open-ended neutraliser, the gas is
introduced midway along the neutraliser, and the neutraliser is subdivided into
five vertical channels.
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The beam emerging from the neutraliser consists of approximately 60% neutrals,
20% negative ions, 20% positive ions, all with an energy of 1 MeV. The charged
species in the beam are deflected onto the water cooled panels of the residual ion
dump (RID). Six panels form five channels in line with those of the neutraliser.
Alternate plates are held at a potential of -20 kV and the positively and
negatively charged beams are deflected to opposite sides of each channel. The
application of the negative potential to half the RID plates creates not only an
electric field between the plates, but also an electric field between the RID and the
neutraliser, which prevents low energy electrons from leaving the neutraliser.
A total power of = 18 MW may be dissipated in the RID, and the power density
on the RID plates will be < 8 MW/m2. In the present design, the RID panels
consist of arrays of rectangular cross section swirl tube elements.

A calorimeter located downstream of the RID can be positioned either to
intercept the beam or to allow the beam to continue to the tokamak. The
calorimeter allows the injectors to be fully commissioned independently of ITER.
The calorimeter consists of water-cooled panels capable of accepting the full
power of the neutral beam (= 18 MW).

A large cryopump (pumping speed = 3X103 m3/s for D2) maintains a low pressure
in the system outside the ion source and neutraliser. It will fit close to the walls
of the cylindrical injector vacuum vessel from the entrance of the neutraliser to
the exit of the RID and covers all but the lower section of the vessel where the
support structure for the other beamline components and coolant and gas supply
lines are located. Liquid He is used for the cryopanel and liquid N2 is used for the
thermal shield,

A "fast" shutter is located at the exit of the injector vacuum vessel to prevent
tritium flowing from the torus to the injectors and to allow regeneration of the
injector cryopumps without significantly increasing the torus pressure. This is
essentially a lightweight "door" which can be moved across the beam to seal
against a frame built into the exit of the NB injector vacuum vessel. A flexible
metal seal on the frame ensures a low conductance between the injector and the
torus of -W"4 m3 /s for D2. All services to the injector enter the injector vacuum
vessel through a short section of the vacuum vessel just downstream of the
accelerator. This arrangement allows the installation and removal of all the
components in the injector vessel from the upstream end of the injector when
the accelerator is not in position.

In the region of the injectors, the stray field from ITER is between 8xlO'2 T and
4xlO"2 T, and it is necessary to reduce this substantially, principally to ensure good
operation of the negative ion source, which requires the field to be < 10'3 T, and
to avoid undue deflection of the D" beam before neutralisation which requires
the field in that region to be <10"4T. (A higher field would result in an
unwanted extra deflection and emittance growth of the D° beam.) The magnetic
field reduction system (MFRS) consists of a 200 mm thick outer layer of mild
steel around the injector, a 10 mm thick inner layer of mu-metal around the
beam path, and three active field compensation coils. This combination of
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passive and active magnetic shielding reduces the field within the injectors as
required and does not introduce unacceptable error fields in the tokamak.

4.8.3.5 Maintenance

The NB system will become activated by neutrons streaming directly into each
injector and the system will need to be remotely maintained. All the system,
with the exception of the ion source and accelerator, are presently considered to
be remote handling Class 3 (not needing maintenance in the lifetime of ITER).
The ion source and accelerator are expected to need regular maintenance for two
reasons:

• The filaments of the ion source have a finite life, estimated as > 200 h.
Assuming that the injectors are operational every ITER pulse for the
whole pulse, filaments will need to be replaced approximately twice per
year.

• Caesium will flow from the ion source to the accelerator and may
eventually contaminate the insulators, which will then require
cleaning. The maintenance frequency for this is expected to be less than
once per year.

Design work is going on that should allow the replacement of the filaments via
the end flange of the ion source enclosure. The removal of the ion source and
accelerator from the injector is explained in more detail in Section 7.

4.8.3.6 Design assessment and key issues

(1) Because the injectors necessarily provide a gap in the vacuum vessel
shielding, there is a problem of neutron streaming. The magnitude of this
problem and the shielding measures to be taken are being studied.

(2) Fatigue is a problem for the beamline components. Thermal cycling of the
residual ion dump elements or, less importantly, the calorimeter elements, could
lead to a lifetime shorter than that of ITER. The fatigue life of these is presently
estimated as 5X105 cycles. Assuming ITER operates for a total of 50,000 pulses
with an average duration of 1,000 s, then the injector operational life, assuming
they operate for half of all ITER pulses, is 2.5xlO7 s. As the RID elements will go
through (almost) one thermal cycle at each injector breakdown, the breakdown
frequency must be < 0.02 s"1 (less than one breakdown every 50 s). It is part of the
ongoing R&D programme to establish the reliability of a 1 MeV beam source.

(3) The main new feature of the ITER NB system is the use of a 1 MeV D" ion
beam, and the ITER NB injector R&D has focused on the development of the
1 MeV high current density accelerator, the D" ion source and the alumina
insulator used in the accelerator. The ion source development is concentrated
with the JA Home Team, and both the EU and JA Home Teams are developing
1 MeV negative ion accelerators. Whilst the JA Home Team pursue the multi-
aperture, multi-gap accelerator (MAMuG) of the reference design, the EU Home
Team are working on a simplified alternative concept using a single aperture,
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single gap accelerator (SINGAP). The main problems so far have been with
voltage holding of the epoxy insulators used at both test beds.

The major R&D results for negative ion sources which give confidence that
negative ion beams of the type required for ITER can be formed are:

• H' beams of > 900 keV have been produced on 1 MeV test beds. Good
beam optics have been obtained from MAMuG at 500 keV and the
beam optics from SINGAP are found to be very good up to > 900 keV.

• The plasma source development has reached the targets needed for the
ITER source, i.e. accelerated D" current density > 20 mA/cm2 at low
pressure (0.35 Pa), with < 1 electron extracted per D' ion accelerated.

• On JT-60U, the negative ion source, which is similar to that proposed
for ITER, has operated at 0.22 Pa and the co-extracted electron current
was < 1 electron per D" ion extracted. The best results to date are at
400 keV, with an accelerated D" beam of 13.5 A from one beam source.

(4) Development of the manufacturing and sealing technology for the ITER
accelerator alumina insulator (ID = 2.98 m) is proceeding well. A scale models
(ID = 0.7 m) has been built by a new forming technology (slip casting and "ultra
moulding"), and successful vacuum joints have been made with spring-
energised, metal O-rings at room temperature.

4.8.4 Ion cyclotron heating and current drive (IC H&CD) system

4.8.4.1 System performance

The IC H&CD system is designed to deliver to the ITER plasma a total power in
excess of 50 MW in the frequency range of 40-70 MHz (with a possible extension
to 85 MHz). This frequency range encompasses all ion and electron heating
scenarios at nominal (BT = 5.7 T) and reduced (BT >4.0T) toroidal field. The
system is composed of 32 modular subsystems plus four spares. Each subsystem
can generate an output power in excess of 2 MW. The total installed power is
therefore 64 MW, delivered by four antenna arrays, each located in one
equatorial port. All this power is delivered to the plasma chamber, allowing a
margin of up to 14 MW for losses in coupling to the plasma.

4.8.4.2 Major components

The diagram of one IC H&CD subsystem is shown in Figure 4.8.4.2-1. The main
system components are:

• antenna array: the antenna array delivers the RF power to the plasma
and is composed of eight current straps and one modular Faraday
shield as;

• vacuum transmission line (VTL): the VTL consists of coaxial
transmission lines connected to the antenna and located in the primary
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vacuum. In each VTL, a double vacuum window assembly provides
the vacuum and tritium boundary (Figures 4.8.4.2-2 and 4.8.4.2-3);

• matching and decoupling system: matching is performed in part at the
antenna (pre-matching) and in part in the transmission system. The
function of this system is to transform the (variable) load impedance to
the (fixed) RF power source output impedance, thereby optimizing the
power transfer from the source to the load;

• main transmission line (MTL): the MTL is composed of rigid coaxial
transmission lines filled by pressurized dry air. It is in two sections,
one connecting the end of the VTL to the matching system, the other
between the matching system and the RF power source;

• RF power source: the RF power source is a chain of RF power
amplifiers driven by low power frequency, synthesizer, amplitude and
phase control and protection systems;

• electrical power supplies: they provide DC and AC power to the RF
power source. The detail of the high voltage DC supply for the anode
of driver and end stage is described in Section 4.8.6;

• RF monitoring and controls: the function is to monitor and control
the IC H&CD system during operation, and to provide internal and
external communications with CODAC;

• auxiliaries: ancillary equipment of the IC H&CD system are vacuum,
pumping, gas supply, and pressurization systems as well as
commissioning and testing equipment. Details are given in
Section 4.4.3.4.

4.8.4.3 Confinement boundaries

The primary confinement boundary for the IC H&CD system is provided by the
port flange and by the ceramic discs of the double vacuum window. The cryostat
flange and a a second ceramic gas barrier provide the secondary confinement.

The array Faraday Shield, current straps and case are cooled by the primary heat
transfer system (PHTS). Primary confinement of coolant is provided by the
PHTS. Secondary confinement is provided by the HTS vaults and isolation
valves in the water loop.

4.8.4.4 System description

The system diagram of the IC H&CD system indicating subsystem boundaries is
shown in Figure 4.8.4.2-1. The layout of the antenna array and VTL are shown in
Figure 4.8.4.2-2 and Figure 4.8.4.2-3.

A low level, synchronous RF signal is distributed to phase-locked synthesizers in
all subsystems and sent, through amplitude and phase control units, to drive a
four-stage amplifier (solid state wideband amplifier, pre-amplifier, driver and
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end stage). In the last three stages, power tetrodes are used. The RF power
generation efficiency exceeds 70%.

High voltage DC power is supplied to the tetrode anodes by high voltage DC
power supplies and by the steady state electrical AC power distribution system.
The regulated anode voltage range for the driver and the end stage are shown in
Table 4.8.4.4-1:

TABLE 4.8.4.4-1
End Stage and Driver Voltage Range

(Anode Modulation Option)

Amplifier
Driver
End stage

Anode Voltage (kV)
3<V d <18
5 < Ve < 26

The steady state electrical power supply is used to provide DC and AC power to
the grid and filament of the tubes. Power tetrodes are cooled by water provided
by the de-ionized water supply. The RF source can be connected either to the
antenna or to a resistive dummy load for power testing.

The RF power is fed to the antenna array through the matching and decoupling
unit and the vacuum transmission line (ZQ = 30 12), which penetrates the cryostat
and the vacuum vessel port flanges. The impedance matching network in each
line consists of one series and one parallel reactance and can compensate
resistive load variations in the range 2 to 8 J2/m, keeping the voltage standing
wave ratio (VSWR) in the horizontal MTL and at the source < 1.5. The basic
characteristics of the MTL are shown in Table 4.8.4.4-2:

TABLE 4.8.4.4-2
Main Transmission Line Characteristics

Nominal inner diameter of outer conductor
Nominal outer diameter of inner conductor
Characteristic impedance
Maximum working voltage with ceramic support

Nominal VSWR

230 mm
140 mm

3 0 Q

80 kV

1.03

MTL and matching/decoupling system are pressurized by dry air (0.3 MPa). The
VTL is evacuated to below 10"2 Pa, in order to avoid high voltage breakdown.
All-metal coaxial supports are used in the VTL and have the function to support
the central conductor and to provide a path to the coolant from inner to outer
conductor.

The IC H&CD array consists of eight current straps arranged in a 2 x 4 matrix.
The current strap forms a resonant structure folded at both ends into the port.
The strap terminals are configured as variable short circuit stubs (pre-matching
stubs), and their lengths need to be adjusted to make the structure resonant. In
this condition it is possible to maintain at the antenna feed point a VSWR < 2
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over a large range of plasma loading. The total length between the shorted
terminals is adjusted to be approximately one wavelength.

The array module includes a main case of SS316LN, providing the nuclear
shielding function, the current straps, and the Faraday shield. The Faraday shield
consists of 25 tubular elements and directly faces the plasma. The Faraday shield
and current strap are partly constructed in copper alloy (such as Cu-Cr-Zr) in
order to minimize thermal stresses due to the high heat flux from the plasma. A
Be layer covers all plasma facing components.

The VTL inner conductors are used as supply and return ducts for the coolant of
all array components. Pressurized water is used as a coolant. The major design
parameters for the antenna array cooling are shown in Table 4.8.4.4-3:

TABLE 4.8.4.4-3
Design Parameters of Water for Antenna Array Cooling

Input pressure
Input temperature
Flow speed

(1) Faraday shield
(2) Current strap
(3) Support structure

Temperature rise
(1) Faraday shield
(2) Current strap
(3) Support structure

System pressure drop

4MPa
140°C

1.5 m/s
1.8 m/s
23 m/s

10°C
7°C

40-C
0.5 MPa

4.8.4.5 Maintenance

The antenna array and VTL are designed to be tested together before installation
and to be removed by remote handling through an equatorial port.

The vacuum windows replacement also requires RH. The sections of MTL in the
pit and the bioshield are designed to facilitate access and docking of the RH cask
to the cryostat flange. The MTL in the pit is hands-on maintainable.

4.8.4.6 Design assessment and key issues

At this point of the design, the IC H&CD system appears capable of providing the
required services and of satisfying GDRD requirements. It is noted that off-axis
current production has not yet been demonstrated. The system design needs
further detailing and validation through R&D. Principally:

• The manufacturing feasibility of the Faraday shield needs to be
confirmed and reproducibility/reliability of Cu-alloy components need
to be assessed.

• Variable prematching stub: the functionality of the use of sliding
contacts should be assessed. Remote actuation should be proven.
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• All-metal support: R&D should be continued with the construction
and high power tests of the prototype.

• Ceramic window: a prototype should be developed and evaluated
under a realistic neutron load.

• The feasibility of the VTL/MTL connection should be assessed. Remote
handling of the array and of the ceramic window should be proven.

• RF source: a 2 MW CW (continuous wave) RF source has never been
tested in realistic conditions and over the rated frequency range.
Simpler transmitter layouts should be considered to improve
reliability.

4.8.5 Electron cyclotron heating and current drive, startup and wall
conditioning (EC H&CD) system

4.8.5.1 System performance

A total of 50 MW of 170 GHz power for H&CD is delivered 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 over a central magnetic
field range spanning 4.2-5.7 T 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
state-of-the-art technological limits.

In addition to the main system, two start-up and wall conditioning systems, one
per port and each supplying 3 MW of power at a single frequency in the range
90-140 GHz, are also provided. There is sufficient space within a single port for
up to 56 waveguides. This allows injection of up to 94 MW of power into the
plasma through two ports, 88 MW for H&CD and 6 MW dedicated to the start-up
and wall-conditioning system. All systems are designed for steady state
operation.

4.8.5.2 Major components

The EC H&CD system is divided into the following major subsystems:

• in-vessel transmission and injection system (see Figure 4.8.5.2-1):

- mid-plane shield/blanket port plug: slotted shield/blanket module;

- injection optics: fixed optic and steerable optics which inject the EC
beams at a variable toroidal angle;

- mirror shield block: supports injection optics and provides
shielding for magnets and pit area;

- in-vessel waveguide runs: transmit power through the port;
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- window block: assembly consisting of the maintenance valve,
window (primary confinement boundary), and isolation valve
(secondary confinement boundary).

• ex-vessel transmission system:

conventional overmoded transmission components: corrugated
waveguide runs, miter bends, DC breaks, in-line valves, pumping
sections, and expansion segments;

- Radio frequency (RF) beam conditioning system: conditions RF
beam exiting the gyrotron for long distance waveguide
transmission.

• gyrotron and auxiliary systems:

- gyrotron sources for heating, current drive, start-up, and wall
conditioning;

- superconducting and conventional magnets;

- fluid systems: liquid He, liquid N2, and component cooling water.

• power supply system (described in Section 4.8.6):

- main supply: 50 kV, 45 A, 5% (c.f. Table 4.8.6-2) regulation;

- acceleration supply: 90 kV, 0.3 A, 1% regulation;

- protection circuitry.

• control and data acquisition.

In order to fulfill H&CD as well as start-up and wall-conditioning functions, two
operationally independent systems will be required. The hardware
implementation, however, is almost identical with two fundamental differences.
The first is the frequency of operation and the second is that the start-up and
wall-conditioning system does not require steerable injection.

4.8.5.3 Confinement boundaries

The primary confinement is composed of the lip seal between the mirror shield
block and VV port, waveguides and windows as shown in Figure 4.8.5.2-1. A
window will be used as the primary tritium and vacuum confinement boundary,
and a fast-acting isolation valve will be used for secondary tritium confinement.
A maintenance valve located on the plasma side of the window is used not only
during maintenance operations on the window and isolation valve, but also to
further isolate the torus when the EC H&CD system is off-line.
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4.8.5.4 System description

The in-vessel portion of the EC H&CD system has been redesigned since the IDR.
In the new design, an optic has been located as close to the first wall as practical in
order to achieve the steering capability required to provide heating and current
drive. Due to the disadvantages of locating an optic in the blanket, an injection
point at the foremost part of the port has been chosen. Waveguide is then used
to carry power through the port to the injection optics. A schematic overview of
the EC H&CD system, confinement boundaries and interfaces is shown in
Figure 4.8.5.4.1-1.

The transition from the ex-vessel to in-vessel transmission system is defined by
the boundary between the torus vacuum and the external environment.
Waveguide is used to transmit the millimeter wave power through the mid-
plane port to a point behind the back plate (see Figure 4.8.5.2-1). Radial motion
between the vacuum vessel and the cryostat is permitted by the use of a bellows
section. For transverse motion the waveguide mechanically distorts between
two fixed ends, one rigidly attached to the vacuum vessel and the other rigidly
attached to the cryostat. The resulting mode conversion can be minimized
through proper choice of the length and diameter of the waveguide.

The waveguide beam illuminates a fixed mirror which deflects the power
downward onto a toroidally steerable mirror (see Figure 4.8.5.4.1-1). The vertical
axis of rotation allows the beam to be steered toroidally for heating and current
drive applications. Power is injected into the plasma through a slotted
blanket/shield module which is mechanically isolated from the rest of the
injection system. Since the elevation of the waveguide (same as that of the fixed
mirror) and steerable optic differ, shielding can be staggered in such a way that no
line-of-sight exists between the first wall and the bioshield.

The steerable optic is plasma facing and, as a consequence of the added RF Ohmic
losses, the most mechanically and thermally stressed transmission element. The
combination of the volumetric nuclear heat load, plasma radiative and particle
heat fluxes, and RF Ohmic loss lead to an operating surface temperature in the
range of 300°C. The peak Ohmic losses (3-5 MW/m2) dominate. The higher heat
flux results if beryllium (used to cover most of the interior of the machine) is
assumed to coat the surface of the optic.

A similar arrangement is used for the start-up and wall conditioning system.
Studies show that a fixed toroidal injection angle of ~ 20° is preferable to
perpendicular injection.

Power generated by a gyrotron passes through the tube output window and is
optically transmitted to the RF conditioning system which performs several
functions: it absorbs spurious power generated by the tube and its internal mode
converters; it adjusts the polarization of the beam by means of two corrugated
optics; it converts the Gaussian-like mode to a true TEMoo mode by means of one
or more optics; it switches the beam between a dummy load for off-line testing of
the gyrotron and the waveguide transmission system; it shapes and injects the
beam into the waveguide transmission system.
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Once the power has been converted to the HEJI mode, an evacuated corrugated
waveguide is used to transmit the power to the torus. A nominal 1 MW, 100 m
long waveguide run consists of the following conventional components: miter
bends, corrugated waveguide, barrier windows, DC breaks, expansion segments,
vacuum pumping sections, and maintenance valves.

Gyrotrons, a type of high power millimeter wave electron tube, are used as the
sources of the EC RF power. They have been selected for ITER due to their
demonstrated ability to delivery high power for long pulses with high efficiency
when operated with a depressed collector (a passive converter of kinetic energy
in the spent electron beam into potential electric energy which reduces the
amount of power dissipated as heat and increases the overall efficiency). The
physics requirements, compounded with the unique engineering constraints of
ITER, necessitate the development of advanced gyrotron sources. The R&D goal
is to develop 1 MW, steady-state, > 50% efficient 170 GHz gyrotrons.

To deliver the requisite power, 68 tubes, each generating 1 MW of power, will be
needed. These will be arrayed in 17 pods, a group of 4 gyrotrons having a
common power supply. Tunable sources are anticipated for the start up and wall
conditioning (SU&WC) system. The ability to operate at multiple frequencies
with a single tube simplifies and reduces the cost of this system while at the same
time maximizing the system capabilities.

4.8.5.5 Maintenance

In order to simplify the remote maintenance of the EC H&CD system and to test
it before installation in the port, the in-vessel transmission component chain
will be assembled from three separate modules:

• shield/blanket port plug;

• mirror and waveguide port plug assembly;

• window block assembly.

The first of these, the shield/blanket port plug, functions generically as all other
shield/blanket modules. No EC transmission components are physically
attached to it and it will be installed and maintained as a separate unit. The
mirror and waveguide port plug assembly contains the steerable optics and their
actuation hardware. This will be designed to maximize access without extraction
of the assembly from the port. The window block assembly is accessible from the
pit and will be designed to maximize hands-on maintenance.

4.8.5.6 Design assessment and key issues

(1) The feasibility of the EC H&CD system relies on the development of 170 GHz,
1 MW, steady-state, high-efficiency sources and windows for use on the tubes and
torus. Key gyrotron performances have been demonstrated individually to date
and demonstration of a long pulse 170 GHz tube is expected by the end of the
EDA. Table 4.8.5.6-1 lists ITER-relevant gyrotron results. The remaining task is
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primarily to develop a tube which simultaneously demonstrates all the required
performance parameters.

TABLE 4.8.5.6-1
ITER-Relevant Gyrotron Results

Frequency
(GHz)

170.0+

170.0+
158.5
140.0

140.0
118.0

110.0

110.0

110.0

110.0

Cavity
Mode

TE31,8

TE31,8

TE24,7

TE22,6

TE22,6
TE22,6

TEl9,5

TEl9,5

TE22,6

TE22,6

Power
(MW)

0.52

0.23

0.70

0.96§
0.55
0.48

1.00

0.95§
0.35

0.106

Efficiency
(%)

19

-
30
42

42
30

65*
40
32

32

Pulse
Length
<s)

0.6

2.2
0.7
1.2
3.0

5.0

lxlO-4

2.0

10.0

SS+

Energy
Output
(MJ)

0.32

0.51
0.49
1.15*

1.65*
2.40*

-
1.90*

3.50*

-1000+
+170 GHz result
§MW level long pulse
t-High Efficiency operation with single stage depressed collector
*MJ or greater energy output
+Steady-state result

(2) Windows are the second critical technology. A single disk, polycrystalline
diamond, edge-cooled window was tested at long pulse and high power. The
results show that a 1 MW, 170 GHz, steady-state window is likely to be feasible
with presently available material. A test of such a window will also be made by
the end of the EDA. In addition, there are three alternative, megawatt window
concepts under development; cryogenic windows, Au-doped (high-resisitivity)
silicon windows, and the distributed window (slotted grill-like structure made of
alternating thin sapphire bars brazed to metallic, micro-channel cooled, heat
sinks). With several viable options being pursued in parallel, the required
window for the torus and tube will also likely be available for ITER.

(3) The steerable optic requires special attention. Although steerable optics are
employed on almost all EC systems in use today, a particularly robust design
must be developed in order to assure reliability in the ITER environment.
Accessibility will be limited due to its location well within the port, and although
it is located behind the first wall, the optic and actuation system are still subject to
nuclear heat loads and disruption forces. Therefore, prototyping and testing of
this component will be essential.

With the present design, the EC H&CD system is capable of meeting all system
requirements. This is accomplished using the allocated two ports and with
minimum impact on other tokamak systems.
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4.8.6 Additional heating power supplies

4.8.6.1 Performance

The additional heating power system (AHPS) consists of the primary power
supplies necessary to operate the:

• ion cyclotron heating and current drive (IC H&CD) system;

• electron cyclotron heating and current drive, and startup (EC H&CD)
system;

• neutral beam (NB) injection heating system.

These heating systems will provide a total of 100 MW of hearing power to the
ITER plasma.

To achieve this, the AHPS receives power from the AC power distribution
system, at intermediate voltages, and converts it into DC power needed for
feeding:

• the anodes of the IC H&CD system driver stage and end stage tetrodes;

• the cathodes of the EC H&CD and startup system gyrotrons;

• the accelerators of the NBI sources.

Assuming an overall efficiency of the heating system as 33%, the total peak
power demand on the pulsed AC power system will be around 300 MW. This
power can be provided by a powerful electrical grid, e.g., specified in the GDRD
(see Section 4.2.3, Site Design Assumptions). During the transient phases of
normal operating conditions, such as auxiliary heating power ramp-up or ramp-
down, the total active power demand will be limited in derivative to 200 MW/s,
with maximum step changes of 60 MW. Differing requirements have led to the
use of separate power supply technologies for each of the heating systems. These
power systems are briefly described below.

4.8.6.2 IC H&CD power supply

The need to actively modulate the voltage applied to the IC H&CD generators has
led to the use of pulse step modulator (PSM) technology for this power supply.
The PSM uses 52 separate voltage steps which can be electronically switched in
and out of the circuit. In this way the output voltage can be rapidly varied to
meet the voltage requirements of the tetrode tube. Load protection is
accomplished by rapidly (< 10 (is) switching off all voltage steps. A one line
diagram showing the major features of this power supply is shown in
Figure 4.8.6-1. A table listing the salient features of the main power supply is
given in Table 4.8.6-1. The IC H&CD system includes other DC supplies, for
instance for the filament, screen, control grid and anode supplies of the low
power tetrodes which are an integral part of the RF transmitter.
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4.8.6.3 EC H&CD power supply

The EC H&CD and startup system typically operates at a fixed voltage and only
requires the ability to adjust this voltage over a small range. Therefore, a more
conventional power supply design can be used. The power supply consists of a
12 pulse transformer with a diode rectifier and a thyristor phase control
converter placed in series. The phase control converter is used to compensate for
line-induced voltage variations which can be up to 12% of the nominal voltage.
The power supply has a capacitor filter bank on the output and is protected with
an electronic (insulated grate bipolar transistor, IGBT) turn-off switch in series
with the main power supply. An additional power supply, called the acceleration
power supply, is required to provide a 90 kV bias to the tube body. This power
supply requires a smaller current (0.1 A) but better regulation than the main
power supply.

TABLE 4.8.6-1
IC H&CD Power Supply Parameters

Number of power supply units
Number of tetrodes per power supply unit

Rated power (each unit)

Output voltage of main supply

Output voltage of driver stage

Output current of main supply

Output current of driver stage

Voltage regulation

Power factor
Number of steps
Voltage per step

Cooling method

Efficiency
Protection time

36 (+2 for test stand)
1

3.0 MW

5-26 kV

3-18 kV

0-110 A

0-20 A

+ 1%

0.92
52

650 V

pure water/air

95%
<10us

Because the power supply voltage is fixed during a pulse, the capability exists to
operate several gyrotron tubes in parallel from one power supply. Four gyrotron
tubes are presently anticipated for operation under one power supply. A one line
diagram showing the major features of this power supply is shown in
Figure 4.8.6-2. A table listing the salient features of the power supply is given in
Table 4.8.6-2.

4.8.6.4 NB injector power supply

The NBI power supply provides the accelerating voltage potentials to five
separate grids in the NBI source. Supply voltages range from 0 to 1 MV in 200 kV
increments. Each NBI power supply is supplied by its own AC/DC power supply
with an installed power of about 50 MVA. The design to provide 1 MV is based
on: AC/EC/AC frequency and voltage conversion, SF6 gas insulated step-up
transformers and DC rectification. The resultant output power is then
transmitted to the NBI source on a multi-axial, gas-insulated, HV transmission
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line. The auxiliary NBI power supplies are "floated" on the 1 MV potential and
are located in a high voltage deck attached to the transmission line near the NBI
source. Approximately 2MVA of auxiliary power supplies are required to
operate an NBI source. A one line diagram showing the major features of this
power supply is shown in Figure 4.8.6-3. A table listing the salient features of the
power supply is given in Table 4.8.6-3.

TABLE 4.8.6-2
EC H&CD and Startup Power Supply Parameters

Number of power supply units
Number of gyrotrons per power supply unit
Rated power (each power supply unit)
Output voltage of main supply
Output voltage of phase control supply
Output voltage of acceleration supply
Output current of main supply
Output current of phase control supply
Output current of acceleration supply
Voltage regulation of main supply
Voltage regulation of acceleration supply
Power factor
Cooling method
Efficiency
Protection time

15 (H&CD) +2 (Startup)
4

9.9 MW

45-55 kV
0-6.6 kV

70-90 kV
0-180 A
0-180 A

0-0.1 A

±5%
±0.5 %

0.89
pure water/air

95%

<10us

TABLE 4.8.6-3
NB Injection Power Supply Parameters

Number of power supply units
Rated power (each unit)
Output voltage/current of main supply
Output voltage/current of grid 1 supply
Output voltage/current of grid 2 supply
Output voltage/current of grid 3 supply
Output voltage/current of grid 4 supply
Auxiliary power supplies
Voltage regulation
Power factor
Cooling method
Efficiency
Protection time

3
48 MW

400-1000kV/0-59 A
320 800 kV / 0-12A
240-600kV/0-4A
160-400 kV/0-2 A
80-200 kV / 0-1 A

. 1.7 MW
+ 5%
0.86

pure water/air
93%

< 200 us
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4.8.6.5 Design assessment

The ICH&CD and EC H&CD power supplies have little design risk. The
IC H&CD system power supply, while innovative, is being commercially
produced. The EC H&CD system power supply is based on conventional power
supply technology This statement does not apply to the RF generators, which are
considered as part of the heating system.

The situation is different for the NBI power supply. This power supply is
without precedent. While the design concepts can be scaled from the similar NB
power supply system on JT-60U, R&D is necessary for design validation.
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4.9 Plasma diagnostic system

4.9.1 Function and development rationale

In order to meet the ITER programmatic and operational goals it is necessary to
measure a wide range of plasma parameters. Measurements of key parameters
which describe the condition of the first wall and divertor target plates are also
required. The parameters include the plasma shape and position, plasma
current, beta, density and temperature, neutron flux and emission profile,
impurity species, fueling ratio n j /nQ, total radiated power, He density, confined
and escaping alpha particles, divertor target plate temperature, MHD activity and
plasma turbulence.

The measurements will be used for:

• machine protection and plasma control;

• optimizing and evaluating the plasma performance;

• understanding important physical phenomena which may limit
plasma performance.

The measurements will be made with an extensive collection of individual
measurement systems (diagnostics) which together form the ITER diagnostic
system.

It is neither necessary nor desirable to design all aspects of the diagnostic systems
during the EDA. It is necessary to establish the feasibility of the chosen diagnostic
techniques, to develop the concepts to the point where any critical areas can be
identified and then resolved by dedicated design or by specific R&D. The
interfaces with the major machine components must be designed, in particular
so that the necessary space and services for diagnostics are provided in the
machine layout. The detailed design of the individual systems and their
installation can be left to the post-EDA phase. Plasma diagnostics is a rapidly
developing field and leaving the detailed design until post EDA has the
advantage of permitting the latest developments to be incorporated.

For the IDR, the measurement requirements were established from a careful
consideration of the role plasma measurements will play in the operation and
evaluation of the plasma. The feasibility of some key diagnostic systems was
established and some preliminary conceptual designs were made. During the last
year, the feasibility of most of the potential systems has been investigated,
conceptual designs of key systems have been carried out, and the engineering
design of important interfaces and critical areas has been initiated. Specific R&D
tasks have been started. The scope and principal components of the system are
now defined and are summarised in this section.

4.9.2 Description of the system

The diagnostic system comprises about 40 individual measurement systems
which can be grouped into seven generic groups:
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• magnetic diagnostics;

• neutron diagnostics;

• optical/IR systems;

• bolometric system;

• spectroscopic and neutral particle analyser (NPA) systems;

• microwave diagnostics;

• plasma facing components and operational diagnostics.

The provisional list of all diagnostic systems is shown in Table 4.9.2-1.

TABLE 4.9.2-1
Provisional List of Diagnostic Systems

ITERWBS

5.5.A
5.5.A.01
5.5.A.02

5.5.A.03

5.5.A.04

5.5.A 05
5.5.B

5.5.B.01

5.5.B.02

5.5.B.03
5.5.B.04

5.5.B.05
5.5.B.07

5.5.B.08
5.5.B.09

5.5.B.10

5.5.C

5.5.C.01

5.5.C.02

5.5.C.03
5.5.C.04

5.5.C.05

5.5.C.06
5.5.C.07

5.5.D
5.5.D.01

5.5.D.02

Diagnostic System

Magnetic Diagnostics
Ex-Blanket Magnetics*

In-Blanket Magnetics*
Divertor Magnetics*

Continuous Rogowski Coils*

Diamagnetic Loop*
Neutron Diagnostics

Radial Neutron Camera*

Vertical Neutron Camera*

Microfission Chambers (In-Vessel)* N / C
Neutron Flux Monitors (Ex-Vessel)*
Radial Neutron Spectrometer

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 (Poloidal Magnetic Field Measurement)
Collective Scattering System N / C

Bolometric System
Bolometric Array For Main Plasma*

Bolometric Array For Divertor*
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TABLE 4.9.2-1
Provisional List of Diagnostic Systems (Con't.)

5.5.E

5.5.E.01
5.5.E.02

5.5.E.03
5.5.E.04

5.5.E.05

5.5.E.06
5.5.E.07

5.5.E.08

5.5.E.09

5.5.E.10
5.5.F

5.5.F.01
5.5.F.02

5.5.F.03
5.5.F.04

5.5.F.05

5.5.F.06

5.5.F.07

5.5.F.08

5.5.G
5.5.G.01
5.5.G.02

5.5.G.03
5.5.G.04

5.5.G.05
5.5.G.07

S.5.H

Spectroscopic and NPA Systems

Active Spectroscopy (based on Diagnostic Neutral Beam)
H Alpha Spectroscopy*
Impurity Monitoring (Main Plasma)*

Impurity Monitoring (Divertor)*

X-Ray Crystal Spectrometers

Visible Continuum Array*

Soft X-Ray Array*

Neutral Particle Analyzers

Two Photon Ly-Alpha Fluorescence N /C

Laser Induced Fluorescence N /C
Microwave Diagnostics

ECE Diagnostics for Main Plasma*
Reflectometers for Main Plasma*

Reflectometers for Plasma Position
Reflectometers for Divertor Plasma

ECA for Divertor Plasma

Microwave Scattering (Main Plasma)

Fast Wave Reflectometry N / C

Microwave Scattering (Divertor) N /C

Plasma-Facing Components and Operational Diagnostics
IR Cameras, Visible/TV*

Thermocouples*

Pressure Gauges*
Residual Gas Analyzers*
Hard X-Ray Monitor*

Langmuir Probes/ Tile Shunts*

Diagnostic Neutral Beam
* Start-up diagnostic
N/C - New Concept diagnostic

4.9.2.1 Magnetic diagnostics

The magnetic diagnostics consist of several individual sub-systems:

• a set of pick-up coils, saddle loops and voltage loops mounted on the
inner wall of the vacuum vessel;

• a set of coils and saddle loops mounted on the plasma side of the back
plate in gaps between blanket shield modules and/or inside pockets in
the shield modules;

• four continuous poloidal (Rogowski) loops and four poloidal
diamagnetic loops mounted on the outside of the vacuum vessel;
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• a set of coils mounted in the divertor diagnostic cassettes;

• Rogowski coils around earth straps in the divertor region for
measurements of 'Halo' currents.

The pick-up coils mounted on the inner wall of the vacuum vessel are coils of
mineral insulated (MI) cable wound on a stainless steel former with a protective
cover. They are cooled by conduction. The saddle loops are formed from small
diameter MI cable and the voltage loops are metallic rods supported by ceramic
insulators. Both are mounted on the vessel wall. This magnetic coil set will
sense the plasma shape and position on a time-scale ~ 1 s and is expected to
survive for the lifetime of ITER. The coils and saddle loops mounted on the
inside of the back plate and/or in the blanket modules and in the divertor
cassettes will provide the plasma shape and position on a faster time-scale
(< 10 ms). Parts of this subsystem may have to be replaced if the blanket modules
and/or divertor cassettes are replaced. The coils mounted in side pockets of the
shield modules will provide measurements of high frequency (~ 200 kHz)
magnetic fluctuations.

4.9.2.2 Neutron diagnostics

The principal neutronic systems presently envisaged are a radial neutron camera,
a vertical neutron camera, neutron flux monitors, neutron spectrometers and a
neutron activation system.

The radial neutron camera consists of a fan-shaped array of flight tubes, viewing
the ITER plasma through slots in the blanket/shield, intersecting at a common
aperture defined by a specialized shielding plug in a equatorial port, and
penetrating the vacuum vessel through stainless steel "windows" with a
combined thickness of ~ 5 mm. The windows will be fully compatible with the
ITER vacuum and overpressure requirements. Each flight tube culminates in a
set of detectors chosen to provide the required range of sensitivity and temporal
and spectral resolution. Additional shielding along and between flight tubes
provides necessary collimation. All electronics are situated outside the biological
shield. The vertical neutron camera has a similar configuration but is installed
on a vertical port. The cameras provide the measurement of the total neutron
flux and emission profile from which the fusion power and power density and
the alpha particle source profile are derived.

The neutron flux monitors consist of a number of fission chambers containing
U or other isotopes, situated in various locations around the tokamak inside

the biological shield. The 235U detectors will be surrounded by moderating
materials to provide a flat spectral response, and shielded against gamma rays
and thermal neutrons, as required. The detector sensitivities (quantity and type
of fissionable material in each detector) and the detector locations, will be chosen
to span the many orders of fusion power encountered during ITER operation
with redundancy and adequate overlap of dynamic range. The system measures
the global neutron source strength from which the total fusion power is
obtained.
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Several types of neutron spectrometers are being considered. These range in size
from compact natural diamond detectors to magnetic proton recoil (MPR) and
time of flight spectrometers. The present design of the radial neutron camera is
sufficiently flexible to accommodate all but the largest of the possible instruments
and this is the preferred arrangement for the installation of the spectrometers.
From the measurements, the ion temperature would be determined and possibly
the tritium-to-deuterium ion density ratio, n j /nQ, and the plasma rotation.

The neutron activation system provides a robust relative measure of fusion
power and allows an absolute calibration of fusion yield. Using pneumatic
transfer methods, a sample of material is placed close to the plasma, where it is
irradiated by neutrons. It is then retrieved, and an estimate of the total neutron
production is made from an assay of the radioactivity induced in the sample by
the fluence of neutrons incident upon it. This is done using well-characterized
gamma-ray detectors situated in a remote, shielded counting station. The nature
of the activation technique is such that stability and wide dynamic range can be
intrinsic properties of the system. If the activation samples can be placed very
close to the ITER plasma with minimal scattering or attenuation, and if neutron
transport in the intervening material can be adequately modeled, then high
overall accuracy in measuring the fusion energy production (7%-10%) should be
achievable.

4.9.2.3 Optical/infra-red (IR) systems

Two Thomson scattering systems and an equatorial plane interferometer are
among the principal optical systems presently being designed. One of the
Thomson systems is being optimised for making measurements in the core
region while the other is being optimised for making measurements in the edge
region. The core system operates on the time-of-flight (LIDAR) principle. Light
from a high power laser is transmitted to the plasma using a folded mirror
system inside a shielded labyrinth located in an equatorial port (Figure 4.9.2.3-1).
The plasma-facing mirror is an actively cooled metal mirror. The scattered
radiation returns along the same path to spectrometers and detectors sited
remotely. The system provides the spatial profile of the electron density and
temperature. A critical element is the first mirror and R&D tests are required to
confirm that this can withstand the combination of the harsh environment of
ITER and the high laser power.

A LIDAR type system will not provide the spatial resolution necessary for
measurements in the edge region where high gradients are expected. Hence, the
design of the edge system is being based on a conventional Thomson scattering
arrangement.

A vibration-compensated interferometer employing Faraday rotation techniques
will be used to measure the line-integrated density for use in the feedback control
of the plasma density. The measurements will be made along tangential lines of
sight in the equatorial plane The probing beams will have wavelengths of
10.6 |xm and 3.39 (im. The radiation will be transmitted to and from the plasma
through shielding labyrinths in an equatorial port and small (~ 100 mm
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diameter) reflectors mounted in other equatorial ports will return the radiation.
The lasers and detectors will be sited remotely.

Additional optical systems under investigation are Thomson scattering (LIDAR
type) systems for the X-point and divertor regions, a polarimeteric system, and a
collective scattering system. The polarimeteric system would provide
measurements of the current profile while the collective scattering system would
provide measurements of the confined alpha particle population.

4.9.2.4 Bolometers

There will be bolometer arrays with multiple lines of sight covering the main
plasma and the divertor regions. The bolometer arrays will be mounted in the
equatorial and vertical ports and in the divertor diagnostic cassettes. Additional
locations for bolometer arrays are under consideration. The aim is to obtain the
two-dimensional distribution of the total radiated power in the poloidal cross-
section in both the main plasma and divertor regions through tomography. The
resolution improves as the number of different sight-lines increases. Existing
bolometer heads meet many of the design requirements but R&D is required to
establish their radiation resistance.

4.9.2.5 Spectroscopic and neutral particle analysis systems

An extensive array of spectroscopic instrumentation will be installed on ITER
covering the X-ray to visible range: both passive and active measurement
techniques will be employed. The four main regions of the plasma — the core,
the radiation mantle, the scrape off layer (SOL) and the divertor — will be
probed. The measurements can potentially provide impurity species
identification, ion densities, ion temperature, electron temperature, Zeff, plasma
rotation, internal magnetic field, impurity transport coefficients, and
information on MHD phenomena.

The specific instruments to be employed have not yet been finalised. However,
for the X-ray region it is probable that there will be two spectrometers: a medium
resolution survey instrument providing full coverage in the wavelength range
0.1 - 10 nm and a high resolution (crystal) instrument with narrow coverage in
the range between about 0.1 - 0.2 nm. The instruments will share a vacuum
beam line and be fitted with thin foil metallic windows (thus either the windows
or the instrument itself will have to be capable of withstanding primary vacuum
boundary overpressures). The X-radiation will be deflected using grazing
incidence or multilayer mirrors and thereby the detectors will be shielded from
the direct neutron and gamma flux. In addition, the feasibility of a soft-X-ray
camera which would have multiple lines of sight in the poloidal cross-section is
being investigated. Such a device would provide detailed information on the
internal structure of the plasma. For the UV and XUV region the spectrometers
and detectors would have to be directly coupled to the tokamak vacuum because
it is not possible to use windows. However, mirrors can be used at low angles of
reflection and so it is possible to shield the detectors from neutron and gamma
radiation by using labyrinthine optical systems imbedded in shielding blocks.
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The engineering design of the direct coupled systems is a substantial task which
has not yet been started.

Passive spectral measurements in the visible frequency range are in general of
limited value because of the high temperature of the ITER plasma. However,
active measurements employing charge exchange recombination spectroscopy
with beams of energetic neutrals are a rich source of information. For several of
the important measurements, the optimum beam energy is ~ 100 keV/amu
which is significantly below the energy of the heating beams (1 MeV). This
generates a requirement for a dedicated diagnostic neutral beam (below). The
beams are viewed through labyrinthine optical systems imbedded in shielding
blocks. Some measurements, however, can be made with the heating beams and
so an optical system to view one of these beams is also planned.

Measurements in the divertor region are particularly difficult because of the very
limited access. Folded optical paths through the diagnostic cassettes are planned
but the wavelength range is likely to be limited to wavelengths > 200 nm
(Figure 4.9.2.5-1). The light will be transported with mirrors, lenses and optical
fibres to the spectrometers sited outside the biological shield. Mirror damage due
to the deposition of target plate material during a major disruption is a
potentially serious problem which is presently being investigated.

The possibility of two neutral particle analyzers (NPAs) to supplement the
spectroscopic diagnostics is being considered. Both would view radially through
an equatorial port along the same line of sight. One would be used for
monitoring the nT/no ratio and the second would provide the fast alpha particle
distribution function in the energy range 0.5-4 MeV. The nT/nD ratio would be
defined from measurements of deuterium and tritium atomic fluxes generated
as a result of charge-exchange (CX) reactions of plasma ions with residual
deuterium and tritium atoms (passive fluxes) in the region of r/a > 0.7,
depending on ne and Tj profile shapes. The fast alpha particle energy
distribution would be obtained from measurements of the energy spectra of
escaping helium atoms generated in the plasma core as a result of CX of fast
alphas with He° and intrinsic He-like impurity ions (Be2+, C*+) (passive fluxes)
or with an impurity (or fueling) pellet ablation cloud (active fluxes). As in the
case of the VUV and XUV spectrometers, the NPAs would require a direct
coupling to the tokamak vacuum. They would also require magnetic shielding
since the stray magnetic field at the analyser must be < 0.07 T.

An additional NPA system for active nT/nD measurements utilizing the
diagnostic neutral beam is presently under investigation. The feasibility depends
strongly on the parameters of the diagnostic neutral beam and the allowable
penetrations through the upper port, neither of which are yet finalised.

Additional spectroscopic diagnostics under study are a two photon Lyman - alpha
fluorescence system for measuring the atomic density of hydrogenic species in
the divertor, and a laser induced fluorescence system for measuring the density
of light impurities.
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4.9.2.6 Microwave diagnostics

Currently the plan for the microwave diagnostics is a system to measure the
electron cyclotron emission (ECE) from the main plasma, and three reflectometry
systems for probing the main plasma, the divertor plasma, and for measuring the
plasma position. Additional systems under study are an electron cyclotron
absorption system for use in the divertor region, a fast wave reflectometry system
and two microwave scattering systems.

The ECE system consists of an array of antennas, a system for transporting the
radiation, and spectrometers and detectors for analysing the emission. The
antennas are mounted in a radial port plug. The transmission system carries the
radiation through the vacuum vessel, cryostat and shield and on to the
spectrometers and detectors which are located remote from the tokamak in one
of the diagnostic areas. Calibration of the ECE system is an important process and
special equipment and procedures are employed. The system will measure the
electron temperature with good spatial and temporal resolutions.

The reflectometer for the main plasma utilizes the upper cutoff (extraordinary
mode) and the plasma frequency cutoff (ordinary mode) from the low-field side
of the plasma to provide measurements of the density profile in the scrape-off
layer (SOL) and the gradient region respectively. In addition, systems which
utilize the plasma frequency cutoff (ordinary mode), and the lower cut-off
(extraordinary mode) from the high -field side of the plasma are under
consideration. These would provide the inboard density profile in the gradient
region and in the plasma core but would be considerably more difficult to
implement.

The low-field-side systems share an array of broad-band antennas of typical
diameter 100 mm, mounted on a diagnostic block in an equatorial port and
viewing the plasma through apertures in the blanket/shield. Broad-band,
overmoded, corrugated, circular transmission lines couple the front ends to the
system electronics. Components such as swivelling mitre bends, expansion
joints and long elastic sections are used to accommodate vessel movement with
respect to the bioshield whilst preserving millimeter-wave performance.

The high-field side systems would consist of two antenna arrays, mounted
within specially modified blanket modules. Radiation would be routed to these
systems using small bore (typically 25 mm) rectangular or circular corrugated
waveguides depending on the frequency range. These waveguides are routed
either in the interspace between the backplate and the vacuum vessel, or
alongside the blanket/shield cooling water conduits. The waveguides are
brought out, through an upper port and the cryostat, to electronics located on top
of the bioshield. The antennas would have a typical dimension of 50 mm.

In principle, the combined performance of these reflectometer systems matches
or exceeds the performance target set for the ITER core density and edge profile
measurements with respect to time and space resolution.
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The aim of the plasma position reflectometer is to provide the location of
particular density layers which occur in the vicinity of the separatrix. The system
is intended as a stand-by input to the plasma position and shape control system,
so reliability is of the highest priority. At the same time, the system provides
valuable physics information on the shape and evolution of the scrape-off layer
around the plasma periphery. To implement the position reflectometer on ITER,
antennas are installed both on the low-field and high-field sides of the plasma.
The probing microwave radiation enters the vessel through an upper port and is
transmitted to the antennas in the gap between the backplate and the vacuum
vessel, or in the blanket cooling pipe conduit. This places an upper limit of
~ 2.5 cm on the size of the waveguide. The antennas are embedded in the
blanket backplate or fit in the 2 cm space between blanket modules. The optimal
arrangement is closely linked to the blanket design. It is expected that the ITER
target requirements of gap control to 1-2 cm with a time resolution of 10 ms will
be met, given sufficient access.

The divertor reflectometer provides density profiles across the divertor plasma.
The wide range of densities expected in the ITER divertor impose a frequency
range of 20-900 GHz for the system. At the same time, the access restrictions due
to the heat load on the divertor target severely restrict the size of the antenna
system that can be used. The present concept is for a system with five sightlines
distributed along the outer channel, and one sightline on the inner channel,
mounted along the edge of one of the divertor diagnostic modules. Continuous
profiles are to be provided for densities up to 1021/m3, with a discrete-frequency
peak density/interferometer system operating above that range. The target
resolution of 0.3 cm/ms is likely to be met for most of the operating space below
1021/m3.

For all systems, dog-leg structures in the transmission lines reduce neutron
streaming outside the vacuum vessel and bioshield. Double vacuum windows
of fused quartz directly bonded to metal structures provide the necessary pressure
boundaries.

4.9.2.7 Plasma facing component diagnostics and operational systems

Several systems are used to monitor and measure the condition of the high heat
flux components in the main chamber and in the divertor. Cameras viewing in
the infrared through folded optical systems imbedded in the diagnostic shield
blocks will measure the temperature of representative surfaces. Thermocouples
mounted in the blanket shield modules and in the divertor will provide the
temperature of these components. The feasibility of a system for measuring
directly the erosion of the divertor plates is being investigated.

Important operational diagnostics including pressure gauges, residual gas
analysers and hard-X-ray monitors will be included. Langmuir probes mounted
in the divertor cassettes will provide the density and temperature of the plasma-
on the divertor target plates.
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4.9.3 Diagnostic neutral beam

The diagnostic neutral beam will inject hydrogen atoms with an energy
~ 100 keV. Two options are being considered for the beam design. In the first
case, the design would be based on the design of the main heating beams; in
particular, it would require only minor modifications of the high cost and high
technology components developed for these beams and adopt the same remote
handling (RH) and maintenance procedures. In order to achieve the required
measurement performance, the beam would have to have a power of about
5 MW, a narrow beam divergence, a small beam footprint and be capable of
modulation at frequencies of a few Hz. An alternative approach is to use a very
short pulse (1 \is), intense (5 GW) beam which can be pulsed at a repetition rate of
about 100 Hz. Such a beam would have an average beam power requirement of
about 500 kW, would be significantly smaller than the conventional beam and
would give an improved measurement performance. However, it is at a much
earlier state of development and is a subject of on-going R&D.

4.9.4 Diagnostic start-up set

It is neither necessary nor desirable to construct all of the diagnostics during the
machine construction phase: some diagnostics will not be required until later in
the operational programme and a phased installation of the diagnostics will
permit the most advanced techniques and technologies to be used. However, it
will be necessary to construct all the interfaces for all the diagnostics and to meet
all the diagnostic requirements for space and services during the machine
construction phase in order to avoid expensive modification costs later. The
combination of the construction of the subset of diagnostics for first machine
operation, which is termed the 'start-up set', and the interface and service work,
constitutes the work that must be done during the construction phase. The
diagnostics in the 'start-up set' are marked with an asterisk in Table 4.9.2-1. The
design of most of the systems is based on experience gained with similar systems
on present-day tokamaks. However, for a few of the required measurements
existing techniques are not applicable and new approaches are needed. The
systems involved are termed 'New Concept' diagnostics and marked N/C in
Table 4.9.2-1.

4.9.5 Diagnostic installation and remote maintenance

Diagnostic components will be installed inside the vacuum vessel — for example
in the blanket shield modules and in special divertor diagnostic cassettes — and
in equatorial ports, upper ports and divertor ports. Outside the biological shield,
they will be installed in the pit and in the remote diagnostic areas.

For components inside the vacuum vessel, it is intended that the component
lifetime will be at least as long as the component on which it is mounted, thereby
avoiding the need for individual in-vessel remote maintenance. In the ports, the
components will be installed in blocks which can be removed by the RH
equipment.
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The principal elements of an equatorial diagnostic port are shown in
Figure 4.9.5-1. The first component is a blanket shield plug which is similar to
that installed in the remote handling ports (see Section 4.1.2.7). No diagnostic
components are attached to it: the plug has holes of various diameters to provide
diagnostic access. Labyrinths are provided in the diagnostic block to provide the
diagnostic transmission lines while maintaining adequate shielding. Typically,
several diagnostic systems are integrated into one block. The diagnostic block is
rigidly coupled to the vacuum vessel seal plate to form one unit. The vacuum
vessel seal plate and the diagnostic windows and feedthroughs form the first
tritium confinement barrier. The cryostat seal plate and additional windows and
feedthroughs form the second confinement barrier. Self-aligning parts of the
diagnostic transmission systems exist in the space between the vacuum vessel
seal plate and the cryostat seal plate to take up the differential movements
between the vacuum vessel and cryostat which can be - 50 mm in the vertical
and radial directions, and ~ 25 mm in the toroidal direction. The transmission
through the biological shield is also through labyrinths wherever possible.
Outside the biological shield the diagnostic equipment is installed in the pit, or in
the remote diagnostic areas. In the latter case, there are long transmission paths
(typically 100 m).

The diagnostics which require direct coupling to the tokamak vacuum will be
installed outside the cryostat and biological shield. The vacuum boundary will
have to be extended and possible designs are presently under investigation.
There would have to be isolation valves and the systems would be pumped
independently. The primary vacuum boundary would be all metal and of fully-
welded construction. The second boundary would be designed for vacuum or
partial pressure filling for leak testing.

Plugs containing shielding and labyrinthine transmission paths will be used for
the installation of diagnostic components on the upper ports. Access to the
diagnostic components will be provided by secondary vacuum extension tubes to
avoid breaking the cryostat vacuum during access. The details of the diagnostic
installation on the upper ports are still under design.

4.9.6 Conclusions: system design assessment and key issues

The ability of the diagnostic system to meet the measurement requirements
depends on several factors which are in general different for each generic group
of diagnostics.

1) For the magnetic diagnostics, the design and supporting R&D work has
shown that there should be no insurmountable problems with the
systems mounted on the inside and outside of the vacuum vessel wall
and in the divertor cassettes although there are design details which are
still outstanding. These systems will provide all the measurements
necessary for a full determination of the plasma equilibrium, current
and beta, with a time resolution ~ 1 s. The performance of the systems
mounted on the plasma side of the back plate and/or in pockets in the
blanket shield modules, however, is less certain. These systems aim to
provide the plasma parameters with a time resolution of < 10 ms and
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measurements of magnetic fluctuations with a bandwidth of 200 kHz.
Progress with the design depends on the design of the blanket shield
modules and on their method of attachment neither of which is yet
finalised.

2) There is no doubt that it will be possible to measure the neutron
emission from the ITER plasma but the ability of the neutron
diagnostics to meet the measurement requirements depends critically
on one particular aspect of the design: the access available to the radial
and vertical neutron cameras. In order to be able to determine
accurately the total fusion power, the most important parameter
measured by the neutron diagnostics, it is essential to have a wide-
angle view of the plasma in both these directions. Provision of special
equipment for calibrating the detectors in-situ is also an important
factor. The access available for the neutron cameras cannot be finally
determined until the designs of the blanket shield modules and the
ports are finalised.

3) Access through the shield blanket modules is a critical issue for all
optical/IR, spectroscopic and microwave diagnostic systems. The size,
shape and location of the access holes is a factor in the design of the
blanket shield plugs which is underway.

4) Amongst the optical/IR systems, the design of the vibration-
compensated interferometer has advanced sufficiently to be able to be
confident that its performance will meet the measurement
requirements if given the necessary access through the blanket shield
plugs. A remaining issue is that of a vacuum window which transmits
radiation with a wavelength of 10 urn and still meets the ITER vacuum
and tritium containment requirements, but several possibilities exist
and are being pursued in the diagnostic R&D program. For the optical
laser systems, the critical issue is the survivability of the first mirror:
this must maintain a good optical quality in the presence of the nuclear
heating, plasma radiation and neutral particle bombardment. All
aspects are being pursued in the ongoing design and R&D program.

5) The performance of existing bolometers meets many of the design
requirements but their survivability in the ITER radiation
environment is an open question which is being addressed in the R&D
program. Concepts exist for radiation-hardened designs and, if
resources permit, these will also be developed in the R&D program.
Siting of the bolometer arrays in the ports and in the divertor cassettes
is assured but the capability of the diagnostic to resolve structure in the
plasma would improve substantially with arrays at additional locations
in the poloidal cross-section. It is not yet clear whether these additional
locations can be provided.

6) Spectroscopic measurements in the X-ray and visible spectral regions
should be possible: design solutions exist for the principal problems
especially the access requirements. The XUV and VUV regions are
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more problematic because the diagnostic equipment has to be coupled
directly to the tokamak vacuum, but promising design concepts exist.
The situation is similar for the NPA instruments where direct coupling
to the tokamak is required. Spectroscopic measurements (X > 200 nm)
of the plasma in the divertor region have the added difficulty of
possible damage to the components in the optical train, and especially
deposition of material on the mirrors> caused by major disruptions.
These problems are difficult to quantify. The provision of shutters in
the optical train is being considered. Direct coupled instruments do not
appear feasible in the divertor region and so measurements of the XUV
and VUV emission from the divertor plasma will probably not be
possible.

7) No insurmountable problems are foreseen for the ECE measurements
and for the reflectometry measurements which probe the plasma
through equatorial ports on the low-field side. For the reflectometry
measurements on the high-field side and at various locations in the
poloidal cross-section for the plasma position measurements, the
installation of the necessary antennas and waveguides in the blanket
and vacuum vessel are key design issues. The installation of
waveguides through the divertor ports and in the divertor cassettes
appears feasible but the development of the associated diagnostics
(electron cyclotron absorption (EGA) and divertor reflectometry) is still
in an early stage and so the information that can be reliably obtained
from these measurements is not certain.

8) Monitoring of the condition and temperature of the high heat flux
components will be possible but the surface area that can be covered
will be limited. A key design issue is selecting the areas that are to be
observed. No insurmountable problems are foreseen with the main
operational diagnostics such as pressure gauges, residual gas analysers
and hard X-ray monitors.

9) A neutral beam with adequate performance for the required diagnostic
measurements appears technically feasible but may require the
development of special components and RH procedures which may be
prohibitively expensive. A short pulse, relatively intense, neutral
beam appears particularly attractive, but substantial R&D is necessary
before a decision could be made to use it on ITER.
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5.0 TOKAMAK — INITIAL ASSEMBLY

Compared to other parts of the plant for which conventional construction
operations are foreseen, the tokamak requires specific procedures to perform
accurate installation of its large and heavy components.

In addition to satisfying criteria for minimizing time, schedule, and cost, the
assembly procedure intends to minimize the residual stresses in the components
and achieve the required first wall (FW) position.

These requirements are particularly severe in view of:

• overall size of the vacuum vessel (VV)/back plate (BP) /blanket module
(BM) assembly;

• numerous restrictions imposed by in-situ assembly conditions;

• small installation tolerances compared to the large manufacturing
tolerances of the components;

• anticipated deviations due to welding distortion for in-situ operations.

The tolerances to be achieved include all deviations from manufacture and
assembly of the components.

5.1 Assembly procedure

The main assembly sequences are grouped in four logical phases:

• TF/W/BP installation: includes installation and commissioning of
tools, establishment of a first reference axis for all operations, and the
assembly procedures to position and assemble TF, VV, and BP sectors.
This phase covers the assembly procedure from the start of the
assembly process through the installation of the last TF/VV assembly,
final welding of the vacuum vessel, and establishment of the machine
magnetic axis;

• in-vessel assembly: includes all assembly procedures which occur in
the interior of the vacuum vessel and ports, from final welding of the
vacuum vessel to preparation for commissioning;

• ex-vessel assembly: includes all assembly procedures which occur
exterior to the vacuum vessel and ports, from the final welding of the
vacuum vessel to the preparation for commissioning. These activities
occur in parallel with in-vessel assembly procedures;

• preparation for commissioning: includes all additional assembly
procedures required before commissioning for installation and tests of
diagnostics, fueling, heating and remote handling; of thermal shields,
wires, cables, and instrumentation.
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A video tape was prepared showing all sequences of the assembly procedure. A
few steps are illustrated in the following sketches:

Figure 5.1-1: Lower cryostat activities. Cryostat lower head installation. After
installation of the vacuum vessel pressure supression system tank and cryostat
foundations, the supports are shimmed and the cryostat lower head brought to
the pit by two overhead cranes, four hooks, and four lifting beams. The cryostat
lower cylinder is then installed, aligned and welded to the cryostat lower head.

Figure 5.1-2: Lower cryostat activities. Lower PF coils installation. After
temporary supports for lower PF coils are brought to the pit and shimmed, the
lower PF coils PF7, PF6, and PF5 are installed and coated with a protective
covering. Then, the gravity supports are installed and shimmed.

Figure 5.1-3: TF/VV sub-assembly. A vacuum vessel half sector is already in
place and has been adjusted in the sub-assembly rotating jig before transferring,
into this tool, a TF coil and the thermal shield pre-assembled on the coil. The
following operations are then to place and adjust the second half sector and to
weld those two halves before rotating the jig into a vertical position and
transferring the TF/VV assembly into the pit.

Figure 5.1-4: Integrated T F / W and BP/BM assembly. This figure illustrates how
the first T F / W assembly is lowered into the pit onto its gravity support. Beams,
attached to the bioshield wall, stabilize both the outboard and nose of this first TF
coil, and allows installation of the next nine T F / W sectors.

Figure 5.1-5: Integrated T F / W and BP/BM assembly. After installation of the
first ten T F / W assemblies, internal braces are removed from the VV, rails are
mounted outside and inside of the VV, and a large pre-assembled BP sector is
brought onto the rails and rotated into the W . A second large BP sector is then
lowered onto the rails and rotated in order to perform the weld between the two
large sectors, from both sides, out of the W .

Figure 5.1-6: CS and associated component assembly. After completion of the
VV, the cryostat upper cylinder is brought to the pit, aligned and welded to the
lower cylinder. The upper crown, PF2, PF3, PF4 and 8, and CS are then installed.
These operations are performed in parallel with several other operations on in-
vessel components, VV port extensions and in parallel with jacking up the lower
PF coils to their final position.

Figure 5.1-7: Installation of upper leads and pipes. This sketch illustrates the
final installation of HTS pipes and TF leads, before bringing to the pit the cryostat
lid, the shielding and the remaining diagnostic equipment.

Figure 5.1-8: BP/BL final assembly. This sketch illustrates how the remote
handling equipment could be tested for installation of baffles and limiters during
assembly. However, depending on the duration expected for these operations
and compatibilty with other tools, the initial assembly procedure may use
different tools.
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5.2 Overall assembly logic

Figure 5.2-1 is a diagram presenting the overall assembly logic.

An essential feature is the application of dimensional control and correction at
each stage of the assembly process to guarantee the eventual achievement of the
required tolerances. The assembly procedures also:

• minimize the accumulation of deviations;

• control, predict and anticipate the distortion due to welding operations;

• mitigate the effect of their relatively large manufacturing tolerances on
the final position of the components;

• facilitate the detection and partial correction of the deformations which
occur during assembly;

• permit the re-adjustment of the position of the components relative to
a common reference axis after completion of their assembly;

• permit the re-adjustment of the position of the first wall once the
position of the magnetic axis of the machine is known.

5.3 Accuracy, deviations

The major objective when establishing tokamak assembly procedures is to satisfy
the requirements for a tight tolerance on first wall position, relative to the
operating magnetic field. The procedure presently being investigated involves
energising the TF coils at room temperature at low current after final TF/VV
assembly and prior to final FW positioning, to establish the location of the
magnetic axis of the machine.

In addition, the expected manufacturing tolerances for heavy and large
components are greater than the required tolerances for first wall positioning,
and the design of all parts and supports leads to an accumulation of deviations in
radial and vertical directions unless special procedures are used. The strategy for
minimizing the first wall deviation will include the following guidelines:

• Minimize the accumulation and consequences of deviations by:

- performing all surveys, adjustment and alignment operations on all
components and supports relative to a single reference;

- avoiding the build-up of deviations between components and
supports by inserting customized shims between all interfaces;

- assembling and welding the back plate independently from the
vacuum vessel;
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- correcting the shape of the complete back plate before installation of
customized supports between VV and back plate;

- moving the complete back plate relative to the VV in order to
adjust it to the magnetic field axis;

- correcting the position of each blanket module by customizing the
interface without removing the whole module from the VV.

• Control the weld distortion by:

- welding the back plate from both sides where possible;

- correcting the angular distortion during the welding operation by
measuring the loads on the supports and adapting the welding
sequences in order to balance and minimize the lateral loads on
these supports;

- survey all welded components during sub-assembly and correct
unacceptable distortion prior to installation.

• Avoid impact of the large manufacturing tolerances on components by
selecting, for each of them and for each direction, the critical areas to be
used as a reference.

In order to perform all assembly operations, the accuracy of the metrology system
is essential to meet the requirements on first wall position relative to the
magnetic axis of the machine.

The optical metrology system must provide accurate and repeatable 3-D
positional control for the alignment, in real time, of the major tokamak
components. The expected accuracy depends on the configuration of the
components, angles and distances. It should be better than 0.2 mm.

For final assembly operations inside the cryostat, the system is capable of
completing the required positional measurements over large distances without
the need to physically contact the component.

To minimise sources of errors during data capture, the system has on line
storage, processing, and self-diagnosis capabilities.

The essential elements of the conceptual integrated optical metrology system are
a framework of primary and secondary datums, located on the bioshield and
cryostat respectively, fiducial targets located on the components to be aligned and
two complementary 3-D optical metrology systems.

5.4 Assembly hall utilization

Temporary cleaning areas will be established external to the north and south
ends of the assembly hall to facilitate entry of the large components via either
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end of the building. The routing of the components into and through the
assembly hall will conform to the following basic plan:

Initial assembly phase:

• the cryostat lower lid, lower cylinder and the lower poloidal field (PF)
coils are cleaned and prepared in the north end of the assembly hall
prior to installation in the pit;

• the sub-assembly tooling and workstations for the W and TF are
cleaned, installed and tested in the south end of the assembly hall.

TF, VV, and in-vessel components:

• the BP sectors are cleaned, upended and sub-assembled into large units
in the north end of the building prior to installation in the pit;

• the W half-sectors and TF coils are cleaned, prepared, sub-assembled
and measured in the south end of the assembly hall.

5.5 Tool fabrication

To assure compliance with their specified requirements, and obviate possible on-
site modifications, all tools are completely assembled and tested in the
manufacturer's workshop prior to shipping. As the tokamak components will
not be available for these tests, test procedures using temporary structures, jacks,
hard points or dummy components must be envisaged. In addition to functional
testing, the tooling is load-tested under the conditions required for on-site
certification, and data on tool deformations will be needed.

Following delivery, the tools are stored in the outdoor storage areas until
required for assembling, testing and operation.

Appropriate selection of materials for tool construction prevents contamination
of the tokamak components with dust, rust, hydraulic oils or greases, which are
incompatible with the ultra-high vacuum (UHV) environment. Carbon steel
parts are protected against corrosion with an appropriate coating.

All surfaces in contact with the tokamak components are in stainless steel or
other compatible materials and all tools which remain in the W during the
global leak test are vacuum compatible.

5.6 Site facilities

Temporary facilities are required to perform the following functions in support
of the assembly operations:

• cleaning areas on both north and south ends of the assembly hall;

• storage, treatment and disposal of liquid waste;
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• outdoor storage areas for tooling and components;

• temporary heavy lifting equipment in storage areas;

• on-site machining capability for finish machining small components,
e.g., VV splice plates, BP supports, etc., and tooling modifications;

• computer controlled machining capability for blanket modules;

• grinding and machining capability in the assembly hall for sub-
assembled and assembled components, e.g., for the correction of weld
preparation on the large BP units;

• metrology and metallurgical laboratories to perform the required
quality control tests.
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FIGURE 5.1-1
Lower Cryostat Activities - the Cryostat Base Is Installed
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FIGURE 5.1-2
Lower Cryostat Activities - Following PF7 Installation,

PF6 is Installed on Temporary Supports
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FIGURE 5.1-4
Integrated TF/VV/BP/BL Assembly

- the First TF/VV Assembly is Lowered into the Cryostat
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FIGURE 5.1-5
Integrated TF/W/BP/BL Assembly - 4 Sectors of BP are Rotated into 10 W Sectors



FIGURE 5.1-6
CS & Associated Component Assembly - the CS is Installed



FIGURE 5.1-7
Installation of Upper Leads and Pipes - Final Assembly of HTS Pipes and TF Leads
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6.0 TOKAMAK MAINTENANCE

6.1 Basic approach and general criteria

As concluded in the IDR, tokamak maintenance is a prerequisite to a successful
ITER experiment. This essential capability relies simultaneously on the detailed
design of the components to be maintained or repaired, on the actual procedure
to follow during the maintenance process, and the development of simple,
robust and efficient remote handling tools. Because parts of the tokamak will
become activated, remote maintenance will be necessary.

It is essential to verify and demonstrate the feasibility of the developed methods
and tools or full-scale component mock-ups to be built during the EDA period.
The technology involved does not require important basic innovations.
However, its implementation relies on rigorous experimental development and
testing. This strategy has been firmly followed since the IDR and will continue to
guide future developments.

The design of in-vessel components which will become activated and require
remote maintenance have a strong influence on the detailed definition of the
appropriate remote procedures, and tools, to remove the components from the
vessel and transfer them to the hot cell for repair or disposal, without spreading
contamination.

The IDR identified divertor and blanket maintenance as the most important
activities. Progress has been made in the design, and two large R&D projects
have been launched to procure prototype tools and demonstrate procedures in
97/98. These projects should give confidence that the divertor and the blanket
can be maintained without undue constraints on the machine availability.

The first focus of new work has been on the design and layout of the radial ports
at the equatorial and divertor levels in order to define maintenance for all other
equipment which will go into the ports. The aim is that this maintenance
should rely on standardized procedures and tools as far as practicable. All ports at
each level should be standard in their interfaces with the vessel and cryostat
(eight RH ports and three NB injector ports are presently the only exceptions
among forty ports). R&D on standard procedures and tools will need to continue
beyond the EDA.

A second focus was put on ex-vessel maintenance of RH Class 3 components.
Studies on conceptual procedures and tools are being developed, together with
the design of components and structures in order to be confident that in case of
failure, a possibility exists for repair.

The remote handling classification scheme for components has been developed
and it is shown in Table 6.1-1. Note that remote operations are often referred to
by the (numerically) lowest RH classification of any component involved in the
operation.
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TABLE 6.1-1
RH Classifications

RH
Class

1

2

3

4

Definition

Components that require scheduled remote
maintenance or replacement.
Task should be achieved in the minimum time
needed.
Shall not require opening the cryostat.
All RH equipment must be designed in detail
during the EDA.
Feasibility of tasks shall be verified during the
EDA

Components that do not require scheduled remote
maintenance but are likely to require
unscheduled or very infrequent remote
maintenance.
Repair and replacement time should be short.
Shall avoid opening the cryostat where
possible.
All RH equipment must be designed during the
EDA.
Feasibility shall be verified during the EDA
where deemed practical and necessary.

Components not expected to require remote
maintenance during the lifetime of ITER.
The projected maintenance time in case of failure
may be long.
The procedure for maintenance shall be defined
during the EDA.

Components that do not require remote
maintenance or repair.

Examples

Divertor cassettes
Closure plates and plugs in RH ports
In-vessel inspection
Test blanket modules
NB ion source

Blanket modules
Cryopumps
RF antennae
ECH mirror
Diagnostics

Coils (PF, TF, CS)
Thermal shields
W sector
Blanket back plate
Cryostat cryopump
Diagnostics
W port extension
In-port cooling pipes
Port bellows

6.1.1 General policy of in-vessel components maintenance

6.1.1.1 Multi level approach

To minimize intervention time, reduce waste and lower the risk of the spread of
radioactive or hazardous material contamination, and radiation exposure to
personnel, maintenance strategies are based on a "multi-level" approach
whereby in-situ repair is considered before contemplating the exchange of
components. When a system or component cannot be maintained by in-situ
repair, maintenance is accomplished by exchange of a sub-component or, failing
that, by exchange of the complete component. For in-vessel components,
exchange is facilitated by subdividing the components into a number of modules
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which can then be replaced individually. R&D is underway to facilitate in-situ
repair, including refurbishment of the plasma-eroded first wall by plasma spray.

6.1.1.2 Modularity

Where remote handling is required, modularity, standardization and
segmentation have been considered for the design to reduce maintenance costs
and risks. In general, it is foreseeen that all the in-vessel maintenance will be
carried out by remote handling equipment.

Machine availability should not be unduly compromised by maintenance
operations, especially by those that are regularly required. The ITER strategy is,
therefore, to design those components that require regular remote maintenance
(e.g., divertor cassettes) such that they can be maintained, including replacement,
in a relatively short time. Design features facilitating remote handling are
standardized to minimize the number/variety of remote handling equipment/
tools. Remote handling equipment is designed for ease of maintenance and ease
of decontamination in order to allow hands-on reconditioning and repair.

6.1.1.3 Testability

In ITER, the (overriding) requirement is that the component designs must be
optimized towards maximum testability of prior to its installation in the port.
This leads to the requirement that the component should be fitted and
withdrawn for maintenance as much as possible in one piece, avoiding
altogether, or minimizing, the cutting and rewelding of functional elements.
This general design requirement and the extensive use of temporary shielding to
allow hands-on and hands-on assisted maintenance have been the drivers for
the definition of the present in-port layouts.

6.1.1.4 Use of hands-on maintenance

Maintainability and repairability are fundamental requirements for ITER that
strongly affect the layout and the general configuration of the machine. One of
the goals for the design is to try to minimize remote maintenance, providing,
wherever possible, enough shielding for access to cany out hands-on or hands-
on assisted maintenance, i.e., hands-on assistance to remote handling tools.

The ITER strategy for ex-vessel maintenance is to supplement remote means by
exploiting the reduced activation levels both inside and outside the cryostat to
employ hands-on maintenance to the extent it proves to be practical.

Recent radiation dose map calculations have shown the potential for
considerably increased human access for hands-on operation. This includes brief
access to strategic areas inside the cryostat, which may allow hands-on inspection
and repair for the magnet break boxes. Such repair would be difficult to achieve
remotely. The possibility of increased hands-on access has also led to changes in
the port layout at the equatorial and divertor levels. Workers' exposure is subject
to ALARA considerations and to legal dose limits. It is assumed that a 20 mSv/a
dose limit for radiation workers will be imposed at ITER. It is therefore assumed
that hands-on maintenance operations requiring short access durations, one shift
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or less, which would be extremely difficult and expensive to carry out remotely,
should be limited to dose rate levels of below 1 mSv/hr. In any case, operations
in such environments will be subject to stringent controls and authorized
procedures that will include a means of providing additional protection to
workers.

To minimize the overall maintenance time, an effort has been made to optimize
the number of concurrent operations. The four dedicated RH ports at the
divertor level and at the equatorial level are enclosed by shielding walls to allow
independent maintenance operations inside the pit.

This gives a high degree of flexibility to concurrent operations, requiring
evacuation of some areas in the pit and gallery only during transfer of activated
components to and from the hot cell. The same equipment and the same port
design are used for each of the four divertor RH ports and for the two RH
transfer ports at the equatorial level.

6.1.1.5 Unified RH maintenance scenario

6.1.1.5.1 Access in the vessel

In-vessel interventions are normally carried out without warming up the
magnets with the cryostat under vacuum. This is important for relatively short
interventions since warm-up or cool-down of the superconducting TF coils and
cold structures inside the cryostat will take approximately one month
(interventions in the cryostat itself will require coil-warm up and cryostat
venting).

The port and bellows (between VV and cryostat) provide a vacuum-tight
boundary from the vessel flange to the pit. This allows the opening and closing
of the port, venting of the vessel, etc., without the need to break the cryostat
vacuum and warm up the superconducting coils.

Each equatorial port flange at the cryostat provides the secondary containment
for the coolant lines of the baffle and limiter modules below that port, and for the
W primary closure plate. The coolant lines are double contained within a guard
pipe between the port and the pipe shaft.

The ports have also been designed to allow access and maintenance operations
on the pipes of the primary heat transfer systems of the in-vessel components,
independent of access and maintenance operations on the port plugs. The
equatorial ports (except the four used for blanket module maintenance) will be
opened only when a port-mounted component requires maintenance. The in-
port components are classified as RH Class 2 or 3 with the exception of the testing
modules. For the systems in Class 2 and 3, the total expected number of
interventions during the machine lifetime has been estimated to be less than
five.

Hands-on maintenance is foreseen for preparatory operations before accessing
the W plug. This will be followed by:
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• removal of equipment in part of the ports, cutting connections, feed
lines etc.

• removal of the bioshield plug;

• removal of the secondary closure plate.

6.1.1.5.2 Remote access

Apart from the remote insertion and removal of divertor cassettes and blanket
modules (described in the next section), remote maintenance for access to the
vessel is limited to the (dis)assembly of the vacuum vessel closure plug
(unbolting/bolting and cutting/welding of the lip seal), and to the removal and
insertion of port-mounted components.

These operations are performed from the transfer cask that docks at the cryostat
flange with dedicated RH equipment. For contamination control, a double-seal
door system is foreseen at the cask interface with the cryostat. The cask will
transfer components from inside the vessel to the cask, using special equipment.
Transfer of the cask to the hot cell is by railway. Radiation levels will limit the
ability of staff to remain in the neighbourhood.

6.2 In-vessel maintenance

Repair and replacement of the in-vessel components are carried out remotely.
Maintenance of in-vessel components is relatively frequent, because most of
them are Class 1 or Class 2 components.

Typical dimensions and weight of the main in-vessel components are listed in
Table 6.2-1.

6.2.1 Maintenance of divertor

The intervention time for divertor replacement is within eight weeks for one
cassette and six months for all 60 cassettes. The divertor is expected to be replaced
three times during the BPP. Replacement of the divertor cassettes is carried out
through four maintenance ports, which are located every 90° at the divertor port
level using a transfer cask via a double-seal door for contamination control, each
port serving 15 cassettes.

The coolant pipework of the three cassettes of each of the 20 VV sectors is routed
through the sector divertor port. For removal of the cassettes, the pipework is
cut by using bore tools that are inserted from outside the bioshield in a hands-on
assisted fashion. These are mounted on two toroidal rails fixed to the bottom of
the vacuum vessel (W). The rails are also used by transporters for the removal
or insertion of cassettes. The cassettes to be replaced are loaded in a transfer cask.
docked to the divertor maintenance ports or to the cryostat boundary following
the unified scenario previously described. The reverse procedure applies for re-
installation of components.
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TABLE 6.2-1
Major In-Vessel Components

Component

Blanket module

Divertor

ICH system port assembly
(includes antenna, closure
plate and connecting structure)
ECH system port assembly
(includes port insert but not
FW shield plug)

Diagnostics port assembly
(includes port insert but not
FW shield plug)
Blanket Test Module port
assembly
(includes shield plug, closure
plate and connecting structure)

FW Shield Plug for ECH
system and Diagnostics Ports
FW Shield Plug for Equator
RH ports (assuming no
additional shield in port)

Primary Closure Plate
(Equatorial Port)

Secondary Closure Plate
(Equatorial Port)

Cryopump (Divertor Port)

Primary Closure Plate
(Divertor Port)
Secondary Closure Plate
(Divertor Port)

Typical Dimension (m)

2 (L) x 0.8 (W) x 0.4 (T)

5 (L) x 2 (H) x 1 (W)

2.6 (H) x 1.6 (W) x 4 (L)

2.6 (H) x 1.6 (W) x 3 (L)

2.6 (H) x 1.6 (W) x 3 (L)

2.6(H)xl .6(W)x4(L)

2.6 (H) x 1.6 (W) x 0.7 (T)

2.6 (H) x 1.6 (W) x 1.2 (T)

2.8 (H) x 1.8 (W) x 0.3 (T)

3.5 (H) x 2.2 (W) x 0.075 (T)

1.8 (dia.) x 3 (L)

2.5 (H) x 1.2 (W) x 0.3 (T)

2.9 (H)x 1.7 (W)x 0.075 (T)

Maximum
Weight

(t)
~ 5

26

50 (35 +15)

40

40

50

20

32

= 10

»4

8

6

2.5

Quantity

-700

60

- 4

1
(2 ports

optional)
~4

4

- 5

~4

TBD

TBD

16
4

4

6.2.1.1 Cassette concept

The cassette is a fundamental element of the divertor integration and
maintenance strategy. It offers the following advantages:

• The cassette concept provides short in-vessel RH intervention time
and high RH reliability.

• The cassette attachments, water pipes as well as electrical connection
subassemblies are located in low neutron flux areas (low nuclear
damage) shielded by the cassette body. Thus, these components can be
re-welded and the bellows protected from very high neutron fluxes.

• The use of toroidal rails inside the VV and the related cassette
kinematics allow access from one side of the cassettes to attach them to
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the VV to ease alignment, locking operations and electrical
connections, without need for penetrations through the high heat flux
components, the vessel and the cryostat.

• The cassette concept permits changing the plasma facing components
geometry without changing the interfaces to the machine and /or the
RH tools, and minimizes the volume of waste.

6.2.1.2 Cassette handling

The handling concept of the divertor cassettes is based on specialized handling
machines (toroidal/radial movers), on cassette subassemblies (support pads,
earth straps, water feeds and gripping points) and on semi-permanent in-vessel
subassemblies (toroidal and radial rails, VV support pads, radial cooling pipes,
connection points for earth straps, gas injection circuits, divertor to main
chamber gas seals, etc.).

The procedure for cassette removal is in Table 6.2.1.2-1.

TABLE 6.2.1.2-1
Reference Removal Procedure

Step

1

2

3

4

5

6

7
8

9
10
11

12

13

14

15-18

19-30

Step Description
(one out of 4 RH ports and complete divertor removal

from a quadrant)

Remove diagnostics from front of divertor
maintenance ports
Remove bioshield plug
Remove secondary closure plate
Install mobile shielded double-seal door
Drain cassette a week after shut-down starts
Cut pipes inside the handling port
Dock cask and remove primary closure plate
Install radial rail segments
Remove diagnostic block
Dock cask, unlock and remove central cassette
Dock cask and unlock second cassette
Dock cask and remove second cassette
Dock cask and install Cassette Toroidal Mover (CTM)
Dock cask, unlock and remove cassette

Cut pipes inside the four adjacent cryoports (six pipes
per port) - this operation to be carried out in parallel
with steps 7-15
Dock cask, unlock and remove cassettes (12 off)

Comments

Hands-on assistance

Hands-on assistance
Hands-on assistance
Hands-on assistance
Divertor Heat Transfer System
Hands-on assistance and confinement
RH Vacuum Plug Skid (VPS)
RH VPS Skid
Specific RH Skid
RH Central Cassette Carrier
RH Manipulator Arm
RH Second Cassette Carrier
RH CTM and umbilical
RH CTM and Radial Cassette Carrier
(RCC)
Hands-on assistance and confinement

RH CTM and RCC
Nates.:
- The installation of the cassettes involves the reverse operations as above plus more specific

inspections to ensure that the RH tasks are properly performed (torque monitoring, non-destructive
examination, etc.).
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Before starting the removal of the divertor cassettes, the cooling pipes must be
cut and subsequently re-welded. This is achieved using bore tools remotely
operated inside the pipe itself. The cutting tool is based on a mechanical cutting
process and their present design allows complete collection of the swarf produced
during the cutting process. The welding tool uses TIG welding with filler wire
and includes a mechanical feature to align the two adjacent pipe ends prior to
welding. The compliance necessary for the removal/insertion of the pipe and
mating of the welding surfaces is provided by a combination of bellows. The
inspection tool is driven by a separate carrier and is based on the ultrasonic
inspection technique. All tools will be intrinsically fail-safe so that, in case of
power failure, they can be retrieved without damage to the pipe. The tool
insertion will be hands-on assisted from the end of the pipe, after removal of a
sealing pipe end plug. This operation is carried out concurrently with the
opening of the port and the removal of the cassettes.

A handling system using the radial rails inside the pit permits the removal of the
bioshield plug from in front of the handling port, and its storage.

Assuming hands-on access to the cryostat one week after shut-down, the
secondary closure plate is removed by a hands-on assisted handling system, and
stored outside the bioshield.

The docking of the transport casks to the handling port requires confinement
control and a mobile double-seal door, including some shielding to allow parallel
concurrent maintenance inside the pit when the bioshield plug is removed. The
kinematics of the double-seal door is downward between the cryostat and the
bioshield (see Figure 6.2.1.2-1).

The transport cask is a wheeled, confined and unshielded container supported
and guided by a rail system inside the buildings. It docks to the shield double-seal
door and contains the RH equipment (movers, carriers and skids) needed to
perform the in-vessel RH operations. It provides the radial tractor with
electricity and signals (via an umbilical) and a radial rail which can align itself
with the one inside the port.

A specific RH skid, the vacuum plug skid (VPS), cuts (and on replacement,
welds) the lip seal of the VV plug, unlocks the plug from the duct flange, and
removes it to the transport cask. A dedicated skid (diagnostics block skid)
disassembles and removes the diagnostic block from the handling port.

The main RH equipment, directly involved in cassette replacement, includes
radial and toroidal movers.

The radial mover system (tractor) acts inside the handling ports, from the
transport cask up to the VV toroidal rails (see Section 4.1). It propels itself by a
rack and pinion drive along the radial rail of the port. It propels essentially all
equipment including the carriers and skids. The carrier includes some specific
features, depending on the type of cassette to be handled:
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• the central cassette carrier is a flat mobile platform which positions and
locks (bolting tools) the diagnostic cassette in the central position (the
toroidal rails are interrupted there);

• the second cassette carrier is also a platform but it includes, in addition,
two rail segments which fill in the toroidal rail interruptions as well as
one inboard and one outboard fork lift (including wheels and jacks)
capable of moving the second cassette from the central to the adjacent
side position;

• the radial cassette carrier can handle all other cassettes: it is a platform
including two toroidal rail segments.

The cassette toroidal mover (CTM), as shown in Figure 6.2.1.2-3, acts only inside
the VV. It accurately positions the cassette using a fork lifting system, locks its
supports onto the toroidal rails using a clamping system, and assembles the earth
straps and divertor to the main chamber gas seals. It is supported and guided by
two toroidal rails and can move in the toroidal direction thanks to two rack-and-
pinion systems. The CTM is supplied by an umbilical routed through the
handling port and accommodating its toroidal motion inside the W .

6.2.2 Maintenance of blanket module

The blanket comprises several hundred modules and additional blanket shield
plugs at port openings. The module cooling pipes are routed inside the vacuum
vessel through the upper and equatorial ports.

The blanket module is an RH Class 2 component which requires infrequent
maintenance. The intervention time is eight weeks for one module, three
months for a toroidal array, and 24 months for all modules.

Again, the unified procedure is followed for in-vessel access and removal of
components from the vessel to the hot cell for repair or replacement. However,
as in the divertor maintenance case, the procedure is optimised to take into
account the large number of times the four RH ports dedicated to the blanket
maintenance are used.

The main tool will be an in-vessel tranporter, which travels on a rail deployed
on the torus axis. The transporter can be equipped with different end effectors as
required for gripping, bolting, welding, cutting, viewing, in-situ repair of FW
damage, cleaning, etc. The development of such an important tool is on-going,
and a reduced scale model (~ 1/4 scale) is already built and being experimented
with.

Figure 6.2.2-1 shows the general procedure of blanket module replacement.

The two equatorial RH ports housing the in-vessel rail system are enclosed by
shielded walls to allow concurrent operation on the same level when the rail is
deployed. Also, the two equatorial RH ports used for transfer of components in
and out of the vessel and for rail support structures are shielded to allow
concurrent operations. The transfer casks can be docked directly to the cryostat
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flange to transfer components and RH equipment to and from the hot cell
facilities.

As for the divertor, the casks do not have shielding capability and personnel
should be evacuated from the cask traveling path during transfer to the hot cells.
The casks travel on rails. After loading the component, the casks undock from
the cryostat flange and travel through the gallery to the lift and to the hot cells.

Two different options are presently being studied for the blanket module
attachment to the back plate which consider the same size and weight for the
module (5 t): a welded option and a bolted option.

Specific tools appropriate to these different attachment methods will have to be
developed. The choice of option will certainly take into account the required
accuracy for and the time needed to complete the installation of modules. The
manifolding of the coolant piping is similar in both cases, and the hydraulic
connection of each module and its leak testing will require specialised tooling.
The manifolding of the coolant piping is similar in both cases, and the hydraulic
connection of each module and its leak testing will require specialized tooling.

6.2.3 In vessel transporter

The in-vessel transporter system is composed of an articulated rail (forming a
semicircle when deployed inside the vacuum vessel), a vehicle (traveling along
the rail), a rail-deploying device, a rail-winding device, a two-step slide arm, and
a vehicle-fixing arm (see Figure 6.2.3-1). The main features of the blanket
handling equipment are:

• sufficient stiffness of rail during maintenance operation provided by
four supports from 90° ports;

• simple rail structure without any actuators and sensors;

• passive and sequential rail deployment using both the vehicle and the
deploying device;

• high mobility of the vehicle along the rail.

The articulated rail is composed of eight arched sectors connected by joints and
has no sensors or actuators. The radius of the formed semicircular rail inside the
vacuum vessel is 8 m. The cross sectional size of each sector is 300 mm wide
x 600 mm high with 20 mm wall thickness, and is made of aluminum alloy.
Prior to maintenance operations, the sectors are deployed to form the
semicircular rail inside the vacuum vessel sequentially by the combined
operation of the deploying device and the vehicle. The semicircular rails are
connected to form the complete rail circle, which is supported at four 90°
equatorial ports in order to achieve the required stiffness. The vehicle has a
handling arm with end-effector for in-vessel maintenance, a rack-and-pinion
traveling mechanism for traveling along the rail and a locking mechanism for
locking the joints of the rail.
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Figure 6.2.3-2 shows the deployment of the vehicle. The vehicle is guided along
the rail by six units of roller bogies and travels on the rail. A rack gear is installed
on the inner side wall of the rail. The vehicle travels on the rail by driving a
pinion gear installed in the vehicle. One unit of the roller bogies has four rollers.
Each roller swings along the rail wall and is able to support load uniformly.

To access every module, the vehicle and manipulator have three degrees of
freedom, a two'-step telescopic movement, rotation around the rail, and swinging
on the rail. The size of the arm with the vehicle and the end-effector is limited
by the internal dimension of the port plus a gap of 50 mm. During plasma
operation, the respective units are stored in the maintenance cell on the opposite
sides of the torus. The telescopic arm consists of two elements, an outer arm and
an inner arm. Each arm is square in cross section. The outer arm movement is
driven by a rack-and-pinion mechanism. The rack gear is installed on the side
wall of the outer arm and the pinion gear is installed on the vehicle. The inner
arm is driven by a ball screw. Each arm moves independently. The maximum
stroke of the telescopic arm is 5,200 mm (2,490 mm for the outer arm plus
2,710 mm for the inner arm).

Figure 6.2.3-3 shows the vehicle/manipulator configuration.

6.2.4 Equatorial ports and cryopump handling equipment

6.2.4.1 Equatorial ports

This section addresses the handling equipment for the IC H&CD and EC H&CD
systems and the test blanket modules (TBMs) and diagnostics. A unified
procedure for maintenance is applied, and the RH equipment is standardized
including:-

• RH transfer cask including double-seal door system for docking directly
to the cryostat docking flange (this cask can possibly be used at various
equatorial ports);

• rail support system extending from the floor of the cask to the primary
closure plate for delivery of RH equipment and tools, and load support
during removal of the in-port system.

• one or more dexterous manipulators, including viewing, for:

- bolting/unbolting cask and double-seal doors;

- deployment and removal of lip seal cutting/welding tools;

deployment and removal of bolting/unbolting tool;

- in-port system support roller and rail engagement tool;

- bracing system to link primary closure plate and antenna in-port
system during removal.
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Table 6.2.4.1-1 describes the maintenance procedure and Figure 6.2.4.1-1 shows
the corresponding port assembly for an ICH antenna.

TABLE 6.2.4.1-1
ICH Antenna Removal Procedure

Step

1

2

3

4

5

6

7

8

9

10

Description

Remove service (vacuum transmission) lines
outside the bioshield and remove the
bioshield plug

Disconnect service lines in the port interspace,
operating them from outside the cryostat
Remove secondary closure plate and replace
with "maintenance door" - Install
contamination confinement

Dock RH transfer cask to port and open double
seal door

Open lower access door in primary closure
plate (unbolt and cut lip seal using
manipulator and tooling).

Engage antenna support rollers with W port
rail and unbolt antenna from back plate with
tool deployed through lower access opening

Engage mechanical bracing system to link
antenna to primary closure plate.

Unbolt and cut lip seal of primary closure
plate

Remove antenna with primary closure plate
as a unit

Close double doors, undock cask from port and
transfer antenna to hot cell

Comments

Hands-on operation to gain access to
port and service lines

Hands-on operation

Hands-on operation using
conventional contamination control -
Port interspace is clean

Remote operation performed from the
cask with manipulator and tooling

Provides access into port volume for
disconnecting antenna from back plate

Multiple tools may be required here

Current concept links through lower
access opening

Performed by manipulator and lip
seal cutting tool

Removing antenna will raise
radiation in vicinity of port and
restrict human access

6.2.4.2 Divertor ports

At the divertor level, besides the four divertor cassette-dedicated RH ports, all
other sixteen ports are equipped with cryopumps. These pumps are not expected
to be serviced very often but removed entirely and transferred to the hot cell for
repair (two or three times for each of them during the 20 year life time is
assumed), but they require specific tools during the application of the unified
procedure for replacement, which is estimated to last 2-3 weeks. For example, the
RH transfer cask needs to have a unique profile, in order to fit under the six
divertor cooling pipes located in the upper port section.

The procedure is illustrated in Table 6.2.4.2-1 and Figure 6.2.4.2-1.

6.2.5 Neutral beam injector maintenance

If neutral beam injection is used for heating and current drive, it will require not
only non-standard ports and a specific layout in a cell, but also a very specific
maintenance procedure.
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TABLE 6.2.4.2-1
Cryopump Removal Procedure

Step

1

2

3

4

5

6

7

8

Description

Remove bioshield plug

Remove cryopump service lines at port
interface
Replace cryostat secondary closure plate
with "maintenance door" (bolted flange
that closes port and combines with cask
door for contamination control)- Install
contamination confinement
Dock RH transfer cask to port and open
double-seal door

Unbolt cryopump mounting flange (M36x24
bolts)
Cut mounting lip seal weld

Withdraw the cryopump from the port to
the cask
Close double-seal doors, undock cask from
port and transfer to the hot cell

Comments

Hands-on to gain access to port and
service lines
Hands-on

Hands-on

First remote operation, docking and
doors operation performed with
assistance of manipulator system
Performed by manipulator and
power wrench
Performed by manipulator and lip
seal cutting tool
Performed by special cryopump
handling device

The NB injector cell is located in the north side of the pit at the equatorial level.
Three neutral beam units are aimed to be tangential to the plasma at a radius of
6.5 m. The NB injector cell has three independent doors which connect each NB
injector to the gallery. Each NB injector is divided into two main modules, the
ion source/accelerator and the beamline. The neutralizer, residual ion dump,
calorimeter, cryopump, beam limiter and the fast shutter are placed inside the
beamline. A magnetic shield surrounds each NB injector and also provides
radiation protection to the surroundings.

Only the ion source requires routine remote maintenance (RH Class 1). All other
components within the beamline require maintenance only in case of failure and
are classified as RH Class 3. Within the NB injector cell, with the magnetic
shield in place, hands-on maintenance is possible.

The ion source filaments should be replaced once a year. The accelerator requires
surface cleaning to remove deposits of cesium, but this should occur less often
than filament replacement. Components requiring maintenance are
disconnected from the NB injector and transported in a transfer cask to the hot
cell via the gallery.

The maintenance interface cask docks directly to the back of the NB injector and •
the transfer cask docks to the maintenance cask. Contamination is contained
within the NB injector, the maintenance cask and the transfer cask.
Figure 6.2.5-1 illustrates the ion source/accelerator replacement procedure.
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Before removing the ion source, the shield door and the rear magnetic shield are
removed and stored inside the gallery.

A maintenance cask is transferred to the NB injector cell and docked to the N B
injector. The door on the maintenance cask and the dome of the NB injector
form a double-seal door. A transfer cask docks to the maintenance cask via a
second set of "double-seal doors. After docking, the seals between the casks and the
double-seal doors are checked and the double-seal door opened. Both sets of
doors are moved into the confinement bellows

The ion source/accelerator, manipulators are removed by disconnecting the
connection to the HV line, operating from within the cask. The welded lip seal is
cut and the ion source/accelerator disconnected from the beam line by removing
the bolted fasteners.

A trolley is deployed from the cask to support the ion source. The ion source is
withdrawn into the cask, the double door is closed and the cask undocked. The
cask is then sent to the hot cell.

6.2.6 Viewing and metrology system

In-vessel viewing equipment is essential for routine inspection of plasma facing
components in order to detect impending failure of components and to judge the
necessity of their repair or replacement. The viewing operation is required to
survey the surface of the components as rapidly as possible under high vacuum,
radiation, and temperature conditions just after plasma operation.

The metrology capability is required for: (1) initial alignment of plasma facing
components before plasma operations, (2) in preparation for and in support of
RH Class 1 and 2 maintenance tasks during maintenance campaigns, and (3)
under the same conditions as the viewing operation (above).

Viewing and metrology equipment which should be inserted in the VV, needs to
be confined permanently inside two confinement boundaries and isolated from
the vessel vaccum by a seal valve, and a radiation shielding device closed during
plasma operation and easily opened for intervention. In principle, there is no
difference between equipment which can achieve any of the two goals; routine
viewing or metrology except for the accuracy of inspection and time for
intervention.

In-vessel viewing equipment is an optical periscope contained in a tubular probe
and inserted into the vacuum vessel with a radiation/high-temperature resistant
video camera located outside the vessel. A mirror is located at the bottom of the
periscope, near the objective lens, and can be tilted to scan poloidally. The probe
can be rotated about its long axis to scan radially. The probe tube can also be lifted
to various elevations for viewing as well as being withdrawn completely during
reactor operations. A motorized "key lock shield plug," which is located in the
vacuum vessel upper port, allows for prompt insertion of the tubular probe end
of the periscope into the vacuum vessel in preparation for viewing operations.
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In addition to the optical periscope, two viewing options are being studied: a
linear array laser scanning and a fiber optic coherent laser radar.

The divertor viewing/metrology is the most difficult to be achieved, because of
the limited access to the divertor throats and the recessed locality of the "vertical
targets", which leads to almost tangential lines of sight. The optimum location
of viewing probes should comply with obvious constraints, like the number of
different items of equipment to be installed along the torus divertor, and the
amplitude of vibrations for very long probe supports

R&D of the critical components such as the lens array, lubricants, scanning
device, linear array of optical fibers, and illumination, is being conducted in
order to develop the detailed design of the in-vessel viewing/metrology
equipment.

6.2.7 Dust handling

Activated and tritiated dust from erosion of the FW and divertor target material
by plasma interaction should be limited. To keep within these limits, dust can
be removed periodically or continuously (or using some combination of the
two).

The physical characteristics of the dust will have a significant effect on the ability
to handle and remove it. Some important parameters include dust size, dust
porosity, and adherence to surfaces and self. R&D is in progress to determine
these characteristics.

Dust removal methods identified (and a brief assessment) are:

• vacuum cleaner probe manipulated by the in-vessel transporter — can
be used to clean only first wall surfaces and divertor top during a
reactor maintenance campaign;

• vacuum cleaner manipulated from a divertor port — divertor port
access can be used to clean under .cassettes during a divertor

*' maintenance campaign; access is better with the cassettes removed;

• electrostatic removal — the only continuous (without reactor down
time) method proposed to date;

• use some combination of the above concepts to mitigate problems and
cover various operating scenarios.

6.2.8 Armor repair equipment

Plasma interaction during normal and off-normal events is likely to cause
damage of the first wall (FW) protective armor. In-situ repair of the • eroded
armor surfaces is the first step to consider in remote maintenance.

For in-situ repair of the Be or W protective armor, several coating technologies
have been evaluated. Low pressure plasma spray has been selected as the
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reference on the basis of coating quality, deposition conditions, and expected in-
service performance. The process consists of melting a feedstock coating material
in the form of powder or wire with heat from a plasma torch that generates a
non-transferred arc. The feedstock material is superheated and propelled at a
high speed against the substrate by the hot ionized gas issuing from the torch.
High thermal conductivity and adhesion have been achieved by these process.

To remotely perform this recoating of the FW surfaces, a plasma spray end-
effector will be positioned by the in-vessel RH vehicle and manipulator used for
blanket module handling. This process may also be applicable to regions of the
divertor accessible by the in-vessel transporter, through a specific extension arm.

6.3 Ex-vessel maintenance

All components inside the cryostat are RH Class 3, designed to last the lifetime of
ITER without requiring inspection or maintenance. Personnel access inside the
cryostat may be initially required for inspection and the use of hands-on operated
equipment and tools. If the the radiation level inside the cryostat exceeds that
which allows human intervention, access by remote handling equipment will be
required.

Access inside the cryostat may be required for inspection and/or repair of the
components listed in Table 6.3-1. The possibility of intervention under vacuum
and cryogenic temperature is extremely hypothetical. In order to avoid these
extreme conditions and to make intervention possible, all magnets will have
first to to be-warmed to room temperature, and recooled after (one month each).

Until now, only the most demanding remote maintenance operations
(replacement of magnet coils) have been conceptually studied. All of them, even
if made possible after very unlikely faults, will require a very long duration (not
completely assessed at present) and the more so as the machine becomes more
activated after a long operational life.

All other maintenance operations inside the cryostat will be analysed in future
after more detailed design of all in-cryostat components-interfaces becomes
available, with identification of their most probable faults. Ease of access will be
the most controlling factor to make their maintenance possible. Human access
for a limited duration, possibly inside shielding equipment, will be at a
premium. A transporter/manipulator system will probably be needed inside the
cryostat to enable the transfer and support of components and tools; the
possibility to install crane /temporary supports of equipment from attachments
permanently available at the cyrostat walls will be certainly considered in detail.
Visual inspection of all in-cryostat equipment components is required; for this
objective, procedure and methods are not yet available.

6.3.1 Toroidal field coils remote maintenance

Typical TF remote maintenance scenarios are visual inspections, repair within
the cryostat of feed lines connected to the coil terminal boxes, and TF coil
replacement. In the latter case, operation complexity is associated with the
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amount of in-vessel and ex-vessel components which must be removed and re-
installed before and after TF replacement, with the extended deployment of RH
equipment in a high gamma flux region and with the radiological and
contamination control during removal.

TABLE 6.3-1
In-Cryostat components to be inspected/repaired

System or
Component

Machine
Structures

Cryostat

Magnets

Others

Operation

1 - intercoil structures
2 - upper and lower crowns
3 - vacuum vessel vertical/toroidal supports
4 - machine gravity supports
1 - equatorial and divertor ports bellows
2 - cryostat bottom cutting, re-welding and components handling

(for the lower PF coils replacement operation)
3 - cryostat lid flange opening/closing
4 - thermal shields
S - cryostat vacuum pumps replacement
1 - CS pre-load structure
2 - CS/PF/TF magnet feeders line
3-CS, TF, PF breaker boxes
4 - coil clamps
5 - access to all coils in case of removal
1 - blanket heat transfer system pipework removal and replacement
2 - machine instrumentation, pipes and cables

The TF coil replacement scenario affects the building and machine design, first
installation technique and procedure. The TF coil replacement will be
accomplished according to the following basic principles:

• remove the TF coil together with its associated vacuum vessel sector,
and replace it with the spare coil and VV sector (only one of each from
the initial manufacture);

• remove the minimum number of poloidal field coils (only PF2 while
PF3 is shifted sideways). Lateral displacement of coil PF3 reduces the
number of PF and TF coils feeder lines to be removed and reconnected,
and avoids cutting all the primary heat transfer systems' pipes. In this
way, overall intervention time is also considerably reduced.

• as long as the VV remains closed, removal of the upper pit biological
cover and whole cryostat lid is allowed for several days (weeks) without
leading to doses exceeding the public dose limits at the site boundary.

• On the contrary, when a VV sector has been removed, an appropriate
shield should be maintained in the pit upper opening (but much
thinner than the permanent one), putting stringent limits on size of
hole to give in-cryostat access and duration of its opening.
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• removal and replacement of PF2 and crown can be done through the
central opening permanently available in the cryostat lid and biological
cover.

The reference TF coil removal procedure is illustrated in Table 6.3.1-1 (not
including the construction of special tooling, facilities or shielding required for
Class 3 RH tasks) (Steps A-G and 1-5 are in parallel):

Lifting of the failed TF coil/VV should be done through a limited hole in the
temporary shielding pit cover, inside a shielding cask, which afterwards will be
moved outside the building and left to "cool down" for as long as possible.

6.3.2 Poloidal field coils remote maintenance

Due to the difficulty of replacing the PF coils, in particular those below the
equatorial ports, and due to their uniquness (no space available for duplication),
redundancy will be built into the PF coils. Built with independent modules or
winding packs, the coil is able to operate without replacement should one
module fail. Bypassing of a PF coil module is then a key RH procedure for PF coil
maintenance.

Typical remote maintenance scenarios for PF coils, as well as for TF coils, are
visual inspections, repair of the feeder lines, connection to the coil terminal box.
PF coil replacement will be required only- in case the failure grade exceeds the
capability of built-in redundancy recovery. This task becomes thus very unlikely.
Anyway, the duration of this operation will be very long, including the
manufacture of a new coil on site.

Two groups of coils can be identified with common removal strategies:

• Coils removable from above the machine equatorial plane

- coil PF2 requires that only the central aperture in the cryostat
(16.9 m diameter) is opened;

- coil PF3 and PF8 replacement requires that (besides the
disconnection of the relevant cooling and power lines) all the
primary heat transfer systems pipework routed across and above the
machine is first cut and removed;

- coil PF8 replacement also requires that all 20 TF coil feeder lines are
removed.

Common operations to be performed for replacement of the above coils
will include the removal of biological pit cover and cryostat lid, and a
vertical lift of the failed coil with the hall crane.

• Coils trapped below the machine equatorial plane

Coils PF5, PF6, and PF7 are termed "trapped" because they cannot be
removed from the top of the machine. PF4 could be removed from the
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top if all heat transfer systems' pipes, all equatorial ports, and all TF coil
feeders are removed, but it is simpler to replace it in the same way as
for a trapped coil. When faulty, any one of the coils PF4, PF5, PF6 or
PF7 are lowered into the space available under the crydstat bottom. The
cryostat bottom must first be cut to allow the passage of the faulty coil
and of the new coil (a possible operation already envisaged in the
cryostat design). Once inside the basemat room, the faulty coil is either
repaired or cut in pieces and removed. All operations below the
cryostat can (with the exception of the faulty coil cutting, if this is
unacceptably active) be performed hands-on after installation of a
temporary gamma shielding ceiling. The new coil can be
manufactured in-situ, under the machine, and later lifted to its normal
position, using remote handling techniques.

TABLE 6.3.1-1
Steps for the Removal of a Failed TF Coil

Step

A

B

C

D

E

F

G

6
7
8
9
10

n
12
13
14
15
16
17
18

Description

Vessel conditioning and cleaning

Deployment of in-vessel
maintenance equipment
Removal of divertor cassettes in
the vicinity of the TF coil to be
removed
Removal of blanket modules in the
vicinity of the TF coil to be
removed
install cutting equipment to
remove part of back plate to gain
access to W field joints
Installation of contamination/
shielding control membranes
inside vessel
Remove diagnostic equipment
above the biological shield

Step

1

2

3

4

5

Description

Disconnect electrical and cryogenic
connectors of the central solenoid (TBD)
PF2, PF3 and failed TF coil
Disconnect mechanical attachments
and remove PF2 coil
Support CS (from underneath) and
disconnect it from upper crown

Release and remove upper crown

Brace CS and TF coil on top with
special tooling

Remove biological shield lid
Disconnect, lift, and remove cryostat lid
Shift PF3 sideways to clear TFC vertical path and support coil in their new position
Install temporary shielding if required
Deploy the ex-vessel remote handling equipment
Install contamination control barrier and cask lor the assembly TF C o i l / W
Disconnect and retract equatorial and divertor ports bellows (2 sets)
Brace TF coil to be removed
Disconnect the intercoil structures (2 sets)
Install vacuum vessel cutting equipment and cut the vacuum vessel along field joints;
Start to lift the assembly VV/TF Coil
Complete lifting of the assembly TF Coil/VV inside the temporary shield
Transfer of the T F / W from the loading position to the storage area
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Common operations to be performed for the trapped coils (see Figure 6.3.2-1) are
listed in Table 6.3.2-1:

TABLE 6.3.2-1
Trapped FF Coil Removal Steps

Step

1

2
3
4
5
6
7
8
9
10

Description

remove draining and refilling equipment and, if required, the W
pressure suppression tank from underneath the machine

remove required sections of biological shield and cryostat bottom

disconnect faulty coil
deploy remote handling equipment, lower coil, and remove

prepare area underneath machine, introduce winding equipment

wind and test new coil

re-introduce handling equipment, raise coil into position and connect

refit shield
close cryostat
replace tanks and equipment located under the machine

6.3.3 Central solenoid

The CS coil is designed with provisions for replacement without affecting the TF
coils. Removal of the CS will be accomplished according to the steps given in
Table 6.3.3-1. It is hardly a RH procedure, human access inside the CS being
allowed by the low dose rate there.

TABLE 6.3.3-1
CS Coil Removal Steps

Step

1

2

3
4

5

6
7

8

9

Description

open central section (7.5 m dia.) of cryostat lid

support CS and lower pre-load structure (at bottom of cryostat)

disconnect CS from top crown

release CS pre-load structure

remove top section of the pre-load structure and support lower section
of the pre-load structure

retract upper crown wedges
remove bottom crown latch
retract bottom crown wedges

lift CS via inner/outer cylinder lifting lugs

6.4 Hot cell maintenance

The functions of the hot cell are to store, repair and/or process for disposal,
components from the tokamak which are activated or contaminated. The hot
cell building is connected to the tokamak building via a transfer cask rail at the
-10 m level. Components are delivered to the hot cell from the tokamak by
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remotely operated, unshielded transfer casks. Repaired or new replacement
components are likewise returned to the tokamak.

The functional requirements for the hot cell are presently preliminary. They are
quite dependant on the assumed average and maximum throughput rates for
component repair operations and waste process operations, and the envisaged
completion times for these operations.

A wish to decrease the amount of waste, leads to reuse.of components after repair
or refurbishment. However, work on numerous activated (and/or tritiated)
items, all of which are quite heavy, but very different in configuration and
complexity, may lead to a very complex and costly installation. A compromise
will probably'result from a cost benefit analysis, which remains to be done.
Therefore, the design which is described in the following remains to be
throughly reviewed inside the project before a definite plan is decided upon.

6.4.1 Hot cell facility and layout

The facility is divided into two levels; the lower level is at -10 m (linked to the
tokamak building by the tunnel and its railway system). The principle activities
carried out at this level include:

• transport cask docking on ports identical to its tokamak counter part
(double-seal door and latching mechanism);

• unloading or loading of components, in a nitrogen-filled chamber,

• dust removal by a vacuum brush end effector in a nitrogen
atmosphere;

• removal of mobilizable tritium, expected only for high heat flux
components, by exposing the surfaces to a localised flow of hot nitrogen
or air with moisture;

• transport cask and skid decontamination, repair and storage.

Figure 6.4.1-1 shows the transfer path, of a cask containing a generic in-port
system, from the pit to the hot cell.

Areas accessible by the transport casks are air ventilated. This atmosphere is
separated from the hot cell atmosphere by shield walls and double-seal doors
which maintain a negative pressure difference into the hot cell. The major part
of the hot cell operations are carried out at the ground level.

The hot cell rail system is the principle means of component transport between
facilities at this level. In addition, overhead cranes and air platforms are used to
move components from the rail system to storage areas and specific work
stations. Movement of components between facilities is controlled from the
central hot cell monitoring and control room. Control of manipulators and
repair tools is accomplished from local control area access through viewing
windows in thick concrete shielding walls.
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The atmosphere inside most of the hot cell working facilities is, dry air with an
average humidity of between 5-10% to limit the oxidation of component surfaces.
A slight negative pressure is maintained between the hot cells and operator
access areas to ensure leakage into the hot cells. A low leakage rate is designed as
10% of the hot cell volume" per day. This is achieved through use of steel-lined
walls, low leakage penetrations and double-seal doors.

A storage facility is added at the ground level, including four rooms, each served
by an overhead crane. Two rooms are designated for unrepaired components,
and two for repaired ones.

The hot cell heating, ventilation, and air conditioning (HVAC) system is
designed to remove component decay heat and machine-generated heat and also
the moisture introduced by the inleaked air. An atmosphere detrititation system
(ADS) operates continuously in those cells where tritium-bearing components
are located.

The hot cell interfaces with the radwaste storage facility through a waste
transport tunnel.

6.4.2 Operations and equipment

Figure 6.4.2-1 shows the overall process block diagram for all hot cell operations.
Three main process lines are shown for divertor repair, multi-purpose repair and
waste processing. The multi-purpose repair line is designed to carry out the '
repair operations for all components except the divertor cassettes. Since each
component requires different repair procedures and equipment, the multi-
purpose line has specialized stations dedicated to each component.

The divertor cassette repairs are conducted in a dedicated process line, because of
their expected greater frequency.

The waste processing line is designed to process all component wastes including
beryllium separation, tritium recovery, volume reduction, packaging and
transport to waste storage. A tritium recovery facility is envisaged to heat
beryllium and graphite materials removed from their supports in vacuum at
elevated temperature (600-800°C).

6.5 Development plans

The in-vessel RH procedures described in the IDR and detailed in this report
form the basis for the establishment of R&D tasks in the RH area for the
remainder of the EDA. These include the so-called L6 and U tasks that aim at
demonstrating, in one-to-one scale mock-up tests, the blanket module and
divertor cassette replacement respectively. Associated with these demonstration
tests is not only the in-vessel handling equipment/ but also pipe cutting and
welding tools and the equipment used for opening and closing ports, double-seal
doors, etc. Most of the equipment and tools are now under design or
procurement.
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Remote replacement of the blanket modules and divertor cassettes is a firm ITER
requirement. Their proof-of-principle demonstration towards the end of EDA
will give a high level of confidence in the viability of the in-vessel maintenance
approach. Further confidence will be gained by using, to as large an extent as
practical, the RH equipment for the initial ITER assembly. RH equipment is
planned to be used for installation of all divertor cassettes and for at least one
sector of blanket modules. Even the first installation of equipment in all ports
will require the availability of the specific skids developed for the handling and
connection of each component to be introduced in ports. They will be operated
hand-assisted, and their remotization tested.

Development of the in-vessel inspection and metrology system will also benefit
from use during the initial machine installation and operation.

Ex-vessel RH equipment will generally be procured only when needed. Hence,
this equipment will not benefit from the above-described step by step
development. The plan is, however, to select from the most critical and difficult
remote repair operations, a few that can be developed in small scale bench tests
before machine installation. This will include maintenance inside the break
boxes (connection of feeder lines to the coil terminals), development of tools for
the extraction and re-insertion of shear keys, e.g., for the intercoil structures, as
well as tools for automatic welding of cryolines for thermal shields.
Furthermore, lifting and handling equipment used for initial component
installation inside the cryostat will be considered for "remotization".

Experience has shown that in order to develop reliable equipment, tools and
procedures, testing under as closely simulated conditions as possible is of
paramount importance. At present, two large scale test facilities are under
construction by Home Teams for the implementation of the L6 and L7 tasks
•together with associated tests. During the construction phase these should be
used to further develop procedures and equipment and train operators prior to
the initial machine assembly. No later than immediately after the completion of
machine installation, a one-to-one scale test stand representing a section of the
machine will be required at the ITER site to further develop equipment and
procedures, and to train operators.

The above structured development approach is directed towards having
available at the start of ITER operations, fully proven RH Class 1 and 2
procedures and some critical Class 3 operations, together with the associated
transporters, manipulators, tools and inspection equipment. The following are
the main milestones:

• at the' end of EDA, proof of principle demonstration of the remote
replacement of blanket modules and divertor cassettes, and detailed
studies of the ex-vessel procedures and equipment requirements;

• at the completion of machine assembly, fully proven remotely-
operated transporters, handling equipment, tools for in-vessel
procedures;
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• at the start of tritium operations, proven bench-tested prototype tools,
equipment and procedures for critical RH Class 3, ex-vessel operations.

6.6 Assessment

Remote maintenance of the ITER machine requires the development of large-
scale tranporters, tools and special equipment that have to operate reliably in a
significant radiation environment.

The remote maintenance requirements have a very strong impact on the design
of machine components and on the overall machine and building configuration
in order to guarantee a minimum availability of the facility for effective
operation, when taking into account the expected duration of necessary remote
maintenance.

The strategy described in the IDR for the remote maintenance procedures has
enabled full account to be taken during the year of the impacts on the design of
components (e.g., blanket modules, specific equipment in ports), on the building
design (e.g., shielding in the pit between different ports), and the expected
operational schedule.

During the last year, the use of hands-on and hands-on-assisted maintenance has
been given a much stronger emphasis than before. This will now allow many
preparatory operations at the divertor and equatorial port interfaces to be carried
out manually. The present dose rate map also offers the possibility of short-term
hands-on interventions inside the cryostat at critical locations, with local
shielding, possibly up to the end of ITER operations.

Shielding inside the pit between ports has been provided to maximize parallel
hands-on operations at different port locations. This development, therefore,
allows the remote maintenance to concentrate on in-vessel work, long-term
operations inside the cryostat and on transfer of components to and from the hot
cell. This therefore results in a somewhat reduced, more focused RH
development program.

The RH procedures for the main in-vessel components are now in such an
advanced state that prototype RH equipment is being designed and procured.
During the demonstration tests, any shortcoming will be revealed both in design
of in-vessel components with respect to RH compatibility and in the design of
the RH equipment. These can be corrected and re-tested before component
procurement is initiated for the construction. This should therefore lead tc
designs that have full RH compatibility. The subsequent installation in the
vacuum vessel with the RH equipment should lead to well-developed RH
procedures to replace components.

In conjunction with component and system designs, component drain and
drying procedures have been drafted that allow subsequent leak testing.
Segmentation of systems narrows down the area for leak localization. Remote
leak test probes for some applications are under development. More general
ones ("sniffer probes") that can be deployed with RH transporters, may have to be
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developed additionally. Towards the end of the EDA, it is expected that both
procedures and equipment will be. sufficiently detailed that remote leak testing
under the ITER conditions can be shown to be feasible, or that the requirement
for development of additional equipment has been specified.

Considerable progress has been achieved during the last year in the development
of credible, ex-vessel, remote maintenance procedures, including replacement of
the components inside the cryostat. The building layout and cryostat design have
been modified to accommodate the possibility of rewinding the coils underneath
the machine, and the cryostat cover and upper bioshield are designed to
minimize the removal of segments should the CS or PF2 coil replacement be
necessary. Procedures will be developed further during the remainder of the
EDA to have sufficient details in hand for the evaluation of any design impact on
the in-cryostat components and cryostat. This is expected to result in the
identification of a few particularly difficult operations that could then be
considered for development through R&D during the construction phase. The
expected status at the end of the EDA is to have available comprehensive
procedures for ex-vessel maintenance.

While posing complex problems, the design and development required for the
remote maintenance of ITER has been given the priority it deserves and the
design and R&D program involving the JCT and Home Teams is tackling the
issues in an efficient, well-structured manner. The scale of the task is, however,
such that these efforts need to continue through the construction phase.
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FIGURE 6.2.1.2-1
Divertor RH Port Double-Seal Door Operation
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FIGURE 6.2.1.2-2

Divertor Handling Port



FIGURE 6.2.1.2-3

In-Vessel Divertor Handling Concept
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1.0 INTRODUCTION

This Chapter of the Detailed Design Report (DDR) presents a discussion of the
major physics issues that bear on ITER plasma operation and performance,
summarizes different aspects of the predictions of ITER plasma performance,
and discuss needs for future physics R&D in support of ITER to be conducted by
the ITER Parties.

1.1 Representative plasma parameters and operation mode

The ITER design provides for 21 MA plasma operation at B = 5.7 T with a single-
null (SN) divertor plasma, with major radius R = 8.14 m, minor radius a =
2.80 m, and vertical elongation K95 = 1.6, where the subscript 95 denotes
measurement at 95% poloidal flux. The cross-sections of the ITER plasma and
major components are shown in Figure 1-1. In so far as the physics and plasma
operation aspects of the design are concerned, the design parameters and
component concepts are essentially unchanged from those presented in the
Interim Design Report (IDR). There have been various component design
refinements and optimizations: details of the component designs and design
changes are presented in the IPDD.

IHTOHIEDIATC
INWtCOtl

srsucwse

SUPPORT

FIGURE 1-1
ITER Cross Sections — Major Systems and Design Solutions
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ITER is designed to achieve controlled ignition and extended burn (providing
about 1 MW/m2 of 14 MeV neutrons at the wall) with £ 1000 s duration with an
inductively-driven plasma operation scenario. Present projections show that
sustained ignition and adequate plasma power and helium exhaust can be
obtained with operation in an ELMy, sawtoothing H-mode with small quantities
of recycling impurity (Ne, Ar, Kr, etc.) added to promote pre-divertor radiation of
thermal power. Representative plasma parameters for the ignited inductively-
driven mode and the range of expected plasma parameters for ignited operation
are presented in Table 1-1.

TABLE 1-1
ITER Plasma Parameters for Ignited and

Physics Exploration/Optimization Studies

Parameters

Major radius, R (m)

Minor radius, a (m)

Elongation, K95

Triangularity, 895

Toroidal field, B (T)
Current, I p (MA)

Safety factor, qgs

Fusion power, PfuS (MW)

Burn duration (s)

Auxiliary power, Paux (MW)
Volume-average beta, (PHX)1

pN[=<P>(%)a(m)B(T)/I(MA)J

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.trans (s)
Impurity fractions (nz/r\e) (%): Be

He
Ar

Effective-Z, Zeff
Radiation from plasma core, Pcore (MW)

Radiation from plasma mantle,Pedge (MW)
Radiation from SOL/divertor, Pjiv (MW)

Power to divertor target plates,Qdiv (MW)

Nominal

8.14

2.80

1.60

0.24
5.7
21

3.0

1500

1300
0

2.9
2.2

1.0

12

1.0

1.1

5.8

2
9

0.16
1.8

110
40

100
50

Low Density

<-
<-

<-

<-
<-
<-

<-

1200

1400
C

2.7

2.0

0.85

13

0.95
1.1

6.5

2
9

0.15
1.8
100

30
60

50

Range2

7.75 - 8.5
2.4 - 2.8

1.6 - 2.0

0.2 - 0.4
4-5.7

12-24

2.6 - 5.2

£1500

500-10000
<100

< 2.5 - 3.5

0.2-2

3-30
5 1.2

S1.2
if

*

*

*

*

60-120

20-150

50-200
S100

^ The notation ( ) denotes the volume average of the respective quantity
2 Including possible operation with reverse-shear or other optimized plasma configurations

At present, predictions are subject to large uncertainties

Two possible ignited cases are given in Table 1-1: one (nominal) with full 1.5 GW
design-basis fusion power, obtained with a plasma density slightly above the
Greenwald density limit, n = I/rca2, the other (low density) at reduced 1.2 GW
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power (which corresponds to a neutron wall loading of ~ 1 MW/m2 at a nuclear
test module located on the outboard midplane) obtained with a plasma density
equal to the Greenwald limit. Both cases include allowance for the dilution and
radiation loss effects of < 0.2% argon that is added to limit divertor target plates
power to < 50 MW and give 1300-1400 s burn duration.

Plasma Operation Mode for Ignition/High-Q Driven Burn. Operation with a
sawtoothing, ELMy H-mode is used as the basis for projections of ITER
performance in the ignited or high-Q driven-burn regime. This mode is well
studied in the present experiments and a large database is available for projection
of the energy confinement and other essential parameters to ITER. The mode
provides adequate confinement and allows sustained stationary (time-
independent) plasma operation with low impurity concentration, controlled
density, sufficiently high plasma beta, and adequate helium transport to the
plasma boundary. Steady-state ELMy discharges with ITER-like plasma
geometries have been demonstrated in all major divertor tokamaks and
transition to the H-mode can be achieved when sufficient heating power is
applied to the plasma. Key physics issues are projections of energy confinement
and L- to H-mode power threshold to ITER parameters.

Divertor Operation and Power and Particle Exhaust. Power and particle control
in ITER will be accomplished with a tightly baffled, single null poloidal divertor
that is actively pumped with ex-vessel cryo-pumps. Plasma fueling will be
provided with gas puffing and pellet injection. The total heating power of 300-to-
400 MW (alpha + auxiliary) will be exhausted via the first wall and divertor by a
combination of bremsstrahlung and synchrotron radiation from the plasma core,
impurity radiation from the plasma mantle, scrape-off layer and divertor
channel and conduction to the divertor targets (Figure 1-2). The radiation losses
to the walls reduce the peak heat loads on the divertor target plates to acceptable
values. The radiation losses are enhanced by the injection of small quantities of
impurities (Ne, Ar, or Kr).

The ITER divertor plasma will be operated in the detached or "partially"
detached regime achieved on modern divertor tokamaks. This regime has low
heat loads on the divertor plates and provides adequate helium exhaust. The
divertor plates are oriented vertically to reduce heat flux on the targets, to
minimize the density required for detached operation, and to provide a plasma
seal to minimize the leakage of neutrals from the divertor chamber by ionizing
them in the scrape-off layer plasma.

Plasma Operation Scenario. The plasma discharge scenario for ITER will follow
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 rrr3; Ohmic temperature will be 2-4 keV. Full
auxiliary heating of up to 100 MW will be applied at the start of the flattop to
obtain H-mode and plasma density will be subsequently increased by fueling
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until the ignition and nominal value of the fusion power is achieved. Burn
(fusion power) control, divertor power control and subsequent normal fusion
shutdown over a 300 s shutdown period will be achieved with a coordinated
combination of control of DT fueling, impurity fueling, auxiliary power input,
and poloidal field control.

ITER power losses

Gas Puff Fuelling

50 MW ^
Radiation from
Edge Mantle

100 MW
Bremsstrahlung
and synchrotron

lOOMWSOUdivertoi
charge exchange

H, He, Be radiation
Ne or Ar radiation

5 0 M W _
divertor plates

(5 MW/m2)

Limiter
lodules

Baffles

Divertor Ports
' —dnd Pumps

Pumping Access

1.2

FIGURE 1-2
Conceptual ITER Power and Particle Control System and

Power Flow to the First Wall and Divertor

ITER physics basis

The physics issues that affect ITER performance are organized into two groups:
(1) those which pertain primarily to achievable plasma performance and (2) those
which pertain primarily to plasma operation reliability and in-vessel component
lifetime. Issues included in the first group are the principal issues that directly
determine the achievable fusion power and burn duration performance of the
ITER plasma:

1. energy confinement at ITER plasma parameters (for plasmas with low
normalized collisionality v* and low normalized ion gyroradius p*),

2. long-pulse beta-limit at low plasma collisionality and p*,

3. particle and energy confinement and fueling/exhaust efficacy in high-
density plasmas near the density limit ('Greenwald limit'),
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4. effect of impurity seeding on fusion reactivity and ignition
performance,

5. achievement of 'semi-detached' divertor operation with low heat flux
and erosion of the divertor targets and adequate helium exhaust.

Issues in the second group are those that affect plasma operation reliability
and/or plasma-facing-component reliability and lifetime. The principal issues
here include:

6. achievement of reliable plasma initiation and current flattop with
robust stability against onset of locked-mode-triggered disruption,

7. achievement of low-disruptivity (disruptions/pulse) operation during
current/power flattop in plasmas near or at density and beta-limits,

8. achievement of reliable magnetic control of the plasma magnetic
configuration (shape and position control) with reactor-compatible
control coils, power limits and diagnostics,

9. achievement of reliable control of both fusion power and divertor
power and provision of reliable means for fast plasma termination, and

10. accommodation and mitigation of the thermal and electromagnetic
consequences of plasma disruptions, vertical displacement events
(VDEs) and the conversion of plasma current to runway electron
current is disruptions and pellet-injection-initiated fast plasma
shutdown.

The performance-determining physics basis issues affect plasma size, current and
magnetic field requirements to achieve a given quantitative level of plasma
performance, and hence the overall size and costing of the ITER device, whereas
second group of issues more directly affect the design and operational
requirements for individual ITER systems and components. Most of these
elements of ITER plasma performance have been successfully tested in present-
day experiments. This testing provides the underlying basis for the
ignited/driven-burn plasma operation concept presented above. In the material
that follows, the status of the key performance-determining physics basis
elements is summarized.

1.2.1 Plasma energy confinement

Energy confinement time. Both dimensional (empirical scaling) data analysis
and nondimensional plasma parameter scans can be used to project energy
confinement times for ELMy H-mode ITER plasmas. Both methods yield the
same answer: the expected energy confinement time for ignited ITER plasmas
will be about 6 s. When other energy loss mechanisms (radiation and
sawtoothing) and impurity fuel dilution from He and added impurities are taken
into account, this confinement is sufficient to allow sustained ignition at 1.5 GW
fusion power with approximately 10% margin in the overall plasma energy
balance.
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Dimensional scaling basis. A statistical analysis (log-linear regression) of the
extensive H-mode database carried out by the Confinement Modeling and
Database Expert Group results in a recommended scaling — denoted by 1TER93H
— that is given in dimensional parameters by

%th.ElMy = 0.85- tE, th,ELM_ f tBe = 0.031- Ip106B0.32p-0.67M0.41 R I . 7 9 ^ 0 . 1 7 ^ 1 1 K0.6 ^

in units of sec, MA, T, MW, m, and 1019 nv3. Reformulation of this scaling in
dimensionless variables (see below) shows that it is close to the so called gyro-
Bohm scaling. Figure 1-3 shows the comparison of experimental data with the
ITER93H scaling. Extrapolation to ITER yields TE = 6.0S with two standard
deviations (4.2<TE(S) < 7.8). The latter estimate of the confidence interval
assumes that a simple power-law form of the scaling expression is correct, that all
relevant variables are included and that observed deviations from the power law
are random statistical errors.

Dimensionless Analysis. Analysis of H-mode database makes it possible to
identify a set of dimensionless parameters (in addition to geometrical parameters
such as aspect ratio, plasma elongation, q etc.) that define the core plasma
confinement. These dimensionless parameters (p* = p;/a, P, v* = ve/cob0unce) a r e :

p*= (2TM)V2/eBa; (3 = 2Hop/B2; v* = ve(me/T)1/2qR(R/a)3/2, (1.2)

and if expectations for the dimensionless dependence of energy confinement
apply, then the corresponding dimensionless confinement time tl\ TE/ where lij
is the ion gyrofrequency, should depend only on the dimensionless plasma
parameters and the plasma geometry, i.e. iii TE = F (p*, P, v*, {geometry}). This
hypothesis has been confirmed by recent experiments on DIII-D and JET where
discharges with the same dimensionless parameters, p*, p, v*, but different
engineering plasma parameters are found to have the same dimensionless
energy confinement time Jij TE- More details can be found in Section 2.

Experimental studies of ITER-type discharges with ITER-similar values of p and
v* on JET and DIII-D have also confirmed the gyro-Bohm-like dependence of
energy confinement time on p*, and this finding increases confidence in the
empirical scaling projection to ITER. However, the degradation with p which is
implicitly predicted by ITER93H is not observed in either the JET or DIII-D direct
P-scan, and hence the Confinement Database and Modeling Expert Group is
working on a future correction of the ITER93H scaling. The effect of eliminating
or decreasing the degradation with P is favorable for ITER and would increase DE
by about 15%.
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FIGURE 1-3
Observed Confinement Times Versus ITER93H Fit for ELMy H-Modes

Table 1-2 presents dimensionless parameters of ITER demonstration discharge
from JET with close to ITER dimensionless parameters (see Table 1-1) sustained
during 3 s with energy confinement time above that given by Eq. (1.1).

TABLE 1-2
Parameters of ITER Demonstration Discharge in JET

R/a

3

q95

3.2-3.6(J)

*95

1.7

895 v»/v»iTER

1.5

PN,th(2)

2.2

*E/TE,th,ELMy

1.15

W Range of values during pulse, P) Only thermal pressure is includes

H-mode Power Threshold. Until the physics mechanisms responsible for
suppression of the L-mode plasma edge turbulence and transition to the H-mode
confinement can be fully understood, empirical scalings for the power threshold
for L- to H-transition provide the best physics basis for estimating ITER H-mode
threshold powers. An analysis of the H-mode power threshold experimental
database carried out by the Confinement Database and Modeling Expert Group
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gives the following recommended power threshold scaling for L- to H-mode
transition

Pm = 0.45(0.6ne/?
2)V7W (1.3)

where the exponent a lies in the range -0.25 < a <0.25 and units are MW,
1020 m'3, T, m. The transition from L to H-mode occurs when power crossing
separatrix exceed Pth given by the above scaling. The corresponding H-mode
threshold powers for ITER at ne = 0.5 x 1020 nr 3 lie in the range 50 < Pth(MW)
< 200, where the uncertainty in ITER predictions comes primarily from the size
scaling uncertainty, which is R1-5 to R2-5. Further experiments and/or a viable
theoretical model are needed to narrow this range.

The recommended scaling basis is for the L-H transition. Systematic data for the
H-L transition is too sparse to allow an explicit H-L scaling to be obtained. Some
experiments report appreciable hysteresis in the reverse transition from H- to
L-mode: the back transition occurs at lower power than the corresponding L-to-H
transition. Hysteresis is potentially important in determining whether ignited
ITER plasmas can maintain sustained H-mode (and hence ignition) at fusion
powers below about 1GW. Further experiments or a validated theory are
needed.

Pending on resolution of the uncertainties noted above, a 'moderate risk'
approach is adopted for modeling of ITER performance: the mean value (a = 0) of
the power threshold scaling with no hysteresis in reverse transition is assumed.
Modeling then shows that at 100 MW of auxiliary power, ITER will achieve
H-mode and will remain in the H-mode in the ignited regime. However, the
most unfavorable limit given by Eq. (1.3) (a = 0.25) requires a 50% hysterisis in
the reversed transition for sustained ignition. The details can be found in
Section 6.

Use of Local Transport Models. Work is under way to develop and apply 1-D
transport models — both empirical and first-principle — for projection of ITER
performance. A model testing activity has been organized by the Confinement
Modeling and Database Expert Group. There has been good progress in
developing a rigorous testing procedure against experiments in the ITER Profile
Database and in applying it to the various physics models. However, at the
present time, the Expert Group finds that the testing work is still incomplete and
hence that using local transport models for predicting ITER energy confinement
time is premature until the models are more fully tested against experiments and
confidence intervals are more clearly established. In addition there is still a large
diversity in the prediction of ITER performance among these models. Some
models such as IFS/PPPL ITG model, yield pessimistic projections for ITER
without a high edge temperature pedestal or peaked density profiles; other
models yield optimistic projection to ITER and show much weaker dependence
on edge temperature pedestal or density peaking. It is not yet possible to clearly
discriminate between these models. Nonetheless, the performance projections
and assessments from these local transport models can make a valuable addition
in determining design flexibility and identifying potential R&D issues.
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1.2.2 Plasma operational limits

The plasma beta and density limits are major performance-determining issues.
Of the two limits, performance projections show that in ITER, the density limit
may be more likely to constrain achievable fusion power performance.

Beta limit. The design basis specification for the beta limit in ITER is PN 5 2.5
(p < 3.3% at 21 MA). This specification is based on the normalized beta (PN)
values achieved in the experiments with ITER-type quasi-steady-state discharges,
including those with the ITER-like dimensionless core plasma parameters. This
experimental limit reflects the observation common to a wide range of
experiments that beta limits in 'long-pulse' ITER-like discharges are usually
significantly less than the ideal MHD limiting P N of ~ 3.5 that can be transiently
obtained in the same experiment with 'short-pulse' discharges. The decreased
P-limit in long pulse discharges is typically correlated with the onset of non-ideal
MHD modes and degraded energy confinement ('soft' beta limit or beta
saturation), as opposed to the onset of prompt disruption ('hard' beta limit) seen
for ideal limits.

Standard theoretical modeling confirms that typical ITER plasma profiles are
stable to ideal MHD modes (without wall stabilization) for PN as high as 3.5
(p < 4.6%). Since performance modeling shows that PN = 2.0 - 2.2 is generally
sufficient for sustained ignition at fusion powers of up to 1.5 GW, ideal MHD
stability is not expected to be a performance-limiting issue. The non-ideal beta
limits are, however, a potentially significant performance limit.

ASDEX-U

0.5 1 1.5 2 2.5 3

5.2 (v*)03
3.5

FIGURE 1-4
PN vs. local (at q=m/n) collisionality at the onset of the q=m/n neoclassical
tearing mode from the ITER database. Typical values of m/n are 3/2, 4/3, 2/1 and
5/2.
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The soft beta limit is manifested in present experiments in appearance of rotating
magnetic islands, with ensuing saturation of beta at a relatively low level
(relative to the ideal MHD limit) that depends on the plasma density. Present
theoretical interpretation connects this phenomena with development of
"neoclassical islands" associated with bootstrap current and predicts that the beta
saturation value should decrease with reduction of the plasma collisionality, v*.
Figure 1-4 shows values of PN as a function of collisionality for onset of the q =
m/n islands from the ITER long-pulse beta limit database. The corresponding PN
and v* required for ignition in ITER are also shown. The scatter in the data is
due both to the profile sensitivity and to the physics of formation of the seed
island needed to destabilize the neoclassical tearing mode. Figure 1-4 shows that
the ITER requirement for PN is consistent with the experimental results.
However, it also indicates that the neoclassical island phenomena could be
expected in ITER and control of the resulting onset of island growth may be
important to achieve optimal plasma performance. The potential means for
control of island modes are discussed in Section 2 and Section 7.

Density limit. The limitation on achievable plasma density imposed by the
density limit ('Greenwald limit') may restrict plasma performance in ITER. The
density limit 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: nmax(1020 nr3) < I(MA)/7t[a(m)]2. For ITER,
this empirical relation implies a Greenwald limit density of 0.85 x 1020 m"3 at I =
21 MA.

The Greenwald limit was developed for the line-averaged plasma density. In
present tokamaks, it is best described as a limit on the edge density rather than
the central density. Operation near the Greenwald limit is also normally
accompanied by degraded energy confinement. This degradation is usually
attributed to the high neutral density in the main plasma that accompanies the
intense gas puffing required to approach the Greenwald limit.

Recent experiments have demonstrated that the density limit in tokamaks is the
result of several distinct density limiting processes and that the Greenwald
scaling is not an adequate description for all of them. There appear to be at least
two general types of density limits. The first occurs in L-mode discharges with a
"cold" plasma edge and is generally due to excessive power losses from impurity
radiation and other atomic processes at the plasma edge or in the divertor. These
losses lead to cooling of the plasma edge and formation of a MARFE in the
divertor or on the plasma edge. The MARFE then eventually leads to current
profile shrinkage and a 'density-limit' disruption. However, this limit is not
expected to be a performance limiting issue in ITER.

The second class of density limiting processes occur in H-mode discharges with
"hot" plasma edges. Increasing the edge density of an H-mode plasma with gas
puffing eventually leads to onset of ELMing as the pressure gradient at the
transport barrier at the edge exceeds the ballooning limit. The ballooning limit
and ELM onset clamps the edge pressure and thus constrains the edge density for
edge temperature high enough to avoid edge MARFE and maintain the H-mode.
Since the ballooning stability of the edge and ELMing characteristics are affected
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by plasma shaping (especially by increased triangularity, as shown in JT-60U), the
edge density limit can potentially be raised through more optimal shaping of the
equilibrium.

Successful operation of ITER requires central densities close to or slightly above
the Greenwald limit. With gas puffing, such densities may be difficult to obtain
and could result in degraded confinement. However, ITER is designed to
minimize (avoid) these difficulties. First, the ITER divertor is tightly baffled to
confine the neutral recycling to the divertor chamber. This will minimize the
neutral pressure around the main plasma more effectively than in present
experiments and should reduce the confinement degradation associated with
strong fueling. Second, a modest degree of shaping (895 = 0.25) in ITER is already
provided, and there is the possibility to somewhat increase the triangularity
(albeit at the expense of some reduction in overall plasma cross-section or inner
divertor space) to provide further optimization of the ballooning limits at the
plasma edge. Third, several deep fueling methods, which have been shown to
allow operation with good confinement up to 1.5 nGreenwald/ are being
considered for ITER. Pellet fueling in ITER will not be able to reach the center of
the plasma, but the proposed 1.5-km/s pellets should be able to provide a modest
degree of deep fueling beyond the region in which ELMs will occur. The recent
pellet fueling results from ASDEX Upgrade with pellets launched from the high
magnetic field side also show substantially improved pellet penetration and
fueling efficiency compared to the normal injection from the low field side.
Finally, the successful experiments on TdeV with compact toroid fueling also
point to a technique which, while clearly needing further development, appears
potentially promising for deep core fueling and density limit enhancement in
ITER.

1.3 Projection of ITER plasma performance

As it was mentioned above and will be discussed in more details in Section 3, a
simulteneous simulation of all ITER conditions in the present experiments is
not possible, and prediction of ITER performance therefore requires establishing
a physics basis for each element, careful study of compatibility of these elements,
and also a certain degree of extrapolation by numerical modeling of the ITER
plasma performance. The emphasis in the various performance modeling
studies were on the following issues:

• Self-consistent modeling of ITER core plasma and ITER divertor
including assessment of He concentration and divertor heat loads.

• Study of the effect of impurity seeding on core plasma performance in
ignited and driven-burn regimes.

• Sensitivity studies of the effects of uncertainties in the plasma core
energy confinement, operational limits and modeling assumptions.

• Modeling of steady-state and driven-burn plasma scenarios under
constrains of ITER auxiliary heating systems.
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• 2-D divertor modeling for detailed prediction of divertor performance
and optimization of the divertor geometry.

• Developing and refining physics design specifications in the areas of
disruption and fast plasma termination, runaway electrons, ripple loss
of energetic particles and others.

In the following sections the results of the modeling of ITER plasma
performance are summarized.

1.3.1 ITER ignition performance

ITER plasma performances are extrapolated from present experiments by
combining simultaneously several robust methods:

1. The energy confinement time used to project ITER performances is prescribed
by a global scaling expression, Eq. (1.1), recommended by the Confinement
Modeling and Database expert group.

2. The bulk temperature profiles projected for ITER are chosen to be consistent
with the observed experimental profiles, in particular the ITER
Demonstration Discharges. Extrapolation of the density profiles (peaked for
DIII-D, more flat for JET) and of the height of the edge temperature profile is
however still uncertain. Therefore, in each case, a conservative extrapolation
(assuming constant energy confinement time) is obtained by noticing that the
flatter the density, or the higher the edge pedestal, the lower is the produced
fusion power. By choosing flat density profile and an upper limit for the
pedestal limited by ideal ballooning limit and determined by a width of the
transport barrier that is a constant fraction of the minor radius (10%), a
conservative extrapolation is thus enforced for ITER.

3. 1-1/2D transport codes reproduce the prescribed global energy confinement
time and profiles by an appropriate choice of re-normalized local transport
coefficients. The details can be found in Section 6. The use of transport code
is required to compute the total fusion power, the operating plasma density,
the non thermal energy contribution, the edge power versus H-mode power
threshold, the loop voltage consumption, and to establish wave forms for
time dependent scenarios as presented in Section 6.

Various local transport codes - PRETOR V4.8, ASTRA, GT-WHIST (described in
Appendix) - have been used in this manner to project ITER ignited
performances. These codes vary in the implementation details of heating
packages or boundary conditions but all solve the same transport equations and
can reproduce the same profiles under appropriate choice of local transport
coefficients and therefore project the same performance for ITER under the same
conditions of re-normalization.

The new simplified divertor model (see Appendix) was implemented in the
PRETOR V4.8 code for self-consistent time dependent evaluation of He
concentration in the plasma core, divertor heat loads and Ar seeding
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requirements. The modeling shows that the previously-used He exhaust
modeling approach based on a fixed THe*/tE = 10 ratio overestimates He
concentration (predicting about 15% in IDR). The old model did not explicitly
include the effects of pumping speed on He removal. The new He exhaust
model predicts that the ITER design basis pumping rate of 200 m3/s will keep He
concentration in the core below 10% even for a pessimistic assumption for the
ratio of He concentration near divertor plate to He concentration at the separatrix
(de-enrichment factor) of 0.1 (0.1-0.6 is observed in present experiments).

Modeling of impurity seeding with PRETOR V4.8 and GT-WHIST has shown
that the amount of Ne or Ar needed for reduction of the divertor heat loads
down to 5-10 MW/m2 is small (-0.1-0.2% Ar, <1% Ne) and is consistent with
maintaining sustained ignition and/or extended burn in ITER.

Figure 1-5 summarizes ITER ignition performance at the nominal plasma
current of 21 MA. The figure shows fusion power and other key parameters as
function of the H-mode enhancement factor H H used to characterize the global
energy confinement time in the simulations. The enhancement factor H H is
defined as rElh = HH • XElh ELMy and the range of H H in Figure 1-5 corresponds to the
above-cited ± 30% uncertainty. Each point in Figure 1-5 represents an optimized
plasma scenario under constraints that (1) all scenarios satisfy the H-mode power
threshold and (2) the amount of seeded impurity is adjusted to reduce the
divertor heat loads to 5 MW/m2 (50 MW total power). In this particular example
Ar was used as seeded impurity: the required concentration is in the range
0.1-0.2%. Details of the simulation methodology and basis and of the individual
data cases shown in Figure 1-5 are presented in Section 6.

Fusion power (MW)
-a a • B-

- -1.5

200 -. -^—Auxiliary heating (MW)

0.7 0.8 0.86 0.92 1.0 1.1 1.2 1.3
0 .

- -0.5

FIGURE 1-5
Fusion power, auxiliary heating power, normalized density relative to
Greenwald limit, for a range of confinement from -30% to +30% of the reference
value.
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It can be seen that the required density for sustained ignition at 1.5 GW is near or
slightly above the Greenwald value. Marginally-sustained-ignition (onset of the
need to add auxiliary power) is obtained at H H = 0.9 and n/nGW = 1-19. For
H H S 0.9, maintenance of sustained burn for lower H H requires first introduction
of up to 100 MW of auxiliary power (down to HH = 0.8), followed by reduction of
fusion power once Pa u x = 100 MW is reached. For HH = 0.7, achievable power falls
to 1.1 GW (Q = 11). In the range 0.8 < HH ̂  1.2 the fusion power is limited by the
1.5-GW design specification for maximum fusion power. A decrease of the
fusion power may be necessary above HH = 1.2 due to the beta limit, PN = 2.5,
which becomes more restrictive than Greenwald scaling at good plasma
confinement. For example, at HH = 1.3 and PN = 2.5, the fusion power is reduced
to 1250 MW.

If the density is limited to the Greenwald scaling value, ignition can be sustained
at HH = 1.0 with a fusion power of 1200 MW (see Table 1-1).

The degradation of energy confinement observed in some experiments near the
soft beta limit is not explicitly taken into account in the present analysis, because
the confinement degrading effect of saturated MHD instability(ies) is not yet
quantified and a reliable model for the confinement effect does not exist.
However, beta-limit effects are likely to be significant only if normalized
confinement should prove to be better that the reference ITER93H scaling
(HH > 1) and conversely, concerns about the effects of a Greenwald density limit
become most acute only at low confinement (HH < 1). Accordingly, and also
given that there are various remedial measures that may be available in ITER to
provide modest mitigation of both the density and beta limits, it appears that
ITER will be capable of achieving ignition and/or high-Q operation even under
most foreseeable limitations in plasma density, beta and plasma confinement.

1.3.2 ITER divertor performance

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 heating power to the first wall and divertor chamber walls as summarized i n
Figure 1-2. Reductions of the heat flux on the divertor plates of up to a factor of 5
by radiation losses have been achieved on every divertor tokamak. In many of
these experiments, the confinement is degraded due to high neutral pressures in
the main plasma chamber. However, the ITER divertor is designed to avoid this
by confining the recycling neutrals to the divertor chamber. Particle exhaust and
density control will be accomplished with 200 m3/s pumps in the divertor and
with fueling with gas puffing and pellet injection.

Although present experiments are essential to guide the development of the
ITER divertor concept, the parameters of these experiments (such as heat loads,
densities, and other conditions) are sufficiently different from ITER that
computational simulations are required to extrapolate from the experiments to
ITER. As is noted above, 1.5-D transport codes (PRETOR, ASTRA and
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GT-WHIST) have been vised to assess the radiation losses from the central
plasma. These codes indicate that about 100 MW will be radiated from the
plasma core (bremsstrahlung + synchrotron). The GT-WHIST code indicates that
about 50 to 150 MW can be radiated by impurities from the plasma edge just
inside the separatrix. Finally, the B2-EIRENE, EDGE2/NIMBUS and UEDGE 2-D
divertor codes show that the radiation losses in the divertor, the heat loads on
the divertor plates and helium partial pressures for determining pumping the
helium ash all meet ITER requirements.

These 2-D codes have been validated by their use in analyzing experimental
divertor data. The models are able to reproduce most important features of
experiments, so that they can now be used for analysis of ITER divertor
performance and its optimization. The codes have been used to define three
possible operating regimes for the ITER divertor. Access to these regimes is
controlled by the level of seeded impurity (e.g., Ne) and particle throughput
determined by the pumping speed and gas fueling rate (Figure 1-6). With very
low neon levels, the divertor plasma is attached, the radiation losses are low
(~ 40 MW) and the peak heat flux on the divertor plates is relatively high. For
higher neon levels, the plasma becomes partially detached, the radiative losses
increase to about 90 MW and the peak heat loads on the plate fall to 4 MW/m2.
With high neon levels, and reduced pumping speeds, the divertor plasma
becomes deeply detached, the radiation losses exceed 150 MW in the divertor,
and the peak heat loads on the divertor plates drop to very low values. The
losses to the divertor chamber walls are due to line radiation from impurities
and hydrogen.

xlm]

FIGURE 1-6
Profiles of power load on the divertor targets (particles and radiation) calculated
with B2-EIRENE code for (a) attached plasma, 0.01% Ne; (b) partially attached
plasma, 0.7% Ne; and (c) deeply detached plasma, 1% Ne.

Present experimental results from tokamaks and modeling codes strongly
support the general concept of the ITER divertor. The ITER reference partially
detached regime has enabled the achievement of high radiation levels on DIII-D,
ASDEX Upgrade, and other experiments simultaneously with good confinement.
However, uncertainties remain to be resolved by further experiments and
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improved modeling. The experimental uncertainties include the efficiency of He
exhaust with a vertical target divertor, the compatibility of high levels of
radiation with good confinement, the achievement of adequate levels of
impurity radiation in the divertor while maintaining sufficiently low impurity
levels in the main plasma, and the inclusion of an H-mode barrier model in 2-D
codes. These questions are being actively addressed: tests of the vertical target
configuration are being carried out on JET, Alcator C-Mod and ASDEX Upgrade,
and JT-60 U and DIII-D are testing other divertor configurations, so information
to optimize the ITER divertor configuration will be available in time to qualify
the design. Finally, the ITER divertor components are mounted in cassettes for
rapid removal and replacement: this will allow modifications of the divertor
configuration even after ITER operation begins.

1.3.3 Steady state and driven operations in ITER

Development of a steady-state (SS) operational capability is an ultimate goal of
the ITER program and the present intent is that ITER will have sufficient
flexibility to exploit the advanced plasma operational scenarios that are presently
envisioned to be necessary to obtain full-power (> 1GW) SS operation.
However, in general, the physics basis for SS operation in reactor tokamaks is not
well developed. Accordingly, emphasis in ITER SS design studies has been on
analysis of ITER magnetic configuration flexibility to adopt such scenarios and on
study of the capabilities of the ITER auxiliary systems to drive these scenarios.
Results from the studies carried out to date by the JCT and the Home Teams
indicate that the ITER design has a sufficient flexibility to test presently
envisioned SS operation modes.

At presently-achieved current drive (CD) efficiency of y = n(1020 nr3)
I(A)R(m)/P(W) = 0.2-0.4 and the high plasma density n ~ 1020 m"3 required for
high-Q operation, the auxiliary power of 100 MW can drive 2-5 MA of the plasma
current. This means that ITER will conceptually be able to implement high-
bootstrap-current, high beta (PN = 3-4) scenarios with total plasma current in the
12-15 MA range. For such scenarios, producing 1-1.5 GW of fusion power
requires enhanced energy confinement time, typically H H = 1.2-1.6.

One of the candidates for the SS scenario in ITER is the reversed- or negative-
central shear (RCS/NCS) operation mode that is now being widely studied in
various tokamak experiments. This study is still in progress and present
knowledge is not mature enough to conclusively assure applicability of these
scenarios to ITER conditions. It is not clear, for example how to extrapolate
energy confinement to ITER, or what the ITER RCS plasma density limit,
equilibrium He and impurity level in the plasma core will be, and how
disruptive ITER RCS plasmas will be. However, the RCS regimes are very
promising for SS tokamak operation and the present experimental program is
actively addressing the issues. Pending on resolution of these issues, the RCS
regime is being used as a candidate for studying the SS operation flexibility and
capabilities of ITER. Results of the study are reported in Section 5 and Section 7.

The ITER PF system has been shown to be capable of supporting the candidate
RCS plasma equilibria with credible ranges of plasma elongation, triangularity,
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and minor radius. Segmentation of the central solenoid helps somewhat to
widen the range of possible plasma equilibria, however limitations of the plasma
vertical control system and restriction of the plasma configuration space owing to
ripple loss of energetic alpha-particles constitute significant configuration-related
operational limits. Study of the use of ferritic inserts to reduce the ripple-loss
constraint is under way and preliminary analysis shows the reduction of the
ripple amplitude by factor of 2-3 can be achieved.

Very long inductive pulses can be achieved in ITER for ELMy H-mode.
Modeling of driven plasma scenarios under constrains of ITER heating and CD
systems has shown that the pulse length at the plasma current of 16-18 MA and Q
> 5 can be extended up to 6000-10000 s.

1.3.4 Disruptions and runaway electrons

Substantial progress has been made in establishing design basis specifications for
disruptions, halo current and runaway electrons, and in compiling a database for
halo current characteristics. The database comprises more than 2300 data sets
from six tokamaks and shows that maximum halo currents with ITER-like
plasma configurations are in the range of 30-50% of the initial plasma current at
q95 = 3 . The database also shows that the in-vessel halo current can be expected to
have a significant toroidal (n = 1) asymmetry, with a peaking factor (peak-to-
average current density ratio) that will typically be about 2.

One of the potential means to mitigate disruption and VDE severity is fast
plasma termination by impurity pellet injection. Impurity radiation can remove
plasma thermal and magnetic energies and distribute it evenly over the first wall
surface. However, modeling of shutdown scenarios has shown that massive
impurity injection can generate a significant runaway current in ITER. The
major physics phenomena responsible for the formation of the runaway
electrons in ITER is multiplication (avalanche) of energetic electrons due to close
Coulomb collisions. This effect is unimportant in the present machines (owing
to the much smaller available poloidal flux) and it makes ITER different from
the present experiments with regard to runaway formation. It is likely that a
runaway current of 10-15 MA can be formed during "normal" disruptions in
ITER if closed magnetic surfaces are stably maintained. Ways to avoid formation
of runaway current and a concept of the fast plasma termination based on a
massive deuterium injection are discussed in Section 5. More modeling and
experimental study are needed to quantify the phenomena and assess the effect of
runaway losses on the lifetime of the ITER plasma facing components.

1.3.5 Plasma measurements and diagnostics

The necessary measurements will be provided by a comprehensive diagnostic
system. In terms of the number and type of measuring instruments, the ITER
diagnostic system will be similar to those existing on today's large tokamaks such
as JET, TFTR and JT-60U. There will be about 40 individual systems drawn from
the full range of diagnostic types: magnetics, neutronics, optical /IR systems,
bolometric, spectroscopic and neutral particle analyzer systems, microwave
systems, and basic operational systems such as pressure gauges, residual gas
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analyzers etc. Implementation of the systems on ITER is a substantial task: many
difficult practical problems have to be overcome (access, radiation shielding,
remote maintenance), and in some cases established measurement techniques
can not be extrapolated to ITER - new ones are necessary.

A comprehensive design and R&D programme is in place and all four parties are
contributing. Substantial progress has been made within the last year: the
feasibility of most of the systems has been examined, conceptual designs of many
of the systems have been completed, and initial engineering designs of a
representative set of systems are in progress. Nevertheless, several key issues
remain and these are the focus of current work. The details of the design of the
diagnostic systems along with an assessment of the current designs can be found
in the IPDD of this Report.

1.4 Conclusions

Projections of the ITER plasma performance show that sustained ignition and
adequate plasma power and helium exhaust can be obtained in ITER with
operation in an ELMy, sawtoothing H-mode. Plasma energy confinement in the
ELMy H-mode is sufficient to allow sustained ignition at 1-1.5 GW with - 10%
margin in the overall plasma energy balance. Ignition and/or high-Q operation
under most foreseeable limitations in plasma density, beta and plasma
confinement will also be possible.

Physics R&D and design studies support key details of the ITER design.
Experimental results from tokamaks and modeling codes confirm the concept of
the ITER divertor based on detached or partially-detached operation that is
controlled through addition of recycling impurities. The ITER PF system has
been shown to be capable of supporting both the nominal ELMy H-mode scenario
and also candidate reversed-shear plasma equilibria with credible ranges of
plasma elongation, triangularity, and minor radius. Studies of heating and
current drive capabilities show that very long inductive pulses of several
thousand second duration with the relatively high fusion power (Q > 5) can be
achieved in ELMy H-mode assisted by heating and CD systems.

Most of the physics basis elements of the ITER plasma performance have been
successfully tested in present-day experiments. However, an integrated similarity
simulation of a fully ITER-like plasma (core and divertor) is not possible in the
present tokamaks, and hence projection of ITER performance must rely on the
extrapolations which introduce uncertainties and risks. Uncertainties in the
extrapolations to ITER and in the integration of different aspects of ITER plasma
performance remain in several important areas, including the L-to-H power
threshold, the density limit in H-mode and the effect of the plasma edge on
confinement.

These issues have been and are continuing to be addressed in the ITER-related
Physics R&D program. In particular, future experimental studies on tokamaks
with highly-baffled divertors, advanced fueling capabilities, controlled injection
of radiating impurity and effective divertor pumping systems and also with ECH
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systems to suppress neoclassical modes will provide important information for
predictions of ITER performance and determining the key elements of the ITER
plasma operation and testing plan.

Several concerns remain in the area of the physics design, including questions
about halo current asymmetry and magnitude, formation of runaway electrons
during plasma disruption and fast plasma termination and ripple loss of
energetic particles, especially at low current and in reversed-shear current
profiles. Development of adequate but at the same time not excessive
specifications for these issues is needed to finalize specific ITER component
designs and to arrive at an overall ITER design which has sufficient flexibility in
operation, sufficient component life time and robust capability to achieve the
projected performance.

1.5 Content and organization of this chapter

The material presented in this Chapter is organized in seven Sections, with cross-
reference where appropriate between topics that overlap Section boundaries.

Section 2 presents assessments of two key physics elements — energy
confinement and beta-limits at low p* and v* — and results of empirical H-mode
power threshold scaling studies and Monte-Carlo modeling of fast-particle ripple
loss.

Section 3 presents a discussion of the status of the ITER divertor concept and the
closely-associated issues of the role of the plasma edge in ELM characteristics,
H-mode power threshold, and limitations on achievable plasma density. Plasma
fueling and pumping requirements and results of the related modeling are also
discussed in this Section.

Section 4 is devoted to the analysis of the issues associated with plasma
disturbances including repetitive disturbances such as sawteeth and ELMs, and
also plasma disruptions and Vertical Displacement Episodes (VDEs). Modeling
of fast plasma shutdown by impurity pellet injection and the possible generation
of runaway electrons during fast shutdown and disruptions is also included in
this Section.

Section 5 describes the ITER plasma control system including magnetic
configuration (PF), kinetic (burn, plasma profile, and divertor heat load) controls,
and responses of plasma control to plasma disturbances. The general architecture
of the overall approach to ITER plasma control and the capability to implement
advanced plasma control features are also presented.

Section 6 is devoted to analysis of ITER plasma performance and ignition
capability and dynamic modeling of ITER scenarios. Models used in the analysis
are updated to include recent new results from the physics R&D program and the
integrated effects of the various physics basis issues developed in Section 2
through Section 5 are assessed.
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Section 7 presents capabilities of ITER auxiliary heating and current drive
systems and discusses related physics issues, including ITER possibilities/
capabilities for steady-state operation with 'advanced performance' reversed
shear plasmas.

Requirements for plasma measurements and diagnostics are identified in the
various sections of this chapter and summarized in Section 7.
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2.0 PLASMA CONFINEMENT AND OPERATIONAL LIMITS

In this section, we will address our approaches to projecting energy confinement,
plasma pressure (P) limits, rotation, and energetic particle confinement as well as
to attempting to understand and improve upon the empirical Greenwald limit
on operating density.

2.1 Confinement and operational limits overview

ITER represents an appreciable extrapolation beyond existing devices — a factor-
of-3 in size and a factor-of-2 in magnetic field intensity beyond JET, for example.
But an even larger factor-of-4 characterizes the ratio of size of JET to the
dimensions of ITER-shaped plasmas such as COMPASS and Alcator C-Mod.
Thus, the range of available experimental data is comparable to the range of
extrapolation — a necessary element for reliable projections.

It is recognized that ITER may well be operating near several operational limits
simultaneously — a pN-limit, the H-mode threshold, and the Greenwald density
— and the questions arise as to whether proximity to a limit can degrade
performance projections scaled from data further removed from the limit.
However, the different scaling of these limits are such that, in present devices,
one can not simultaneously investigate density limits and divertor detachment,
on one hand, and achieve ITER values of collisionality in the core plasma on the
other. For example, an existing device, operated near the Greenwald density and
with an ITER-like PN/ has a much more collisional core than ITER, and
consequently much greater neoclassical impurity pinches. It follows that the
consequences of simultaneously operating near several thresholds can only be
investigated in an ITER-scale device. Degradations associated with proximity to a
limit in present devices must be carefully examined with regard to their
extrapolation to ITER.

It is important to stress that confidence in ITER projections requires
identification of common physics and its scaling across a range of devices. Small-
but-sophisticated tokamaks such as COMPASS, JFT-2M, and Alcator-C Mod are
needed as much as the larger devices, such as JT-60U, JET, and TFTR. We shall
argue that, through database building, identification of common physics is
occurring in a number of crucial tokamak performance areas, following the
pioneering effort in the global confinement database. There are also many areas
where database activities are needed but where initial efforts are just getting
underway. The databases for pedestal temperatures and densities in H-mode
plasmas are such examples.

Following the mandate of Special Working Group 1, ITER confinement
projections are to be based on a favorable confinement mode. Only the ELMy
H-mode has a sufficient, "steady-state" operational base. This raises the question:
Will H-modes discharges be accessible in ITER? Experiments have made it clear
that a threshold power through the separatrix is needed to achieve an H-mode
discharge. The formulas presented by the Confinement Database and Modeling
Expert Group have determined the density and magnetic field scaling with
sufficient accuracy for extrapolation to ITER, but the size scaling leads to
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important uncertainties of a factor-of-2 and an absolute value close to the
planned auxiliary power for ITER. Improving this situation is an urgent matter
calling for coordinated experiments on tokamaks of different size.

Our guiding principles for projecting ITER performance are twofold: (1)
Projections for ITER must rest to the maximum extent possible on demonstrated
performance of favorable confinement modes — essentially the ELMy H-mode
— in present tokamak devices. (2) Quasineutral plasma physics governs
transport, pressure limits, and energetic particle confinement in the plasma core.
The second concept has lead to the definition of three nondimensional core
plasma physics parameters

pjff* * ^ (2.1-1)

as well as many more geometrical nondimensional parameters such as q-profiles,
elongation, triangularity, single-null divertor configuration, rotation profiles,
and power deposition and radiated power profiles.

It is well recognized that ELMy H-mode discharges can be prepared in present
tokamaks with all core nondimensional parameters the same as ITER except for
p*. This leads to the concept of ITER Demonstration Discharges which match
ITER to the greatest extent possible in all nondimensional parameters save p*.
For example, see Sect. 2.2 where Figure 2.2-2 and Table 2.2-1 present an effectively
steady-state discharge on JET at PN = 2.2, which lies in the range 2.0 < PN < 2.2
required for ITER. The observed confinement time lies 15% above that of the
global scaling relation, while the collisionality somewhat exceeds that scaled
from ITER. The observed flat density profile serves as the basis for density
profiles used in PRETOR projections for ITER. This JET discharge constitutes a
demonstration that un-degraded confinement can be realized at the Pi\j-value
required for ITER.

It remains to establish the p*-scaling principles from present devices to ITER
regarding energy confinement and p-limits. ASDEX-U, DIII-D, JET, as well as
JT-60U have carried out scans in p* (at constant v* and P) and find energy
confinement scaling consistent with gyroBohm TE « B2/3R5/3 a TBOhm (p*)'1/
although only at high triangularity in the case of JT-60U. Within uncertainties,
these results are also consistent with the p*-scaling of the ITER93H regression
formula of TE <* T-Bohm (p*)"07 [Cor96]. Because extrapolation is required only in
one parameter, there is increased confidence in projections.

In this section, we outline the procedures for projecting tokamak energy
confinement by three methods: ITER Demonstration Discharges, regression
analysis of a global database of ELMY H-mode thermal confinement, and use of
empirical or first principles local transport models with prescribed transport
coefficients. At present, the ITER Expert Group on Confinement Database and
Modeling recommends the global regression analysis as the most reliable method
for projecting ITER energy confinement. The PRETOR code implements this
recommendation via renormalization of transport coefficients. This global-
scaling procedure is consistent with Demonstration Discharges whose
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confinement times lie very close to the regression analysis [Cor96], as portrayed
in Figure 2.2-3.

Operational limits place important constraints on projected ITER performance.
The empirical Greenwald limit is an example. Experiments on TFTR, ASDEX-U,
and DIII-D have demonstrated that this limit on the line-average density is not
fundamental and can be transcended in discharges with central pellet fueling and
peaked density profiles. Instead, experiments indicate that such a limit appears to
apply to the edge density. In particular, ASDEX-U [Mer96b] experiments identify
the H-mode density limit with a reversion to L-mode.

Thus, a key issue is that of consistency between operation near or exceeding the
Greenwald edge density and the maintenance of an H-mode transport barrier,
while avoiding radiation collapse phenomena such as MARFEs. The confluence
of four physics issues, ballooning limits on H-mode transport barrier pressure
gradients, H**L transition criteria, mantle radiation and MARFEs, as well as
fueling efficiency and controlling main chamber neutral gas levels not only
complicates the analysis but also opens the possibilities for optimization via
boundary triangularity, inside pellet fueling, and control of main chamber
neutral gas via highly baffled divertors. Scaling considerations show the edge
physics experiments to elucidate these issues will have cold, collisional cores
compared to ITER.

A second operational limit is the p"-limit. Over the last several years, experiments
have demonstrated that p-limits in near steady-state tokamaks are set by the
appearance of slowly-growing, neoclassical magnetic island structures, located at
low order rational surfaces such as (m,n)=(2,l). In this context, our approach to
determining the ITER operational p-limit is to rely on ITER Demonstration
Discharges, such as presented in Figure (2.2-2) and Table (2.2-1) at the PN arid
collisionality values appropriate to ITER's core. It follows from the scaling
arguments presented above that such discharges will necessarily have densities
below the Greenwald limit. Since these modes are expected to grow very slowly
— 10 sec is representative — their stabilization by replacing lost bootstrap current
via ECH current drive is an attractive, but presently theoretical, possibility.

It is required that the loss of high-energy particles — either fusion a-particles or
particles associated with auxiliary heating — be kept small in ITER. Otherwise,
large local heat loads can exceed the cooling capability of the first wall. Losses are
caused by magnetic fluctuations arising from two sources: the finite number of
toroidal field coils (called field ripple) and fluctuations associated with Toroidal
Alfven Eigenmode (TAE) instabilities caused by the energetic particles
themselves. For standard 21 MA discharges, the nominal ripple loss of
a-particles will be adequately small but the loss of NBI particles is too high. This
suggests the use of ferromagnetic inserts capable of significant reductions in field
ripple. For 12 MA advanced tokamak scenarios, inserts are required to bring
a-particle losses to an acceptable level. A definitive theoretical projection for
losses arising from TAE modes is not yet available. Research indicates that ITER
will close to the stability boundary. Developing control of such losses is an
objective of the ITER BPP operational phase.
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Overall, performance of an ITER-class tokamak will depend on the interaction of
several phenomena. A single discharge in an existing device can not simulate all
issues. In particular, edge phenomena such as the density limit and H-mode
transition will have a different scaling the core confinement. The discussions of
the individual physics issues which follow must be viewed in this context.

2.2 Projections for plasma energy confinement

Three methods are being used for the prediction of ITER confinement — global
scaling of thermal confinement time from an ELMy H-mode database, ITER
Demonstration Discharges, and simulations of discharge evolution via local
transport models with first principles (or empirical) transport coefficients. All
three methods are being applied to the ELMy H-mode, the confinement regime
for which steady operations have been demonstrated. Presently, high
confinement regimes in so-called advanced tokamak discharges have not been
demonstrated to be steady-state, so ITER can not rely on these configurations to
fulfill its principal mission.

2.2.1 Global confinement scaling and demonstration discharges

The first approach is based quasineutral plasma physics so that tokamak
confinement is governed by a number of nondimensional parameter. Either the
nondimensional parameters in current experiments can be prepared to match
the values foreseen for ITER so that no extrapolation is needed or a simple power
law relation suffices to represent the energy confinement time dependence for
those nondimensional parameters for which extrapolation is required. The
exponents in the power law are then determined by a regression analysis against
a database of tokamak confinement data.

The general nondimensional principle for the thermal energy confinement time
is

QiTE = F(p*,p,V,{Pi)) (2.2-1)

where p*, v*, and f5 are defined by Eq. (2.1-1) and where {pi}={q, R/a, K, r\, Te/Ti, ..}
constitutes a set of nondimensional parameters that characterize discharge
profiles and geometry. One must also point out that the validity of Eq. (2.2-1) also
rests on an assumption that atomic physics plays a negligible role in plasma
transport.

A truly fundamental question is: Do tokamak experiments fulfill the principles
embodied in Eq. (2.2-1)? It is possible to prepare tokamak discharges in different
machines so that the nondimensional parameters of Eq. (2.1-1) are identical i n
two discharges even though the machine size and magnetic field strength differ.
Under these circumstances, Eq. (2.2-1) predicts that the energy confinement
should be inversely proportional to ion gyrofrequency. A comparison involving
Dffl-D and JET has validated Eq. (2.2-1) to the 10% level [Pet96a]. A similar
validation of limiter tokamaks (PLT, TFTR, and Alcator C) was also successful
[Per93] and a DIII-D - Alcator C-Mod comparison is underway. One can conclude
that confinement in tokamaks is governed by quasi-neutral plasma physics
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processes and that Eq. (2.2-1) represents the correct starting point for
understanding the scaling properties of plasma confinement.

The standard database approach to global confinement scaling is to assume that
the right-hand-side of Eq. (2.2-1) can be taken as a power law, expressed in either
nondimensional or so-called engineering quantities

TE = (CcmsL) ( p y p (p)y, [yy, {q)yq ()c)yK (A)yA (e)y. ( 2 2 .2 )

rE = (const.) (n)x» (R)x* (Ip)
x- (B)x°(P)Xp (K)X" (A)X* (E)X- (2.2-3)

where £ = a/R. One notes that there is one additional exponent in the
engineering form Eq. (2.2-3) so that if the functional form of Eq. (2.2-1) is to be
fulfilled, then there must be a constraint among the x-exponents. This takes the
form

3xP±4xR+x,+ 5xB + 8xn + 5 =0 (2.2-4)

and is often called the high beta or "Kadomstev" constraint.

The database approach to projecting global confinement times consists of
collecting a database of global plasma parameters — plasma geometry, current,
input power, density, magnetic field, plasma composition, thermal stored energy,
thermal and total energy confinement times — and then determining the
exponents in Eq. (2.2-3) by a linear regression analysis in the logarithms of the
various quantities while applying constraint Eq. (2.2-4). The confinement times
determined by the resulting scaling relation are then used to normalize plasma
energy content in PRETOR simulations of various ITER scenarios, as discussed in
Section 6.

If the principles leading to Eq. (2.2-1) are correct, then even when all exponents of
Eq. (2.2-4) are free parameters in the regression analysis, as is the case for
Eq. (2.2-5), it should turn out that Eq. (2.2-4) is satisfied. Indeed, this turns out to
be true, further validating the principle that quasineutral plasma physics does
indeed govern tokamak confinement. (For Eq.(2.2.4) the LHS is -0.15, effectively
zero compared to a variance of 0.5, as computed from variances of the exponents
[Sch93]).

An interesting aspect of the dimensional analysis approach is that in Eq. (2.2-3),
there are three exponents concerned with the scaling to larger devices — yp, yp,
yv. In a given machine of fixed size R, there are three quantities which can be
varied and which bear on the scaling to reactor devices — n, B, P. Other
quantities (e.g. q, K, E, H-mode plasma boundary, etc.) can be fixed at the values
envisioned for ITER. Variations in these three quantities suffice to determine the
three unknown exponents. From the engineering parameters point-of-view, an
equivalent statement is that the size scaling exponent XR can be determined from
the n, B, P exponents via the Kadomstev constraint Eq. (2.2-4). Thus, a complete
scaling relation can be obtained from data of a single machine. This permits us to
demonstrate the commonality of confinement physics across several devices.
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The Confinement Modeling and Database Expert Group has followed this
procedure and identified a scaling relation - called ITER93H - and given by
[Sch93]

= 0.85- TE , t h i E L M ± f r e e=: 0.031 • Ip106B032p^).67M0.41 R1.79 ^0.17 £±0.H K0.6 ( 2 . 2 . 5 )

in units of sec, MA, T, MW, AMU, m, and 1019 nv3. Scaling relation Eq. (2.2-5)
describes well observed tokamak thermal confinement times over two orders of
magnitude with only 15% RMSE deviation of experimental values from the fit.
Figure 2.2-1 presents this comparison. The data entering this comparison have
been carefully selected for accuracy, completeness, and relevance to ITER, for
example steady-state ELMy H-mode operation. The power which enters
Eq. (2.2-5) is the auxiliary plus Ohmic heating power less shine-through, direct
orbit, charge-exchange, and dW/dt terms. The average radiated power fraction
0.5 and is not subtracted in the regression analysis procedure, so that Eq. (2.2-5) is
a conservative underestimate of the confinement time for transport losses. But,
generally, radiated power arises from the plasma periphery, so that P is an
adequate measure of transport power in the plasma core. In Section 6, the
parameter HH = TE/TE,th,ELMy is introduced to parameterize confinement
performance.

Regression formula Eq. (2.2-5) yields TE — 6.0 sec for ITER.

The uncertainty associated with this formula remains a matter of debate within
the Expert Group. Assuming that the power law [Eq. (2.2-3)] is the correct
functional form with no hidden variables, and using standard statistical
techniques, two standard deviations of the ITER confinement time is ±30%. This
error bar is portrayed in Figure (2.2-1). Arguments introducing uncertainty in the
functional form (e.g., deviations from a power-law form) lack a rigorous
methodology but indicate that an uncertainty of ±50% would be possible.

The log-linear regression analysis scaling relation is currently in a state of
transition. New H-mode data have been added to the database from JT-60U and
boronized Alcator C-Mod shots. The C-Mod data is representative of a general
trend in tokamak confinement — that wall conditioning can improve
confinement. The functional form Eq. (2.2-3) does not have a regression variable
that one would expect to correlate with wall conditioning. Main chamber
neutral pressure is a candidate, based on experimental results [Sai96], but has yet
to be used in a regression analysis. We note also that a role for neutral gas lies
outside the functional form Eq. (2.2-1). JT-60U data lie below the scaling relation,
indicating that aspect ratio scaling should be reexamined. It is anticipated that a
new regression analysis addressing these issues and incorporating all recent data
will emerge, along with uncertainty estimates, from the Confinement Database
and Modeling Expert Group by 1997.

The power-law functional form of Eq. (2.2-2) is also subject to examination and
must be justified (or at least found consistent with plasma physics concepts). For
example, the ITER93H scaling relation, when cast into non-dimensional form
Eq. (2.2-2), exhibits a strong ^-degradation of confinement: yp = -1.23 (as well as
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almost gyroBohm scaling yp = -2.71 and a weak dependence on collisionality yv =
-0.28). On the other hand, recent experiments on DIII-D and JET, designed
expressly to examine the fS-dependence, find yp = 0 at sufficiently low p. Indeed, it
makes sense conceptually that confinement would become independent of p in
the limit p-»0. For DIII-D, the p-independent regime is found for PN s 2 [Pet96a,
Luc96]. For larger p-values, confinement degradation is attributed to the onset of
MHD activity. One can also remark that there is no compelling reason to assume
a power-law form for the v* dependence, especially since v* ~ 1, for some of the
data.

ELMy data
B ASDEX (withTAUC93)

J DIII-D

H JET

A JFT2M

N PBXM

E PDX

p DIII-D rtio" and
kappa studies

S JET rho* study

ITER

0.1

0.85*x
ELM-tree

(sec)

FIGURE 2.2-1
Observed confinement times versus 0.85*ITER93H fit for ELMy H-modes. Error
bars are those resulting from purely statistical arguments (see text).

The uncertainties in the functional forms to assume in p and v* in Eq. (2.2-1)
have lead us to the concept of ITER Demonstration Discharges which are
prepared so that all nondimensional quantities, including p and v*, (but not p*)
have the values envisioned for ITER. For example, Table 2.2-1 and Figure 2.2-2
present a JET ITER Demonstration Discharge with the PN and confinement
multiplier H H values needed for an ITER nominal discharge.
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TABLE 2.2-1
Parameters of JET ITER Demonstration Discharge

Parameter

Shot Number
B(T)
I (MA)
R (m)/a (m)
995
K / 6

<n> (1019m-3)

Zeff
P (MW)
W t h (MJ)

*th (s)
B x t h (T.s)

H H

v*/v*lTER

PN,th

Value

38415
1.7
1.7
2.9 / 0.95
3.2-3.6

1.7 / 0.2-0.3
4.1

1.6
16.5
3.4

0.21

0.35

1.15

1.5

2.2

20

FIGURE 2.2-2
JET ELMy H-rnode ITER Demonstration Discharge. Total stored energy (MJ), line
average electron density (1019 nv3), Da and neutral beam power (MW) versus
time for JET pulse 38415 [JET96]. See Table 2.2-1 for parameters.

Because p* is the only nondimensional variable for which extrapolation to ITER
is needed, the ITER Demonstration Discharges should provide a reliable
approach to scaling confinement. Experimentally, p*-scaling experiments have
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found in quantitative agreement with the ITER93H scaling of x « (T/eB)(p*)0-7.
Figure 2.2-3 portrays the agreement between that JET ITER Demonstration
Discharges and the ITER93H scaling relation.

•ITER H93-P

FIGURE 2.2-3
Agreement between JET nondimensional scans and ITER93H. The line
represents the ITER93H scaling relation without the factor 0.85 appearing in Eq.
(2.2-5) for TE/ffe,ELMy.

The ITER Demonstration Discharge approach is equivalent to assuming that the
function F in Eq. (2.2-1) is separable and can be represented as a power-law in p*

p*)y"F(P,v*, {pj}) (2.2-6)

where yp = (-2, -3) for (Bohm, gyroBohm) scaling. Let us call this the separability
ansatz. It will take a sequence of p*-scans for differing values of p and v" on
several tokamaks to experimentally determine the function F(f5, v", {pi}) and to
verify the separability ansatz that the exponent yp is independent of fJ and v* and
is common to all machines. Completion of this campaign lies in the future, but
it is a straightforward expansion of current tokamak operations and should
generate high confidence in ITER projections.

Another approach to determining the functional form of Eq. (2.2-1) is simply to
invent one, either in engineering or nondimensional variables, that differs from
the power laws Eqs. (2.2-2, 2.2-3) but that fits the data better. Offset-linear scaling
is an example of long-standing. It was recently proposed that a function of the
form g2 a (fJ/p*2)x, with x = 0.16-Zw(qeng) replace the density and minor radius
factors in Eq. (2.2-3). The exponent x was chosen to provide a better fit to existing
data and reduced the projected ITER confinement time to 4 sec. In neither case
was the functional form justified by physics arguments. In both cases, the
separability ansatz is not fulfilled, pointing to the central importance of this
issue. We argue that ITER Demonstration Discharge p*-scan approach should be
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reliable, especially if experiments indicate yp is independent of p and v*. Under
these circumstances, the power-law regression analysis Eq. (2.1-3) should return
some weighted value of yp, which should be accurate since yp is constant, but
should have greater error in the P-and v*-dependence of confinement time. One
can also note that, at fixed q and p\ as envisioned for ITER Demonstration
Discharges, the proposed g2 factor is of power-law form in p*. Thus, the
confinement scaling determined by ITER-Demonstration-Discharge p*-scans at
q95 •« 3.0 should reflect the extrapolation properties of the proposed g2 factor.

To reiterate, it is p*-scaling that is important in projecting global thermal
confinement times for ITER. Since, in principle this scaling can vary with p and
v*, ITER confinement projections are best determined by the p*-scaling of ITER
Demonstration Discharges. Given the Kadomstev constraint, each machine can
determine this p*-scaling separately.

The implementation of global confinement scaling for ITER projections (carried
out by the JCT) is via the PRETOR and other codes, documented in Section 6.
This section describes conductivity profiles, density profiles, transport power
calculations, and pedestal boundary condition.

2.2.2 Modeling of tokamak confinement

The third approach consists in predicting the total energy confinement time by
self-consistently evaluating the plasma temperatures as a function of the local
heat transport coefficients and particle and heat sources. The method has the
advantage of explicitly taking into account such effects as sawteeth activity or
height of the H-mode pedestal in the confinement projection thereby extending
the domain of validity of the predictions and directly addressing the problem of
saturation of the confinement close to operational limits. The local transport
coefficients are either derived empirically - thereby generalizing the global
method to local variables - or derived directly from the theory of transport due to
fluctuations induced by micro instabilities. Both electrostatic and magnetic micro
instabilities and their fluctuations are being investigated. Large progress has been
made recently in the fully self-consistent description of electrostatic instabilities
in particular the Ion Temperature Gradient (ITG) modes. Computer simulations
of the macroscopic transport induced by these modes are now available [Wal96,
Kot95, Kin96] and can be compared against experiments.

An ITER profile database has been assembled with complete information about
discharges from all major tokamaks (JET, JT-60U, DIII-D, TFTR, TEXTOR, TORE
SUPRA, T-10, RTP) in various regimes: Ohmic, L-mode, ELMy H-mode, ELM free
H-mode. A detailed procedure has been implemented to compare and quantify
the difference between model predictions and experiments. An analysis of the
standard deviations on the incremental electron and ion energy contents over
the discharges in the database for a number of models has been made. This
shows that for these measures of performance, few models achieve better than
30% success in fitting the data, which is competetive with the performance of
global scaling expressions. A number of models perform comparatively well.
However, it is difficult, at this point, to identify a 'best' model on the basis of
these particular comparisons. It was found that small differences in the way
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transport codes implement convection or neoclassical terms could significantly
affect the predicted temperature and an extended calibration and standardization
exercises have been implemented. It is then found that the models are not yet
able to reproduce satisfactorily all the measured profiles. This calls for a
reformulation of the local transport coefficients and ways to improve the models
are being actively pursued. So far the predictions do not extend all the way to the
plasma edge and boundary conditions are taken directly from the measurement.
This limitation is particularly important for H-modes where half the' stored
energy can be contained in the edge pedestal. In particular ITG models are very
sensitive to edge temperature. If the pedestal beta is assumed fixed (independent
of p*) then gyrofluid ITG simulations yield projections similar to those deduced
from ITER93H [Wal96]. On the other hand if pedestal betas scale like p* as might
be expected from boundary layer theory, then projections are pessimistic.
However, in this case there is a large region in which temperature gradients are
far above critical and the less certain non-linear theory which applies needs to be
better benchmarked for ITER-similar cases e.g., the ASDEX-U enhanced L-Modes.
Because many different approaches are being used to formulate local transport
models, a wide range of ITER prediction exist from (i) very pessimistic: IFS/PPPL
model [Kor95], (ii) similar to the global scaling confinement predictions:
Weiland-Guzdar model implemented by Kinsey and Bateman [Kin96], and
Fukuyama-Itoh model implemented by Fukuyama [Fuk96] and Houlberg
[Hou96], to (iii) the very optimistic: T-ll/Set Empirical Transport model
developed in the Russian Federation and implemented by Polevoi [Mer88].

It is anticipated that continuing work on improving the completeness and
consistency of the information in the profile database and further development
of models (e.g., including effects of sheared rotation) and their subsequent testing,
will help to discriminate between transport models. In the meantime however,
because these models are designed to capture some key aspects of the observed
qualitative behavior of experimental profiles they are a valuable tool to study the
dynamic behavior of the ITER plasma, for instance the impact of sawtooth
activity or ELMs on plasma parameters, kinetic control of fusion power and the
plasma operating point, as well as transient heat pulse propagation.

2.2.3 H-mode power threshold

ITER confinement projections are based on the assumption of H-mode
operation, which experiments indicate requires a threshold power. Although the
conceptual picture that H-mode suppression of edge turbulence results from a
velocity shear layer several poloidal gyroradii in extent has a good theoretical
basis, the issue of what creates the velocity shear in the first place is not so clear
and a theoretical scaling for the threshold power is not available. Moreover, it is
clear that finite-6 physics is needed to recover the observed scaling of the
threshold power [Per96a]. Theory has yet to determine whether finite-P effects
enter through the equilibrium or fluctuations.

Consequently, an empirical approach must be invoked to determine the
functional form of H-mode threshold power as well as its absolute value. It will
become evident that the major issue for ITER is the size-scaling of the threshold
power and important uncertainties remain.
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Initially, the experimental threshold data were adequately fit by

^=0.044/1,55 (2.2-7)

where Pm is power crossing plasma edge and S is the surface area of the plasma.
Here and below we use the following practical units, MW, m, T, 1020 m~3, MA,
eV. Already, this formula predicted a threshold of 300 MW for nominal ITER
parameters (at full, operating density) and made it clear that the H-mode power
threshold is an issue for ITER and that the major extrapolation factor was the size
(surface area) factor. The most recent threshold fits by the Confinement Database
and Modeling Expert Group find that [Tak96]

Pm - 0.45(0.6n,ft2)" n^BR2 (2.2-8)

where exponent a lies in the range -0.25 < a < 0.25. The corresponding H-mode
threshold powers for ITER lie in the range 50 < P (MW) < 200 at ne (1020 nv3) =
0.5. The uncertainty in size scaling ranges from R1-5 to R2-5. Careful experiments
(or a viable theoretical model) are needed to narrow this range.

Formula Eq. (2.2-8) fulfills the quasineutral plasma physics constraints discussed
above for confinement. In the case of the H-mode power threshold, this
constraint has yet to be validated experimentally. Such a validation could be
carried out via power scans in planned nondimensionally identical confinement
experiments by noting the H-mode threshold. While quasineutral plasma
physics may well govern the basic H-mode transition processes, it seems likely
that at very high gas puff rates, neutral particles will influence (and increase) the
transition threshold. Experiments have also shown that the H-mode power
threshold lies above the prediction of Eq. (2.2-8) for very low-density operation.
The scaling of the implied transition density has not yet been addressed.

Overall, the auxiliary power available in ITER (100 MW) is likely to be sufficient
to attain H-mode operation. Appreciable uncertainty remains, but potentially
resolvable by careful experiments. If future experiments indicate that the
threshold will exceed 100 MW, then additional auxiliary heating above 100 MW
will be needed for ITER. For some of the candidates of ITER auxiliary heating
systems, this should not present a difficult design problem.

2.3 Beta limits

In recent years, it has been recognized experimentally that a tokamak can sustain
(3-values close to ideal MHD limits for many characteristic MHD times [Str94].
For ITER, this limit lies at PN = 3.5 for external kinks [Ros94], a factor of about 1.5
above the beta value required for achieving the ITER goal of 1.5 GW of fusion
power.

However, on longer time scales rotating magnetic island structures appear which
prevent increases in energy content with increasing heating power. The
P-saturation level varies with density and toroidal field, indicating a physics
process different from that of ideal MHD. At densities above the scaled ITER
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density, experiments have shown that pfj-values adequate to ITER needs can be
sustained with ELMy H-mode confinement. For example, experiments on DIII-D
[Tay91] have achieved a sustained ELMy H-mode discharge at PN = 3.5. The
density in this shot was n e = 4-1019 nv 3 compared to the scaled ITER density of
1.5-1019nv3, leading to a collisionality a factor-of-20 (~ rie3) larger than the value
foreseen for ITER. In ASDEX-U [Zoh96], soft pMimits in the range p N = 2.7-2.9,
obtained for qg$ - 3.0-3.5, under conditions where, because of lack of explicit
density control, the density exceeded the scaled ITER density by typically 50%.

At densities comparable to and below scaled ITER densities, soft and hard p limits
have been found on ASDEX [Zoh96], COMPASS [Gat96], DIII-D [LaH96], JT-60U
[Kam96], and TFTR [Cha95b, Gor96] that lie close to the PN values for acceptable
ITER operation. For those plasmas the p is limited to low (m,n) resistive
magnetic islands that cause a drop in the stored energy proportional to the
saturated island width: Axe/xe « •4(rs/a)Svsat/ts. If the power is increased, p
increases slightly but the island-size increases more and finally causes a
disruption as the mode interacts with the edge or slows down and locks.
Moreover, the DIII-D and COMPASS results show that the p-limit systematically
decreases with decreasing density. The JT-60U high pN , long-pulse discharges are
obtained at low current and with large bootstrap and current drive, such that
q0 ~ 2 and no sawteeth are present. Often the low (m,n) modes limiting these
discharges are triggered by giant ELMs, which is why they were able to improve
their P-limit by increasing the triangularity [Kam96]. ASDEX-U also showed an
improvement with increasing triangularity [Zoh96]. JET experiments [Cha95a]
indicate a p-saturation occurring in ITER-like discharges (qgs = 3.1) at PN = 3.8.
However, fast particle accounted for 40% of the energy so that PN,th " 2.3. For
these experiments, the density was quite close to the ITER scaled density.

A theory of neoclassical islands is under development, which is in qualitative
accord with observation. It includes the effect of a new driving term, the
perturbed bootstrap current and modifies the Rutherford equation governing the
nonlinear evolution of the island width u>. Once a seed island is formed at a
given rational flux surface (q = m/n), induced by a sawteeth, ELMs or fishbones,
the pressure is flattened in the island O-point region which reduces the bootstrap
current. This helical perturbed bootstrap current is equivalent to a negative
perturbed current within the island and induces a perturbed magnetic field in
phase with the original perturbed helical magnetic field ,B* , and is therefore
destabilizing. Note that if q' < 0, ,B» changes direction and the perturbed
bootstrap current is stabilizing. Another term, involving inertia effects and the
electrostatic potential generating the polarization current, is found to be
important. However the sign and the amplitude of this term is still being
worked out. We include it in the following modified Rutherford equation, as a
stabilizing term, for completeness and because it was shown to fit COMPASS data
[Gat96]:

Fehler!= rsA' + pp rs [ - Fehler!+ abs Fehler!- Fehler.'], (2.3-1)

where rs is the position of the resonant surface at q=m/n, r|neo is the neoclassical
resistivity, and A' is the conventional resistive parameter, assumed negative,
measuring the magnetic free energy and sensitive mainly to the current profile.
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The second term represents the Glasser stabilizing effect of the equilibrium
pressure gradient and favorable curvature, the third term is the driving bootstrap
current term and the last is due to the polarization current. The different term
are given by [Gat96, Cha95b, Gor96]:

aGGJ " 12 Fehler!, abs « 2 (-Lbs) Fehler!,
(2.3-2)

apoi * 5 (Fehler!)2 pFehler!g(e); g(s) = {Fehler!

wd - 5 rs (Fehler!)1/2 (Fehler!)1/4,

where Lq = q/q', Lp = p/p', s = rq'/q and Lbs is the bootstrap current coefficient
with respect to the density or temperature gradients and it depends on e, Zeff and
is proportional to (1 + Vg*1/2). Typical values are Lne

( = -1.2, Lie' = -0.4, Lji' = -0.25.
From the right-hand side of Eq. (2.3-1), referenced as f(w), one can define several
characteristic parameters: pcrit the p-value such that the maximum value, at
w = wmax/ is zero [f(wmax,Pcrit] = 0]; Ponset the P-value at the onset of the mode;
wcrit the minimum island size of the seed island required to be destabilized at p =
Ponset; and wsat the saturated island size at a given p > pcrjt value. The saturated
island size is given by:

FehlerN Fehler!pp (2.3-3)

where aGGJ is always smaller than abs, except may be if the bootstrap current is
driven only by dTj/dr, and A' is assumed to be negative, which seems to be the
case in most cases [Cha95b, Gor96]. The evolution of the saturated island width,
the growth, saturation and decay when p is decreased was shown to fit very well
the experimental data in ASDEX, TFTR, COMPASS, and DIII-D, assuming
rsA' »-m. These results confirm essentially the effect of the perturbed bootstrap
current for large island size and give confidence in the prediction of wSat and the
growth-time.

Aiming to help projecting the long-pulse p-limit in ITER, DIII-D and COMPASS
made a systematic study of the onset of these modes in ITER-like discharges with
q95 ~ 3-4 and varying the density. They both found an increase of the p-value at
the onset of the 2/1 mode, pN onset, with density [LaH96, Gat96]. In DIII-D it
essentially scales as ve*

0-3 and is around 2-2.5 at ITER collisionality at the q = 2
surface (= 0.05) [LaH96]. In COMPASS, the collisionality is about constant and
very small (10"4-10"3), and they explain their results with a change in Vi/ecoe* and
thus in apoi, which dramatically changes wcrit [Gat96]. These results as well as the
one mentioned above in ASDEX, JT60-U and TFTR motivated the creation of a
new database (http://picard.iterus.org/fmhd]), in order to be able to better
compare the results of different machines. So far data from TFTR (32 time-slices),
DIII-D (44), COMPASS (31), ASDEX (3) and JT60-U (2) have been included.
Comparing the values of the different term in Eq. (2.2-2), one finds that they are
of the same order in all the machines (aGGJ * 0.2, abs" 0-6, apoi •» 2-10, wd«l-1.5
cm), as well as the values expected for ITER reference scenarios (aGGJ " 0.25, abs
—1.0, apoi •• 3, wd - 2-4 cm). A common feature seems to be that the experimental
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beta value at the onset of the mode is 2-to-3 times larger than Pcrjt. This is
confirmed in the experiments where the power is stepped-down after the onset
of the mode and the beta value such as to see the mode disappear (=pCrit) is
consistently lower than ponset- This {S-dependent hysteresis behavior is actually a
signature of the neoclassical tearing mode. The value of PN at the onset of the
neoclassical tearing modes versus collisionality [defined as ve»(Zeff=l) = 0.012
ne,2oqR/(£3/2T2,e(keV) at q=m/n] is shown in Figure 2.3-1 for the data-points
included in the ITER long-pulse beta-limit database (ITERLPBL.DB1). The scaling
used is the one obtained from the 2/1 DIII-D points only [LaH92]. All the shots
but one have q95 s 4.3 and they are ELMy H-modes, except for COMPASS and
TFTR. One sees a correlation of the operational beta with collisionality. The
scatter in the data is due both to the profile sensitivity and to the physics of
formation of the seed island needed to destabilize the neoclassical tearing mode.
For example the JT60-U shots have no sawteeth and the modes are triggered by
giant ELMs, in TFTR fishbones can trigger the mode and otherwise they are
usually triggered by sawtooth crash or ELMs. This figure shows that present
ITER-like experiments are at the same collisionality as foreseen for ITER and the
ITER operational point is in the region where neoclassical tearing mode can
occur. It should be noted that in the region spanned by these data points there are
also long-pulse shots which do not develop neoclassical tearing modes.
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FIGURE 2.3-1
PN VS. local ve»(Zeff=l) at the onset of the q=m/n neoclassical tearing mode from
the ITERLPBL.DB1 database. Typical values of m/n are 3/2, 4/3, 2/1 and 5/2.

As mentioned above, one has typically Ponset £ Pcrit/ °r in other words wcrit s wd-
So even though the value of wcrit is not well determined by the theory, as all the
terms in Eq. (2.3-1) are important, the experimental results indicate that wd gives
an upper bound for wcrit- Therefore one can expect wcrit« 2-4 cm in ITER which
is smaller than in present experiments relative to the minor radius. One sees
that a scaling of the typical sawtooth and ELMs perturbation coupled to the q = 2
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is crucial in understanding present results and projecting to ITER. This is a work
which is only starting now. As mentioned above, the JT-60 high beta results are
obtained in non-sawtoothing discharges and the neoclassical modes seem to
appear after giant ELMs. In JET, the neoclassical tearing modes seem not to be
present. It is not yet clear if this is due to a lower the level of the "noise
perturbation" or if it indicates new physics to be included in the present theory.
One has to quantify, for example, if the high fraction of fast particles helped in
reducing the sawtooth "gong" perturbations. In any case, the target operational
mode for ITER should be a grassy ELMy and grassy sawtoothing H-mode, and
sawtooth and ELM control capability is needed.

If large seed islands cannot be avoided in ITER, then the expected saturated seed
island for the 2/1 mode is of the order of the distance of the q = 2 surface to the
edge (~ 60 cm) at PN - 2.2. Therefore a strong deterioration or a disruption is
expected, giving a hard beta limit. The higher m modes and more internal
resonant flux-surfaces should only degrade the confinement by about 10% and
thus give a soft beta limit. Therefore mainly the 2/1 mode has to be monitored.
As the resistive time is long in ITER, the typical growth of a 2/1 neoclassical
mode island width would be as follows: 30 s to reach 30 cm and 200 s to reach
55 cm. Thus one has plenty of time to either terminate the discharge before it
disrupt or to stabilize it through a feedback system. A possible stabilizing
mechanism is by substituting the perturbed bootstrap current with ECCD. As the
reference scenarios in ITER have typically 20% bootstrap current, one has about
500 kA in a w/a = 10% region around the q = 2 surface to provide. However as
the current drive efficiency decreases at r(q=2)/a » 0.8 and the deposition profile
spreads out, one would need at least 40 MW to drive such a current. While
possible, a demonstration of such a feedback system has to be done through
voluntary R&D in present experiments before proposing it for ITER. This is
being done in COMPASS and will be experimented in ASDEX and DIII-D as well.

Our discussion has centered on f5-limits for nominal, inductively-driven
tokamak discharges. To date, there is little information on the steady-state
P-limits of advanced reverse-shear discharges. Theoretically, wall stabilization of
kink-modes is required to reach attractive Pisr-values and the new subject of
resistive wall modes has arisen and remains an active field of research. We do
note that neoclassical magnetic islands are stabilized in negative shear regions,
pointing out the potential importance of operation with negative central shear.

2.4 Density limit

The density limit in tokamaks fueled with gas puffing and auxiliary heating is
generally (but not always) well represented by the Greenwald limit [Gre88],
n = I/(:ia2), which for ITER is 8.5 x 1019

 JTT3. In addition, operation near (and
above) the Greenwald limit can be accompanied by degraded energy
confinement. Since achieving a fusion power of 1.5 GW in ITER requires <ne>
•» 9.6 x 1019 nr3, about 13% higher than the Greenwald limit, an intense physics R
and D program has been carried out by the ITER parties both to develop an
understanding of the processes that limit the density and to identify ways to
increase the central density in tokamaks without degrading the confinement. As
a result, a better understanding of the many different processes involved in the
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density limit is beginning to emerge and experiments with central fueling with
pellet injection have begun to demonstrate that the Greenwald limit is not a
fundamental limit and that central densities of more than a factor of two greater
than riGreenwald can be achieved.

While the Greenwald limit can be understood in terms of power balance for
Ohmic discharges [Per85, Ash81] and is a reasonable empirical characterization of
most tokamak data with gas puffing and auxiliary heating, it is not a good
representation of the detailed data and is not based on fundamental processes.
The Greenwald limit is independent of heating power, but experiments on
ASDEX Upgrade (ASDEX-U) indicate that n <x pO.3-0.5 for L-mode plasmas
[Mer96b]. The maximum density also depends on many other factors such as the
degree and type of plasma conditioning, the impurity level, the divertor
configuration, etc. Also, the Greenwald limit is routinely exceeded at low
currents on JET [Cam94] and other machines. In addition, although the
Greenwald scaling was developed in terms of the line averaged density, the
density limit observed in present tokamaks seems to be a limit for the edge
density rather than the central density.

Recent experiments have demonstrated that the density limit in tokamaks is due
to many density limiting processes and that the Greenwald limit is not an
adequate description for all of them. There appear to be at least two general types
of density limits, a "cold" density limit with L-mode plasmas and a "hot" density
limit for H-mode plasmas (e.g. [Mer96b, Mah96]).

The first limit occurs in L-mode discharges with "cold" plasma edges and is
generally due to excessive power losses from impurity radiation and other
atomic processes at the plasma edge or in the divertor. These losses lead to
cooling of the plasma edge, formation of a MARFE in the divertor or at the
plasma edge, movement of the MARFE inside the separatrix, cooling of the
plasma there, shrinkage of the current and pressure profiles, and eventually
production of a disruption. This limit generally depends on the heating power
(n " pO.3-0.5^ impurity level, recycling rate, level of plasma conditioning, etc.
Many models for this type of limit have been developed by Borrass [Bor96] and
others.

The second class of density limiting processes occur in H-mode discharges with
"hot" plasma edges. Figure 2.4-1 shows the operational space for the edge
temperature and density for ASDEX-Upgrade and illustrates the role of the
important processes. For a fixed heating power, increasing the boundary density
of an H-mode plasma with gas puffing eventually leads to ELMy H-modes as the
pressure gradient at the transport barrier at the edge approaches the ballooning
limit at the edge. If the transport barrier width scales as the banana width, as
JT-60U results suggest [Hat96], then a relation between edge density and
temperature results n/ncR = (const.) x T-1/2 [Per96b], which has qualitatively the
shape portrayed in Figure 2.4-1. Continued increases in the edge density can lead
to a transition back to L mode due to the increase in the L to H threshold power
with the edge plasma density. An additional factor contributing to reducing the
energy confinement is that the strong gas puffing needed to increase the density
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can produce high neutral pressures near the main plasma. Such high neutral
pressures near the main plasma can degrade the confinement.

This picture of the density limit with H-mode plasmas suggests three strategies
for increasing the density and preserving good confinement. The first strategy
involves fueling in the divertor chamber and using a "closed" divertor to
minimize the neutral leakage from the divertor chamber to the main plasma.
The second strategy involves increasing the ballooning limit at the plasma edge
through shaping the equilibrium. The third strategy is to use deep fueling to
increase the central density without increasing the boundary density.
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FIGURE 2.4-1
Operational space the electron density and temperature 2 cm inside the separatrix
for ASDEX Upgrade with gas puffing and auxiliary heating [Kau96].

First, to minimize the confinement degradation observed with gas puffing, the
ITER divertor is highly baffled and utilizes a vertical target plate configuration to
provide a "plasma seal" to prevent the flow of neutrals from the divertor
chamber to the main plasma. This will minimize the neutral pressure around
the main plasma much more effectively than in present experiments and should
reduce the confinement degradation associated with strong fueling. It would also
allow better control of the location and intensity of the high levels of radiation
losses necessary to reduce the peak heat loads on the divertor plates. During the
next two years, Alcator C-Mod, ASDEX-U and JET will test the effectiveness of the
vertical target divertor, and its effectiveness in keeping the leakage of neutrals
from the divertor chamber to the main plasma low and the level of confinement
high.
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Second, optimization of edge magnetic configuration should permit either
higher marginal ballooning limits or entrance into second stability.
Qualitatively, this means increased triangularity, but a more precise figure of
merit is needed. The ITER nominal equilibria has a modest triangularity
(6 ~ 0.26). Further increase in the triangularity may be possible by shifting the
inner divertor leg further inward — assessment is in progress. In some of the
high density, good confinement H-mode discharges, the edge plasma appears to
be in the second stable regime, and further analysis and experiments will be
carried out to explore the potential of this for ITER.

Third, many experiments indicate that, even if the edge density is limited, the
central density can be increased with central fueling. In L-mode, pellet fueling in
TFTR resulted in operation with highly peaked density profiles with central
plasma densities several times the Greenwald limit [Bel92]. A combination of
feedback controlled pellet and gas fueling in ASDEX-U allowed operation at
1.5 nGR for many confinement times, albeit with significantly degraded
confinement [Mer96a, Mer96b, Kau96]. The fueling efficiency of the ASDEX-U
pellet injector was only ~ 0.15-to-0.25, leading to high recycling rates. DIII-D has
achieved 1.5 ncR with good H-modes (TE ~ 2 TIJER89P) by pumping strongly at the
divertor to control the recycling levels [Mah96]. Recent results with pellet
injection from the high field side in ASDEX-U which have fueling efficiencies of
close to 100% and substantially increased penetration distances compared to
conventional low field side injection indicate that confinement is not degraded
with efficient pellet injection [Kau96]. There are thus strong indications that deep
fueling will allow operation of ITER with both high average densities and little
degradation of the confinement.

The pellet injection system will provide pellets that can penetrate between 0.15 m
to 0.5 m beyond the separatrix from the high field side. Assessments of the
potential for high field side pellet injection for ITER are underway, but certainly
the penetration and fueling efficiency will be greater than for low field side
injection.

Another potentially promising but undeveloped technology is compact toroids.
The successful experiments with compact toroid fueling on TdeV indicate that
the compact toroids can fuel the central plasma without triggering MHD activity
or confinement degradation, and have impurity levels which are low enough
that there was no increase in the radiation losses [Ram94, Dec96]. The
extrapolation in this technology need for ITER is quite modest. The major
questions involve the physics of the interaction of the compact toroid and the
plasma, specifically the penetration of the compact toroid into a large, high field
tokamak plasma and the resulting fueling efficiency. A test is needed on a JET or
JT-60U size tokamak.

In summary, there is an abundance of experimental evidence and an emerging
theoretical understanding that the density limit in tokamaks is a limit on the
edge density. That limit is different for L-mode and H-mode plasmas. The
relevant limit for ITER is the limit for H-mode operation. A combination of
operation with a highly baffled divertor, optimization of the ballooning limits
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for the plasma edge and provision for deep fueling supports the potential for
operating ITER at a modest increment (~ 15%) over the Greenwald density limit.

2.5 Plasma toroidal rotation

Plasma rotation plays an important role in the stabilization of low-n kink-type
modes by effectively providing a conducting wall rotating rapidly so that the skin
depth is small (~ 0.1m). For ITER with a stainless steel structure this criterion is
fulfilled for rotation frequencies exceeding 10 Hz. For nominal ITER discharges,
which are ideally kink stable in the absence of a wall, the proximity of a wall
affects A' which enters into the neoclassical magnetic island calculations of
Section 2.2. Wall stabilization of kink-modes is essential however for steady-
state advanced discharges which are predicted to be ideally kink-unstable in the
absence of a wall for the Bisf-values (PN ~ 4.5) required for successful advanced
tokamak discharges. In this situation, when a finite resistivity wall is utilized to
stabilize ideal kink modes in a rotating plasma, theorists have recently identified
a "resistive wall mode," which appears to require a rotation speed of several
percent of the plasma Alfve'n speed to attain stability. This particular rotation
requirement is still a topic of theoretical research and has yet to be unequivocally
demonstrated in experiment. It is consistent with data from DIII-D [Str95]. W e
shall see that planned NBI injection into ITER can easily provide rotation rates
that assure a small skin depth but fall well short of 1% of the toroidal Alfv6n
rotation rate. (The Alfven rotation rate is 2105 Hz for ITER.)

In addition to stabilizing kinks, toroidal rotational shear can also contribute to
velocity shear suppression of microinstabilities in reverse shear discharges which
develop internal transport barriers. But, since the rotation frequency for ITER is
projected to be only a few times characteristic diamagnetic frequencies, velocity
shear stabilization prospects are minimal. The principal difference between
present tokamaks and ITER in this regard is that the thermonuclear heating
source in ITER provides no source of angular momentum, in contrast to
tangential NBI heating.

Lastly, rotation is needed to suppress the growth of the error field instability,
which is a locked mode growing via the neoclassical magnetic island
mechanism. A theoretical criterion is that tolerable error field is given by
[LaH92]

where xH
2 = R2 \i0 n Ms / B

2 and rv is the angular momentum confinement time
This can be recast in terms of the torque applied by the beams
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(2.5-2)
i.o-lO*4 forlTERparameters

Here V denotes the plasma volume. The theory of critical error fields is still in a
state of development and modifications to Eq. (2.5-2) are expected shortly. But at
present, criterion Eq. (2.5-2) is used to specify the accuracy required of the error
field compensation system.

Projections for ITER rotation are based on the global angular momentum
conservation equation

J dVnMaR1

where Rtan "• 6.5 m denotes the tangency for the NB injection system, and o> is
the angular rotation frequency (which must be a flux function). With standard
definitions, this takes the form,

(2.5-4)

where <T> is volume average plasma temperature, Ptot - total heating power.
Normally, one takes x$ ~ TE from experiment. In practical units with Eb = 1 MeV,
Eq. (2.5-4) reads

(2.5-5)

By comparison, the magnitude of the natural diamagnetic rotation is given by

(2.5-6)J J l J i j , ™ * \f21MAl

The actual rotation frequency depends on the angular momentum content of the
plasma. For example, Ohmic plasmas, which have no angular momentum
input, rotate appreciably slower than estimated from Eq. (2.5-6).

For a nominal ITER discharge, one would have Pb/PM -0.14, resulting in driven
rotation rates of 500 Hz according to (2.5-5), several times larger than the natural
diamagnetic frequency.

1-D simulations confirm this global scaling as portrayed in Figures 2.5-1 and 2.5-2.
The much larger diamagnetic frequencies for reversed shear modes arises from
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the smaller poloidal field, especially in the vicinity of the magnetic axis. Overall,
rotation frequencies projected for ITER are sufficiently large to assure that the
wall can be envisioned as a perfect conductor, except when mode locking occurs.

The Introduction to this Section remarks that ITER is a large extrapolation
beyond present devices. In this Section, we argued that our developing
knowledge of tokamak physics provides an adequate physics basis to place the
ITER Design at parameters where appreciable long-pulse fusion power is expected
— approximately 1500 MW — and where the major role in maintaining the
plasma at thermonuclear temperatures results from the thermonuclear reactions
themselves. Of course, as with extrapolation of any turbulent phenomenon,
uncertainties remain. Our crucial argument is that these are sufficiently
bounded so that it makes sense to resolve them by building the experiment.
Lastly, we remark that the general features of the ITER design are those of a
generic tokamak reactor. Thus ITER will be able to accommodate whatever
successes of advanced tokamak research emerge from the Parties' base programs
and elucidate its promise at the reactor scale. On this count too, the path to a
tokamak power reactor passes through ITER.
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FIGURE 2.5-1
Rotation (tor.) frequency in rad/sec.

for nominal ITER discharge.

FIGURE 2.5-2
Rotation frequencies in rad/sec. for
advanced, reverse-shear discharge.

2.6 Confinement of energetic particles

Super-thermal alpha particles are born in fusion reactions in a DT plasma with
initial energy of ~ 3.5 MeV. Energetic alpha particles are the main source of the
plasma heating in ITER and hence good confinement of alpha particles is crucial
for achieving ignition in ITER. Most of their energy (about 80%) is transformed
to the electrons of the main plasma. After slowing down to the thermal energy
E = T, alpha particles contribute to the He ash source in the plasma core. Charged
particle loss to the first wall in tokamaks is highly localized, and even a small
fraction of lost particles can cause large local heat loads on the first wall. In ITER
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conditions, the local heat loading on the first wall is the most limiting restriction
on the maximum loss fraction of alpha particles. High fusion power and hence
high alpha particle wall loads are expected only during the flat top of the plasma
operating scenario. In addition to fusion-product alpha particles, super-thermal
ions will be present, generated by ITER auxiliary heating systems: NBI will
generate 1 MeV deuterons, and ICRF heating will generate tritons with energy of
a few hundred keV. Confinement of these particles must also be analyzed.

In this Section we analyze possible mechanisms of energetic particle loss and
estimate local heat loading of the first wall.

2.6.1 TAE modes

The fast ions traditionally used to heat tokamaks, usually do so with a high
efficiency and without serious problems. These high energy ions are injected
externally with neutral beams (NBI) or are generated internally with ion
cyclotron minority heating (ICRH). However, it has also been well established
that, in some circumstances, a reduction in fast ion heating efficiency and an
increase in fast ion loss can be caused by non-axisymmetries such as toroidal field
(TF) ripple or by collective fast ion instabilities such as the toroidicity-induced
Alfve'n eigenmode (TAE). Beam ion losses of up to 70% have been observed on
DIII-D due to global TAE mode excitation [Hei94].

2.6.1.1. Experimental results

During the past year, the existence of TAE modes driven by alpha particles has
been demonstrated on TFTR [Naz96] in situations of low magnetic shear after
removal of NBI damping by beam shutdown. The j3a threshold for mode
destabilization was much lower than the value envisaged on ITER. The mode
was sufficiently weak that no alpha particle losses were observed.

TAE and also kinetic TAE excitation by means of saddle coils or beat-wave have
been studied on JET [Sta96]. Simultaneously, high-n modes have been excited
with NBI at 140 keV.

TAE modes were stable when a strong internal transport barrier was formed i n
the negative shear discharges on JT-60U [Kim96]. High-mode-number (n=5-8)
localized TAE modes were observed only after the density profile broadened due
to sequential partial collapses.

Lower frequency modes called beta-induced Alfve'n eigenmode (BAE) have been
observed in the DIII-D experiment in association with appreciable fast-ion losses
[Hei93a].

2.6.1.2 Stability threshold

Several numerical codes have been used to analyze ITER for stability with respect
to TAE modes [Can95, Che92, Spo95, Jau96, Poe92, Vla95, Che88, Che95, Che96,
Fu.90, Zon93, Fu.95a, Ber95a, Can96, Che96]. Although the stability predictions
depend—sensitively on equilibrium profiles such as pa(r) and q(r), all the
theoretical results point out that high-n stability (n > 10) is the crucial issue for
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ITER. Hence, in addition to existing low-n codes [Che92, Spo95, Jau96, Poe92],
high-n codes based on the WKB formalism have been developed [Vla95, Che95].

Finite beta effects on ITER can downshift TAE modes into the lower continuum,
leading to strong coupling to the continuum spectrum [Che88, Fu.90]. The
critical value of beta for this to occur depends on the details of the equilibrium
configuration. However, at low magnetic shear, core-localized TAE modes
[Fu.95a, Ber95a, Can96] close to the magnetic axis can still be unstable even at
relatively high beta. Calculations have shown that core-localized TAEs with
n=15-30 are unstable in ITER [Che96].

If TAE modes are strongly coupled to the continuum, kinetic TAE modes close to
upper continuum accumulation point can become unstable at moderate toroidal
number if the alpha particle pressure profile is sufficiently peaked [Che96].

For sufficiently high Pco a new resonant continuum mode (EPM/RTAE) can be
excited by energetic particles [Tsa93, Che94, San96, Zon96]. Preliminary high-n
analysis shows that the ITER reference scenario is stable, although not strongly
so. The analysis of low frequency modes, possibly related to the observation of
BAE on DIII-D, is in progress [San96, Zon96, Bri96].

2.6.1.3 Particle losses

To estimate loss of the energetic particles it is important to advance to the
nonlinear theory. This area of the theory is being developed. Test particle
simulations have been performed [Sig92] and nonlinear saturation mechanisms
were examined [Ber95a, Ber95b, Wu.95, Fu.95b, Tod95, Zon95, Hah95]. A single
TAE mode is expected to saturate by wave-particle trapping, with the saturation
level determined by a balance between nonlinear growth and background
damping [Ber95b, Ber95c]. Small-wavelength kinetic-type modes may experience
saturation through mode-mode coupling [Zon95, Hah95]. The EPM/RTAE
modes are observed in numerical simulation to saturate by resonant particle
ejection due to their large amplitude [San96, Zon96].

In view of the large number of high-n modes that are expected for peaked alpha
profiles, the Chirikov criterion may be satisfied for mode overlap , which could
cause a radial spreading of the alpha-particle distribution. Whether this would
lead to actual loss of alphas or merely to a profile broadening is under study, as is
the issue of whether the redistribution will be internal or the resonances will
extend to the wall and cause diffusive loss. It should be noted that the particle
loss mechanism for the small orbit sizes in ITER will be quite different from
present large orbit experiments.

However, nonlinear theory is far from completion, and present ITER
specifications for the collective alpha-particle loss are derived from simple
assumptions rather than from detailed theoretical analysis of the loss. The upper
limit for the steady state loss is required to be 5% to avoid heavy wall loading.
However, referring to the experimental results [Ber96, Hei93b, Won91], one may
also have large bursts of the alpha-particles caused by TAE modes. Thus, in
addition to steady state loss, the ITER specifications permit 100% alpha-particle
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loss in a burst. As was shown before [IDR95], a single burst will not terminate
burn, so that it is time-averaged loss which is important. Finally we note that
TAE modes can be completely eliminated by operation at moderate central
temperature and high central densities, if allowed by other considerations.

2.6.2 Low-frequency MHD modes

In addition to Alfve'n modes, anomalous transport of alpha particles can also be
caused by various MHD instabilities. In TFTR, sawteething activity can
redistribute alpha particles beyond the q = 1 radius [Pet96b]. TFTR experiments
have also shown enhancement of alpha loss due to kinetic ballooning modes
[Cha96] and to neoclassical tearing modes [Mcg96]. Fishbone modes may also
cause fast ion losses.

2.6.3 Ripple loss of energetic particles

Loss of energetic particles due to toroidal field (TF) ripple is one of the main
effects of the TF ripple on the plasma. The TF ripple is produced by discreteness
of the TF coils and its amplitude is defined as

where Bm a x and Bmin are toroidal magnetic fields calculated in two points having
the same radial and vertical coordinates in the meridian cross section but
different toroidal coordinates - one under the TF coil and another in the middle
between two neighboring coils. Figure 2.6-1 shows TF ripple contours on the
plasma cross section in ITER. The maximum ripple at the plasma separatrix is
about 2%. Maximum TF ripple at the FW surface is about 2.5%.

Ripple loss of energetic particle has been studied in experiments and the
theoretical models for the fast particles losses have been validated. Recent
experiments on JET with the variable ripple profile [Tub95] has show that models
based on the neoclassical ripple loss well describe the experimental results.
Similar conclusion have been made in the analysis of ripple loss and their
distribution over the first wall in JT-60U [Tob95]. Ripple loss of energetic
particles is one of the areas of the fast particle physics where we have well
established predictive models.

A significant progress was made in analysis ripple loss of energetic particles in
ITER. The analysis was carried out by Monte-Carlo numerical codes (at PPPL,
Kurchatov Institute).
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FIGURE 2.6-1
TF ripple contour in ITER (left) and position of ripple well boundary for
reference plasma equilibrium, I = 21 MA (right). Ripple wellsexist outside of the
ripple well boundary.

2.6.3.1 Alpha-particle ripple loss

The main mechanism of the alpha-particle loss in ITER is convective loss of the
particles from the ripple well region and scattering of the alphas from the low
part of the spectrum to the ripple well loss cone. The stochastic diffusion does
not contribute significantly to the loss because the stochastic region is very
narrow in ITER. Because of toroidicity the ripple wells exist only at the outer part
of the plasma cross section where the ripple amplitude is large, d>BRl NR,.. Here
BR is radial component of the poloidal field N is number of coils (N = 20) and BT
is toroidal field. Figures 2.6-1 and 2.6-2 show ripple well regions for inductive
ignition scenario with plasma current I = 21 MA and two candidates for Steady
State (SS) scenarios with reduced plasma current, I = 12 MA, respectively. Note
that low current density near plasma center and large Shafranov shift make
12 MA scenarios very unfavorable to the ripple loss.
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Ripple well regions for SS reversed shear configurations. Left - "slim" plasma,
right - "short" plasma. Plasma current I = 12 MA. Reference ripple profile.
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Most of the numerical results presented here were obtained with the code
GIBRID (OFMC + Mapping hybrid code) developed in the Kurchatov Institute for
analysis of the supra thermal ion ripple losses in an up-down asymmetric
tokamak configurations. In the inner plasma region without local magnetic
wells an implicit mapping is used for evaluation of the slowing down history of
a banana particles. The effect of TF ripple is introduced as a finite radial
displacement of the toroidally trapped particles (banana particles) which depends
on the toroidal position of the banana particle and local ripple value. In the
outer regions with local wells and/or close to the first wall full set of the 3D
guiding center equations is solved. A particle orbit was followed until it
intersected the first wall (FW). or slowed down to energy Emm = 2Ti(0). Collisions
are accounted for by the Monte-Carlo technique. Enhancement factor for
collisions is used in OFMC part of the code to follow a transit particle orbit. In
the calculations we assumed that passing particles are not affected by TF ripple
independent of whether a particle was "born" as a passing one or has been
scattered from an originally toroidally trapped orbit during slowing down.
However, the passing particle contributes to the ripple loss via collision
scattering to the banana region or ripple trapped region. The later effect is
important for low current plasma configurations with the large ripple loss cone.
The mapping technique described above allows to a significant (by a few hundred
times) increase in the number of test particles and the evaluation not only of loss
fractions but also of 2D heat deposition profiles on the FW. The FW was
assumed to be axisymmetric. The effect of finite Larmor radius was taken into
account in the calculation of the heat deposition on the FW.

Ripple loss of the alpha-particles in ITER was also calculated by means of full
orbit following Monte-Carlo codes DRIFT (developed at PPPL) for the reference
21 MA plasma configuration with 20 TF coils, and by a code developed at JAERI
for an earlier 21 MA plasma configuration with 24 TF coils. The results are in
agreement with the code GIBRID. Table 2.6-1 contains the main input plasma
parameters for the Monte-Carlo calculations. For each of the cases, calculations
were done for both directions of the toroidal drift. Table 2.6-2 contains
accumulated statistics and resulting total energy and particle loss fractions and
maximum heat load on the FW recalculated according to fusion source profile,
corresponding to plasma parameters given by Table 2.6-1.
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TABLE 2.6-1
Calculation Parameters

Plasma Current

Bo (at R=8.12m) (T)

Te = Ti = T(a) (keV)

<Te> = <Tj> (keV)

ne (m-3)

Impurity

Plasma volume (m^)

Alpha power (MW)

21 MA
Reference Plasma

(Figure 2.6-1)

5.68

19, a<ai (*)
19-17(a-ai)/(l-ai), a>ai

10.95

1020

Be, Zeff = 1.5,
uniform profile

1912

313

12 MA
Slim Plasma
(Figure 2.6-2)

5.68

0.3 + 19.7(l-a2)

10.15

1020

Be, Zeff = 1.5,
uniform profile

1709

253.5

12 MA
Short Plasma
(Figure 2.6-2)

5.68

0.3 + 19.7(l-a2)

10.15

1020

Be, Zeff = 1.5,
uniform profile

1608

239

'*' aj corresponds to q(aj) = 1 magnetic surface

TABLE 2.6-2
Results of Monte-Carlo Modeling by Code G1BRID

Plasma Current

Drift direction

Number of test particles
Number of lost particles
Loss of banana particles
Loss of locally trapped particles

Particle loss fraction (% )
Energy loss fraction (%)

Maximum heat load (MW/m2)

21 MA
(reference)

Up

3335
568
180

388

2.82

1.09
1.2

Down

2089
495
487

8
5.57

2.2
0.3

12 MA
(slim plasma)

Up
4669
1911
298

1613

40
19.4
4.8

Down

3679
1225
1213

12

32
16.4

1.3

12 MA
(short plasma)

Up

4023
1005
307

698

18.8
5.03
2.5

Down

7233
1270
1241
29

9.0
3.2

0.5

The energy spectrum of the lost particles has a maximum that is located near the
thermal energy and consists of the particles which have been scattered by
collision to the ripple loss region. The collisions in the case of high temperature,
high density plasma plays an important role in the ripple loss modeling. The
total energy loss fraction in the reference 21 MA plasma configuration is about
1 or 2% depending on the ion grad-B drift direction. The reference drift direction
is downwards. The reversing of the toroidal drift direction redistributes ripple
losses between locally trapped and banana loss channels. In the case of upward
drift, the loss of locally trapped particles is dominant. In the opposite direction,
the overwhelming majority of the particles lost as bananas.

Locally trapped loss is strongly peaked toroidally and in spite of the moderate
value of the averaged load has the peak load of more than 1 MW/m2

(Table 2.6-2). Banana loss has no strong dependence on the toroidal coordinate
and most of the lost particles will be deposited to the area of limiter and outer
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baffle. At the downward drift direction the maximum heat load does not exceed
0.3 MW/m2.

As can be seen from Table 2.6-2, the slim plasma configuration has the
maximum alpha-particle loss. The heat loads of the first wall are much above
the maximum value even at reference direction of the toroidal field, which
means that in this configuration the fusion power is limited by more than half of
the nominal value. The short plasma configuration was optimized to reduce
ripple loss by displacement of the plasma from the high ripple region (see
Figure 2.6-2). In the optimized configuration alpha-particle ripple loss decreases
more than 3 times in comparison with previous case. However, for the upward
drift direction, the FW heat load remains high due to strong toroidal peaking of
the particles lost through the local wells (the peaking factor about 10). It should
be noted also that asymmetry in total loss fractions to the drift direction increases
in the present case. The loss at the upward drift direction is about 70% larger
than in the opposite case.

2.6.3.2 Ripple loss of fast particles injected by N B

The source of energetic particles produced by Neutral Beam (NB) injectors in
ITER plasma was generated by Monte-Carlo technique following the reference
injection [ITE96] and plasma geometry with the central line of the injection in
the plasma midplane. The calculations were done for the reference 21 MA ITER
scenario. The ionization cross section for the beam atoms was taken from [Jan89].
Charge exchange losses of the beam ions were not accounted in the present
calculations. Initial data for plasma equilibrium, temperature, density and
impurity profiles were taken the same as for previous calculation of alpha
particle ripple losses in 21 MA case (see Table 2.6-1). It was assumed that NB will
inject 1 MeV deuterium atoms. FW heat loads were normalized on the total NB
power of 40 MW.

The modeling has been done for two directions of the plasma current (co- and
counter-injections). In addition, the reference co-injection calculations were
done for both directions of the magnetic field. Results are summarized in the
Table 2.6-3.

TABLE 2.6-3
Ripple Loss of NB Ions for Two Directions of Toroidal Ion Drift
(Up and Down) and Plasma Current (Co and Counter Injection)

Drift/Current Direction

Down, Co
Up, Counter

Down, Counter

Up, Co

Particle Loss
Fraction (%)

26.5

34.1

33.5

23.8

Power Loss
Fraction (%)

8.29

17.21

17.55

5.2

Loss Fraction
to Divertor

(%)

3.23

8.1
13.6

0.72

Peak Heat
Load on the

FW (MW/m2)

0.065

0.178

0.080

0.252
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At the high plasma density and high temperature the ripple loss is relatively
large. The heat loads are also above the present specification. The ripple is
especially large in the counter injection case when ripple will affect total plasma
heating. The difference in the loss between co and counter injection can be
explained by effect of finite banana width of NB particles (about 30 cm). The high
ripple loss of the NB ions can be explained by a flat particle source at this plasma
scenario. The source profile is shown in Figure 2.6-3 for the case of contra
injection. At the edge the NB produces toroidally trapped particles which are
affected by TF ripple. One can expect that at the lower plasma density fewer
particles will be born at the plasma periphery and as result the loss of the beam
will be reduced. It can also be seen in Figure 2.6-4 which shows NB power and
particle loss fractions as functions of plasma density. Shine through fraction is
also shown. At a density of about 3 1019 nv3, the ripple loss fraction of the beam
energy becomes equal to the shine through loss. It is clear that TF ripple will
limit flexibility of the NB heated scenarios.

2.6.3.3 Effect of TF ripple on runaway electrons

We expect that during plasma disruption a significant amount of runaway
electrons will be produced (see Section 6.6). The energy of the runaway electrons
is expected to be in 10-20 MeV which is too low for cyclotron resonance scattering
of the runaways on the TF ripple [Yus88]. Loss of the runaways after disruption
or during VDE could be a potential problem, because at the reference field
direction the electron toroidal drift is directed upwards which can in principle
lead to electron ripple well trapping and high peaking of the heat loads.
However, the analysis of the ripple loss cone for the runaway electrons shows
that it decreases during VDE in spite of reduction of the plasma current because
the plasma moves to the region with smaller ripple. At the expected level of
runaway current of 10 MA and expected plasma position the ripple loss cone is
very small. We conclude that ripple will probably not affect formation and loss
of the runaway electrons in ITER.

2.6.4 Summary and conclusions

It was shown that the ripple loss of alpha-particles in the reference, 21 MA
plasma configuration is low ~ 2% and the peak heat load on the FW is within the
design specification (0.5 MW/m2). However, it was found that at the high
plasma density of lxlO20 nr3 , the NB ion loss is large (5-17%) that can affect NB
performance. The highest NB loss were observed in the case of counter
injection; for coinjection ripple loss vary from 5-to-8% depending on the toroidal
drift direction. The large loss can be explained by a flat or even hollow NB source
profile at the high plasma density and hence a relatively large fast particle source
in the ripple loss cone.
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FIGURE 2.6-3
NB Deposition Profile. Counter Injection in the Reference Plasma, I = 21 MA.
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FIGURE 2.6.4
NB Loss vs. Plasma Density. Co-Injection, Upward Toroidal Drift Direction.

It is well known that a reduction of the plasma current increases effect of TF
ripple. The extreme case is 12 MA high beta reversed shear scenario which are
envisioned as candidates for the steady state operation in ITER. Analysis of the
alpha-particle ripple loss has shown that at the present ripple profile one can
expect a significant loss of the alpha-particle. It is possible to optimize plasma
configuration by displacing plasma to the high field side away from the high
ripple region and to reduce the ripple loss to a marginally acceptable level.
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However, these configurations could be not consistent with the ICRH or LH
heating because of the large plasma surface antenna distance. Therefore, at the
present level of TF ripple the flexibility of the plasma operation at low plasma
current 12-14 MA will be significantly affected by the ripple loss of energetic
particles. The restrictions on the plasma configurations produced by TF ripple
will be discussed in the Section 6 in greater details.

The straightforward way to decrease the ripple loss is reduction of ripple
amplitude by replacing stainless steel shield plates located between the two walls
of the Vacuum Vessel by ferromagnetic plates (only in the sectors located
toroidally under TF coils). Calculation of ripple in the presence of these inserts
has been carried out earlier for 24 TF coils [ITE93] and has shown that the ripple
amplitude can be reduced by about 2.5 times. One can expect approximately the
same effect in the case of 20 coils. First estimations of the ripple loss in the 12 MA
plasma configuration indicate that such a reduction of the ripple will reduce
significantly the ripple loss of energetic particles and probably will eliminate
restrictions which are imposed by the present TF ripple on the plasma
parameters and operational scenarios.
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3.0 POWER AND PARTICLE CONTROL

The ITER power and particle control system is designed to: (1) exhaust the alpha
and auxiliary heating power of 300 to 400 MW with acceptable loads on the
plasma facing components, (2) exhaust the He ash and keep the central He
concentration below 10%, (3) control the density and fusion power, (4) fuel the
plasma, (5) ensure an impurity level in the plasma low enough to avoid
degrading the plasma performance, and (6) ensure that the neutral density near
the main plasma is sufficiently low that the confinement is not degraded.

The power and particle control system has been designed to meet these
requirements. It consists of a single null poloidal divertor, active pumps with a
net pumping speed through the divertor of ~ 200 m3/s, and gas puffing and pellet
fueling systems (Figure 3.1-1). These systems are described in detail in other
sections of the DDR and DDD (WBS 1.7, 1.8, 1.9 and 3.1). The divertor has a
"vertical target" plate configuration (Figure 3.1-2). The plasma provides a "seal"
to ionize the neutrals flowing from the divertor plate to the main plasma. In
addition, a long, tight baffle close to the plasma edge provides for further
attenuation of the neutral flux from the divertor plate by ionizing and thus
pumping the neutrals flowing through the narrow channel between the baffle
and the plasma edge. This minimizes the backflow of neutrals from the divertor
to the main chamber and avoids confinement deterioration. The leakage of
neutrals from the divertor should be below ~ 30 Pa m3/s which ensures that it
will be less than the neutral flux due to recycling in the main chamber. In
addition, the effective area for heat removal is increased due to the inclination of
the divertor plates. The vertical target configuration is being tested on Alcator
C-Mod [Goe96], JET [Pic96], and ASDEX Upgrade [Neu95].

To meet the peak heat flux reduction requirements, it is planned to operate the
divertor in a partially or fully "detached" regime in which most of the heating
power is deposited on the first wall and divertor chamber walls by radiation
thereby reducing the peak power on the divertor plates. Better localization of the
neutral recycling also lowers the density required to achieve "detached" and
"partially detached" plasmas, thus widening the operational window [Vla96a,
Lip96]. These regimes have been studied extensively on experiments [Mat95] and
studied with computational models [Sch96, Rog96].

Finally, all of the power and particle control system components must be able to
withstand thermal and electromagnetic loads due to disruptions and must be
capable of being replaced within 6 months or less. The goal for the lifetime for all
of the components is 3000 full power discharges, including the effects of
additional heat loads due of up to ~ 10% full power disruptions and 10%
transient power excursions with peak heat loads up to 20 MW/m2.

The divertor components are mounted in sixty individual removable cassettes
for flexibility and rapid maintenance (Figure 3.1-2). The portion of the first wall
adjacent to the divertor cassette consists of a set of baffles to reduce the back-flow
of neutrals. Toroidal belt limiters are located above the baffles for plasma start-
up and shutdown. Beryllium, graphite and tungsten, bonded to water cooled
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copper alloy heat sinks, are used as the plasma facing materials. The plasma
facing material for the high heat flux areas of the divertor plates is carbon fiber
composite because it has the best survival characteristics for large transient heat
loads due to disruptions and power excursions. Tungsten is used for the divertor
chamber walls and the lower one-third of the baffles to minimize the charge
exchange erosion. Beryllium is used for the remainder of the first wall because of
its low Z, good thermal properties and the potential for insitu repair by plasma
spray. Sixteen cryopumps located in the divertor ports provide particle exhaust.
Access to the pumps from the divertor is through ducts in the private flux region
and below the divertor cassette (Figure 3.1-1). Fueling is provided with two gas
puffing systems, one in the divertor chamber and one in the main chamber at
the top of the machine, and a pellet injection system. The gas puffing system will
also be used to inject recycling gases such as neon and argon as "seed" impurities
to facilitate operation with fully or partially "detached" plasmas. In addition to
the tight baffles, the leakage from the divertor to the main plasma from behind
the blanket is minimized with gas seals.

ITER power losses

50 MW ^
Radiation from
Edge Mantle

Gas Puff Fuelling

Representative
a losses

100MW
Bremsstrahlung
and synchrotron

100 MW SOL/divertor
charge exchange

H, He, Be radiation
Ne or Ar radiation

50 MW
divertor plates

(5 MW/m2)

Limiter
odules

Baffles

Divertor Ports
' —"and Pumps

Pumping Access

FIGURE 3.1-1
Schematic Illustration of the ITER Power and Particle Control System and the
Division of Power Flowing to the First Wall and Divertor.

3.1 Power and particle exhaust

While a divertor minimizes the influence of plasma wall interactions on the
main plasma, it concentrates the heat and particle flux onto a relatively small
area. For ITER, for a "typical" radial power decay length at the mid-plane of
~ 1 cm, the effective area for power exhaust is about 10 m2, much smaller than
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the area of the divertor chamber walls (~ 400 m2) and the first wall (~ 1200 m2).
For the heating powers in ITER of ~ 300-400 MW( the maximum peak heat flux
on the ~ 10 m2 divertor area could be as high as 20-30 MW/m2 after the
bremsstrahlung losses are subtracted. It is thus essential to reduce the peak heat
fluxes to the 5-10 MW/m2 level required for an acceptable engineering design.
Higher peak loads can be accommodated with very thin divertor plates, but these
plates would not be thick enough to tolerate the disruption loads which can be as
high as 100 MJ/m2. "Detached" or "partially detached" regimes can accomplish
the required heat flux reduction. These regimes reduce the peak heat loads by
spreading the power over a larger surface area of the divertor chamber walls and
the first wall by enhanced radiation from the plasma edge. The access to such
regimes depends on the divertor configuration, the level of heating power, the
impurity level, the energy confinement mode, and the edge density.

3.1.1

FIGURE 3.1-2
ITER Vertical Target Divertor Components and Cassette with Gas Seals

Experimental evidence for ITER divertor operation

During the last few years divertor regimes of this type have been achieved on
almost all divertor tokamaks (JET, DIII-D, ASDEX Upgrade, JT-60/U and Alcator
C-Mod) [Mat95, A1195a, Gru95, Nag94, Lip95a]. A basic physics picture for these
regimes and how they apply to ITER has emerged. Detached plasmas can be
achieved by either strong gas puffing of deuterium or hydrogen gas or by a
combination of impurity seeding (N, Ne, Ar) and gas puffing. This increases the
radiation losses to the point where the power to the plates becomes very small
and the plasma "detaches" from the plate. The plasma temperature near the
plate then drops to a few eV and the ion flux to the plate also drops substantially,
potentially reducing the erosion rate as well as the heat flux. Charge exchange
friction between the recycling neutral gas and the divertor plasma plays a role by
helping to sustain a strong pressure drop along the field lines in the divertor
[Sta93, Bor94], Volume recombination can also be important for increasing the
hydrogen radiation losses and for reducing the ion flux by reducing the ion
density [Bor96, Kra96, Pos95]. Strong hydrogen puffing alone enhances the
radiation due to recycling hydrogen neutrals and intrinsic impurities by
increasing the electron and neutral hydrogen density. Impurity seeding adds
additional radiating impurities that increase the radiation losses for a given
electron density and permit detachment at lower densities. Radiative losses from
low Z impurities (e.g. Be, C,...) tend to be concentrated near or in the divertor.
Radiative losses from higher Z impurities (e.g. Ne, Ar) tend to occur both in the
divertor and in the main plasma edge.
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For all of the major divertor experiments, a reduction of the peak heat flux on
the divertor plates by a factor of up to five or more (Figures 3.1-3, 3.1-4) [Neu95,
Kei95, Mah96, Hut96] has been attained for heating powers up to the maximum
available. As the gas puffing rate is increased, a region of strong radiation moves
from the divertor plate to the vicinity of the x-point. In many experiments this
transition is rapid, but recent experiments using feedback control of the gas and
impurity fueling indicate that the location of the radiation loss region can be
maintained in the divertor [Neu95, A1195a] so that the radiating volume is
distributed uniformly between the target plate and the x-point (Figure 3.1-3).
This occurs most readily in "partially" detached discharges which are detached
near the separatrix but remain attached in the outer region of the SOL. The
existence of this partially detached" regime does not appear to depend on the
divertor geometry. This regime has been observed in both vertical target and flat
plate divertors [Lip95b, Pet92].

2.0 Watts/cm3 4.0 1.0 Wattatan3 2.0

FIGURE 3.1-3
The left-hand figure shows the radiation emission during a DIII-D discharge with
intense D2 gas puffing. The right-hand figure shows the radiation emission from
DIII-D discharges with neon puffing. In both cases, the heat flux on the plate was
reduced much below the value without enhanced impurity radiation [A1195a].

The threshold density and impurity concentration for detachment depends on
the power flux into the divertor and on the divertor geometry (including the
tightness of the baffling) [Lip95b].
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FIGURE 3.1-4
Contours of the radiation losses in ASDEX Upgrade (in W/m3) and Alcator
C-Mod (in MW/m3) from tomographic analysis of bolometer data. The ASDEX
Upgrade discharge is a Completely Detached H-Mode (CDH) regime plasma
produced with strong neon and deuterium fueling [Neu95]. The Alcator C-Mod
discharge is a partially detached plasma produced by intense gas puffing [Goe96].

In general, the maximum radiated fraction (Prad/Pheat) which can be obtained
with good confinement on JET, JT-60 U, Alcator C-Mod and DIII-D varies
between 50% and 75%, and ASDEX Upgrade can achieve 90% [Ita96, Kau96, Jac96,
Tak96a, Hil95]. It depends on the gas puffing and impurity injection rates,
divertor geometry and the location of the radiating regions. For Prad/Pheat above
this value, the plasma strongly detaches and the confinement degrades. Potential
causes for confinement degradation include the large increase in the neutral
pressure near the main plasma following detachment and the strong cooling of
the plasma edge due to the highly radiating MARFE in the vicinity of the
X-point. Due to the low temperatures of the detached plasmas, recycling neutrals
are not ionized as strongly near the divertor and therefore are not as well
confined near the divertor as they are with attached plasmas. The neutral
pressure around the main plasma increases and the confinement degrades (e.g.,
[Kay84]). In addition, intense gas puffing is used on most experiments to obtain
high levels of radiation which also cools the edge. By the use of pumping in the
divertor chamber and feedback control of the deuterium puffing, which resulted
in a semi detached divertor and thus maintained a "hot" edge and a minimal
neutral density in the main chamber, the DIII-D group was able to obtain a factor
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of 4 reduction in the heat flux to the divertor plate and a high radiated fraction
(Prad/Pinput ~ 75%), a low central Zeff (~ 1.8) and good energy confinement
(tg ~ 1.8 x TITER89-P) [Hil95]. In all experiments, the confinement is also better
with feedback control of the injection of medium-Z impurities such as Ne along
with the deuterium gas puffing (e.g. the CDH-mode [Neu95, Gru95]). Since less
gas puffing is necessary to achieve high radiative losses and detachment with
seeded impurities, the neutral pressure in the divertor and main chamber is
lower than for gas puffing alone, and confinement is degraded much less or not
at all.

Another important observation on present experiments is that with either
feedback controlled strong gas puffing that produces high levels of carbon and
hydrogen radiation [Mah96] or with nitrogen puffing [Vla96a], the radiating zone
is spread out along the divertor legs. With the same feedback control, it is also
possible to control the degree of detachment and thus achieve a reduction of the
target power load while maintaining good energy confinement. Experiments
with Ne puffing exhibit a radiating zone that is concentrated around the X-point
and in the edge "mantle" around the main plasma (Figures 3.1-3, 3.1-4). This is
due to different radiation loss rate coefficients for the impurities and the
temperatures achieved in the present experiments. In some cases these
experiments also achieved a relatively good confinement together with low
target power loads but at the cost of rather high Zeff.

In contrast to ITER, the present divertor configurations have relatively short
divertors and either no baffle at all or have substantial bypass leaks which allow
neutrals to escape to the main chamber and maintain a high neutral pressure
there. The consequence is that when detachment occurs the plasma edge is
strongly cooled by the radiation which in many cases moves quickly to the
X-point and by the neutrals entering the SOL and edge plasma in the main
chamber. An assessment of the recent results reported at the IAEA conference in
Montreal indicates that maintaining a high edge temperature is critical for
H-mode confinement. This provides an explanation for the degradation being
observed in many experiments during detachment. This leakage also limits the
neutral pressure in the divertor and thus delays the onset of detachment. The
combination of a tightly baffled deep divertor in ITER with strong pumping in
the divertor and feedback control of the fueling of hydrogen isotopes and
impurity gases is designed to minimize radiation near the X-point and the
neutral density at the main plasma edge and to maximize the neutral density in
the divertor, thereby retaining good energy confinement and allowing the
achievement of detached and "partially" detached operation for relatively low
edge densities. The validity of this picture for divertor and confinement
optimization is being tested by most of the major divertor experiments that have
been modifying their divertors to improve the retention of neutrals in the
divertor chamber (becoming similar to the tightly baffled ITER design) [Pic96,
AU95b, Kik96, Smi96].

While DIII-D has been able to obtain high radiated fractions with relatively low
Zeff's and good confinement [Hil95], the observed impurity levels in many
experiments are too high for ITER (Zeff >2.5). This is partially a reflection of the
fact that the volume heating rates in present experiments are much larger than
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they will be in ITER due to the much lower heating power density from alpha
hearing. For instance, the heating density in DIII-D and TFTR is close to
1 MW/m3, whereas it will be more like 0.1-0.15 MW/m3 in ITER. To radiate
more power takes a higher impurity level. The radiation losses from the plasma
center will scale with the volume (Eq. 3.1.1), the losses from the edge will scale
with the plasma surface area, and the losses from the divertor will scale with the
connection length and divertor operating conditions. They will also scale with
the density and impurity. This is reflected in the scaling developed from a
radiation loss database which indicates that the Zeff for ITER can be lower than in
present experiments [Mat96]. Thus radiating a major fraction of the heating
power in ITER can be accomplished with a lower impurity fraction, fz, and Zeff
than in many present experiments, especially considering the relatively higher
density in ITER.

P«* - /-flL « X».7t W = £*&*-, (3.1.1)

where ne is the electron density, and Lz is the impurity radiation emissivity. The
edge temperatures and other divertor conditions in ITER will be different from
present day machines, and the optimum choice of impurity gas can therefore not
be selected purely on the basis of the performance in present experiments.
Divertor modeling codes which incorporate an accurate physics description of the
SOL plasma and also include the temperature dependence of the radiation
emission rates for each impurity are needed to make the extrapolation from the
present experiments to ITER.

3.1.2 Extrapolation from present machines to ITER

The ITER divertor is designed to exploit the features observed in the divertor
experiments and to reduce the peak heat loads on the divertor plate by radiating
most of the power to the first wall and divertor chamber walls. Due to specific
features of ITER such as reliance on alpha particle heating, large size and longer
energy confinement times, the extrapolation from these experiments requires
computational models. An overall picture for the power balance in ITER
developed with these models indicates that bremsstrahlung and synchrotron
radiation from the plasma center, impurity line radiation from the "mantle" at
the plasma edge inside the separatrix and radiation from the scrape-off layer and
divertor plasma due to H, He, Be and C, and Ne, Ar, or Kr and charge exchange
losses are all potential processes which can contribute. He, Be and C are intrinsic
impurities corresponding to C in present experiments. A combination of Ne and
Ar (or Kr) will be added to increase the radiation losses just as N2 and Ne have
been added to present experiments. The overall power balance foreseen for the
reference ignited scenario in ITER and the range expected for alternative
scenarios is summarized in Table 3.1-1 and Figure 3.1-1. The available modeling
results indicate that required plasma performance can be obtained with acceptable
He and impurity concentrations in the core and acceptable edge densities for
Zeff's of 1.6 to 1.8. The ranges for the radiation from each region depend on the
local conditions (impurity level, central and edge density, central temperature,
degree of detachment, etc.) and represent the range of reasonably acheivable
radiation losses as discussed in succeeding sections. The range in the
bremsstrahlung losses is 60 to 120 MW, depending primarily on the central
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density and temperature and the Zeff. The radiation from the edge mantle
depends on the impurity level and edge density. The level of radiation in the
divertor depends on the impurity level and divertor operational regime. The
mix of radiation levels between the divertor and the edge can be controlled by the
choice of impurity injected by taking advantage of the different radiation
characteristics of Ne, Ar and Kr. The goal for the peak heat flux on the plate is
5 MW/m2, but up to 10 MW/m2 can be tolerated, corresponding to 50 to 100 M W
to the divertor plates.

TABLE 3.1-1
ITER Power Balance Summary for the Reference Ignited Scenario

Process

Alpha heating (plus auxiliary heating)

Bremsstrahlung and synchrotron radiation from plasma core

Radiation from mantle (Ne, Ar or Kr + He, Be/C,...)

Divertor/SOL radiation (H, He, Be/C, Ne/Ar/Kr)
Power transfer to divertor plate

Power (MW) (Range)

300 (300 - 400*)

100 (60 -120)

50 (20-150)

100 (50-200)
50 (50 -100)

'assumes that the power can be reduced during a power excursion of ~ 60 MW

The plasma operational conditions for power and particle control include:

1. Reference long pulse scenario with feedback controlled gas fueling and
impurity injection in the divertor, partially detached divertor
operation with minimal neutral pressures in the main plasma and
high levels of radiation in the divertor and near the baffles, moderate
radiation losses from the main plasma edge and high gas pressures i n
the divertor.

2. Higher edge density operation with gas puffing in the main chamber to
establish a flow in the scrape-off layer to entrain the impurities injected
in the divertor and produce an enhancement of the radiation losses in
the divertor.

3. Pellet injection in the main chamber to enhance the fueling efficiency
and lower the tritium inventory, density profile control and establish
some flow.

4. Driven and steady state operation with longer pulse lengths and lower
densities in the main plasma and additional heat loads from auxiliary
heating

In addition to the reference scenario, three alternate scenarios are being
developed to provide operational flexibility and to set design requirements. The
second scenario and to some extent the pellet scenario provide some margin for a
shortfall in the divertor radiation level. Intensive gas puffing from the top of the
machine and strong pumping in the divertor may be used to establish a plasma
flow toward the divertor to increase the frictional forces on the impurities and
increase their concentration and radiation levels in the divertor (e.g., [Mah96]).
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The study of steady-state plasmas is a requirement, and studies indicate that
driving the requisite current will require 100 MW of auxiliary power together
with a fusion power of 1.5 GW. This will probably require reducing the plasma
density which will impose additional constraints on the divertor operation.
Detailed analysis of the these alternative regimes is just now beginning.

3.1.3 Main plasma core: impurity radiation and transport

There is no single code which treats the central plasma, the plasma edge and the
divertor plasma in the detail necessary to provide good estimates for the
radiation losses in all three regions. Therefore three different sets of codes are
used, one set for each region. lVa-dimensional tokamak transport codes are
used for both the central and edge plasma inside the separatrix. Two-
dimensional divertor models are used for the divertor. The results from the
three sets have then been combined to provide estimates for the total range of
radiation losses for all three regions. A short description of the codes is given i n
Appendix and DDD.

The performance of the central plasma has been assessed with the IV2-
dimensional tokamak transport codes PRETOR [Bou96], ASTRA, and GT-WHIST
[Man96]. These codes have a detailed treatment of the processes important in the
plasma center. The GT-WHIST has a detailed treatment of the edge radiation.
Both the PRETOR and GT-WHIST have a simple model for the divertor
radiation losses. These codes indicate that the bremsstrahlung and synchrotron
radiation losses from the plasma center will be about 100 MW for Zeff of 1.6-1.8.
The contribution of bremsstrahlung is relatively large compared to present
machines because the alpha heating density in ITER is only ~0.1 MW/m3

compared to the auxiliary heating levels in present experiments of ~ 1 MW/m3 ,
and ITER has a higher density and temperature.

Dilution by He ash in the plasma center reduces the fusion power and increases
the confinement requirements. All of the experiments to investigate He
transport indicate that helium transport in the core will be rapid with %/D ~ 1.
They indicate that helium will not preferentially accumulate in the plasma
center and that it will diffuse to the plasma edge where the helium concentration
is determined by transport to the divertor and the pumping rate of helium in the
divertor. The usual figure of merit for He exhaust in experiments, tHe.frE,
depends on the pumping speed in the experiments and the transport of He
within the main plasma, and cannot be easily extrapolated to ITER because the
pumping system, neutral recycling and particle transport are different in ITER
from present experiments. To investigate the interaction with the core plasma, a
simple model to determine the helium removal rate and radiation loss levels in
the divertor including the effects of pumping explicitly has been implemented in
the PRETOR code [Sug96]. This model balances the particle flux recycling from
the plate with the flux ionized by the divertor plasma and the flux removed by
the pump. The upstream plasma conditions are determined by particle,
momentum and energy balance along the field lines from the main plasma to
the divertor. The effects of impurity radiation losses in the divertor, momentum
losses due to charge exchange, and neutral recycling in the divertor are included
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along with the effects of pumping in the divertor chamber. The model has been
calibrated by comparison with calculations using more detailed divertor codes.
The simple model produces particle removal rates and radiation loss rates that
are within a factor of two of those predicted by the more detailed two
dimensional models which have been compared closely with experiments
(Section 3.3). The simple model also able to define qualitatively the The
operational space for the edge density for detached and attached operation has
can be qualitatively defined [Sug96]. The model indicates that edge densities
between 4 and 6xlO19 m~3 will allow the achievement of detached operation with
reasonable impurity levels.

The radiation losses from the main plasma have been calculated with the
GT-WHIST [Man96] code which has a detailed multi-species transport calculation
of the impurity transport and a simple divertor model. The impurity transport
and radiation model is based on the MIST [Hul83] code which has been
extensively validated. This code can thus provide a reasonably accurate
calculation of the radiation losses from the plasma edge inside the separatrix.
The radiation losses in the divertor and scrape-off layer are also computed using
2-D divertor models with detailed, multi-species transport models for the
impurities. These detailed results from the divertor codes need to be used to
check and re-normalize the estimates for the divertor radiation from the simpler
treatments in.

The results from the GT-WHIST calculation for the maximum radiation losses
that can be expected from the plasma "mantle" (the region just inside the
separatrix) from Ne, Ar or Kr seeding are 50 to 150 MW (Table 3.1-2). In these
calculations, auxiliary heating was added to compensate for the radiation losses
in core. The auxiliary heating power was constrained by the requirement that
Q = Pa/Paux>25. A fixed profile for %; and %e generally matching experimental
measurements was assumed. The magnitude of %i anc* Xe were adjusted to
ensure that TE = TE-ITERH93

 a* a ^ t i m e s (corresponding to H=l consistent with
Section 2). The simulations with Ne, Ar or Kr impurity injection indicate that
core bremsstrahlung (Pbrem) can exhaust about 100 MW of input power and that a
maximum total of 100-to-300 MW of power can be radiatively exhausted from
within the separatrix (Figure 3.1-5). The maximum level of radiation is not
likely to be achieved because the power flowing across the separatrix in ITER
must be greater than the H-to-L mode threshold power which is estimated to be
50-200 MW for ITER. If the lower value proves to be correct, then edge radiation
losses of ~ 100 MW or more may provide an acceptable operating point. If the
higher value is correct, then the divertor will need to handle all of the 200 MW.
Baring this last case, it is clear that a substantial portion of the heating power can
be radiated from the plasma edge and core with the levels indicated in Table 3.1-1
and Figure 3.1-5. The GT-WHIST modeling indicates that the level of impurity
seeding needed to reduce power going across the separatrix to the divertor to
150 MW or less is consistent with obtaining ignition or high-Q (>25) operation in
ITER. The impurity levels required to reduce the power to the divertor to the
50-150 MW level are 0.1-0.2% Ar or 0.7% Ne, the former consistent with values
also found with PRETOR (Figure 3.1-4).
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TABLE 3.1-2
Maximum Radiated Powers and Related Quantities

for Different Impurity Species (GT-WfflST, Pfc,s = 1.5 GW)

Seeded Impurity

Total Radiated Power (MW)
Fraction of Input Power, y

Core (MW)

Mantle (MW)

SOL/Divertor (MW)

Total Power to Divertor plates (MW)

fz (%)

Zeff (0)

T e @ edge (eV)

Q=Pfus/Paux

None

90
0.3

70

4

14

200

0

1.5

340

Ne

260
0.73

130

54

70

88

0.75

2.1

253

26

Ar

300
0.85

150

110

43

43

0.16

2

160

25

Kr

290
0.90

120

165

8.5

26

0.013

1.6

93

57

Total radiation from inside the separatrix for Ne, Ar and Kr
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FIGURE 3.1-5
Total power radiated from within the separatrix as a function of the impurity
concentration for Ne, Ar, and Ne (GT-WHIST) [Man96]. The bremsstrahlung is
about 100 MW, and the increased radiation is due to line emission from the
plasma edge just inside the separatrix.

3.1.4 Divertor performance projected for ITER

The two-dimensional divertor modeling codes B2-EIRENE [Sch96], UEDGE
[Rog92], and EDGE2-D/NIMBUS [Tar94] together with simpler models are being
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used to assess the performance of the ITER divertor. The nominal power
crossing the separatrix is 150 to 200 MW, depending on the losses from the edge
plasma mantle due to seeded impurities. In order to reduce the total power to the
divertor plates to 50-100 MW corresponding to peak heat loads of ~ 5-10 MW/m2

respectively, another ~ 100 MW needs to be transferred from the divertor plasma
to the divertor chamber walls by impurity and hydrogen radiation. Simple
models and two-dimensional divertor codes without impurity transport [Par96]
indicate that a tolerable fraction of an impurity such as neon (~ 0.3-0.5%) or
argon (~ 0.1-0.2%), together with hydrogen and other low Z impurities such as
He, Be, and C can radiate 100-150 MW in the divertor and scrape-off layer for
edge densities in the 4*6 x 1019 m~3 range. More complete calculations done for
the real ITER geometry with full multi-species impurity transport algorithms
produce somewhat less optimistic results regarding impurity radiation. The
impurity transport is strongly dominated by the plasma flow pattern and the
thermal force, causing a non-optimal distribution of impurities in the edge
plasma. The impurities tend to accumulate at the edge of scrape-off layer where
they do not radiate effectively.

The projected performance of the ITER divertor has been calculated with the 2-D
code B2/EIRENE [Sch96] (Figures 3.1-6,3.1-7, 3.1-8). The initial conditions for all
of these simulations, at the separatrix at the mid-plane, are that the power across
the separatrix is 200 MW, the density is 4.4 x 1019 m~3 and the helium
concentration is 10%. 200 MW was assumed to ensure that the divertor can
withstand the power levels when the impurity radiation losses from the central
plasma are low. Three kinds of divertor operation regimes - attached, shallow
detached and deeply detached plasma - have been studied. The first describes
the transition from attached to partially attached operation as the impurity
content is increased. The second is a transient regime produced by initially
imposing a high plasma density and allowing it to relax; the final result after
relaxation is similar to the partially attached state. The third describes a fully
detached regime at pumping levels consistent with ITER capability. For shallow
and deeply detached operation, intense internal recycling occurs in the divertor
volume due to strong volume recombination and ionization, leading to strong
radiation from hydrogen neutrals in addition to the radiation from impurity
ions.

This type of divertor plasma behavior is similar to the results of recent
experiments with detached plasmas in Alcator C-Mod in which the total energy
losses as measured by bolometers rise strongly during detachment, but the
impurity radiation is reported to remain relatively constant [Goe96]. DIII-D
[Mah95], ASDEX Upgrade [Kau96] and Alcator C-Mod [Lip96] also observe
radiation losses due to volume recombination during detachment. Regimes
such as this are very promising for ITER operation, but need further modeling
studies and experimental validation. In addition to the long time stability of
these solutions, the effects of trapping of the Lyman alpha radiation and neutral-
neutral collisions need investigation.
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FIGURE 3.1-6
Total power to targets including plasma+neutrals (conduction, ion convection,
surface recombination, neutral convection, molecular dissociation) and
radiation in the divertor and scrape-off layer (neutral, ion, bremsstrahlung) for
the three types of divertor operation.
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FIGURE 3.1-7
Peak power load on the targets from plasma and neutrals (conduction, ion
convection, surface recombination, neutral convection, molecular dissociation)
and radiation (neutral, ion, bremsstrahlung), versus neon fraction.
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FIGURE 3.1-8
Profiles of power load on the divertor targets (particles and radiation) for
(a) attached plasma, 0.01% Ne; (b) partially attached plasma, 0.7% Ne;
and(c) deeply detached plasma, 1% Ne.

Figure 3.1-6 shows that the radiated power increases and the total power
delivered to the targets decreases, as the plasma passes from attached to partially
attached and detached states as the neon concentration in the core increases. The
corresponding peak power loads on the divertor plates are given in Figure 3.1-7.
The profiles of the divertor target load for three operation points are shown in
Figure 3.1-8.

The detached operation points in the present calculations are transient on a long
time scale — fraction of a second for "shallow detached," seconds for "deeply
detached" cases. A time scale several seconds is equivalent to steady operation
since the ITER systems will likely permit feedback stabilization by varying the
fueling on this time scale. At the extreme end of the operating window (in
upstream density, impurity concentration, or pumping rate), the plasma will
collapse, leading to reduced confinement and eventually formation of an x-point
MARFE.

In order to remain far from this condition, partially attached operation is
preferred until further investigations of the operating window are carried out.
Even without full detachment, partially attached operation with 0.7% Ne is
found to yield peak power levels of 5 MW/m2 and falls within the acceptable
range assuming some further optimization. Whereas operation with somewhat
lower impurity levels (~ 0.3-0.5%) would be preferable, the code results have
many intrinsic uncertainties from the atomic data, cross field transport, and
other effects, so that the exact neon level required to produce a given heat flux
reduction probably cannot be estimated to within 50%. In addition, these
calculations were carried out without including radiation from intrinsic
impurities such as carbon or beryllium which are important contributors to the
divertor radiation in present experiments. All of these regimes except the deeply
detached regime retain a "hot" edge with a sufficiently high temperature and
density to ionize neutrals that would otherwise stream back from the divertor to
the main plasma and degrade the confinement there.
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The effects important for determining the neon transport are also important for
He transport and exhaust [Kra91, Kuk96a]. The efficiency of helium exhaust can
be described in terms of the helium enrichment factor n, the ratio of relative
helium concentration in the pumped-out gas to that in the core plasma, and the
neutral pressure in the pumping duct Pneut- He "de-enrichment" is found to
occur in the divertor resulting in increased pumping requirements for He
exhaust. The helium ions circulate in the SOL between the target plates and the
main plasma, flowing toward the main plasma near the separatrix and toward
the divertor plate further out in the separatrix. This depletes He density near the
separatrix and concentrates it further out in the scrape-off layer. The ITER
vertical target divertor is pumped from the private flux region (Figure 3.1-2). To
reach the pumps, the recycling helium atoms must traverse the plasma near the
separatrix. The temperature of the plasma near the separatrix is above ~ 10 eV or
more with fully attached operation, so that most of the helium neutrals are
ionized as they traverse the divertor plasma, reducing the helium concentration
in the pump duct. If the plasma temperature is lower (1-5 eV) as occurs with
"detached" or "partially detached" operation, the helium neutrals can reach the
private flux region more easily.

The B2/EIRENE calculations for ITER, as well as similar calculations with
UEDGE, show low He enrichment for attached operation. The calculated He
enrichment for ITER varies from 0.03 to 0.3 (Figure 3.1-9) as the plasma evolves
from attached to partially attached to detached operation and the upstream neon
concentration increases. The helium partial pressure is greater than 0.01 Pa for
neon fractions above 0.3%. This partial pressure is the minimum required to
exhaust the He ash at the ITER pumping speed of 200 m3/s. Therefore, both
partially attached and detached operation are acceptable from the point of view of
helium removal.

The results from UEDGE [Rog92] indicate that the total radiation losses are
sensitive to the cross-field transport. Comparison of the models with
experimentally measured plasma profiles in the scrape-off layer has yielded a
range of values for the transport coefficients. The present modeling uses
diffusion coefficients in the high part of the range following recent experiments
such as the consistency checks of separatrix position on JET [Loa96]. Relative to
JET, the power decay length for ITER is larger by a factor 1.5 for both Bohm
transport and constant transport coefficients, smaller by a factor 1.1 for Gyro-
Bohm and larger by a factor 3 for stochastic transport. Calculations with
EDGE2D/NIMBUS [Vla96b] with light seeding with nitrogen indicate that, due to
the strong cross field transport scaled on the basis of the JET data, modest
radiation losses are sufficient to reduce the peak heat loads on the divertor plates
to ~ 7 MW/m2 [Vla96b], in reasonable agreement with the B2-EIRENE results for
partially attached operation (4-5 MW/m2).
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FIGURE 3.1-9
Helium fraction, helium enrichment, deuterium neutral pressure, and helium
"partial pressure" (helium fraction x deuterium pressure) vs. Ne fraction. He
fraction is the ratio of the He flux to the D flux at pump surface. He enrichment
is the ratio of the helium fraction to the ratio of helium density to the deuterium
density at upstream mid-plane. Deuterium pressure is measured at plasma edge
in private flux region.
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FIGURE 3.1-10
Peak heat flux as a function of the plate inclination angle for the ITER vertical
target divertor. The cos(theta) line is the heat flux that would be expected due
purely to geometrical effects.
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A key potential advantage of the vertical target configuration is that the recycling
neutrals are reflected toward the separatrix rather than away from the separatrix,
thus increasing the level of recycling. This increased level of recycling not only
makes detachment easier, but also helps spread out the heating power. A UEDGE
calculation of the effect indicates that, even for attached operation with low
levels of impurity radiation, the peak power flux drops faster than the factor
expected from the purely geometric increase in the effective area as the degree of
plate inclination is increased (Figure 3.1-10). The angle of inclination for ITER is
between 70 and 75 degrees, which extrapolates to about 10 MW/m2, consistent
with the B2-EIRENE calculations for a strongly attached plasma (Figure 3.1-7).
The effect is sensitive to the transport model and the inclusion of a strong
particle pinch can reduce the magnitude of the advantage.

These results from all of the modeling codes indicate that partially attached
operation on ITER is likely to provide an acceptable operating point in upstream
density (4.5 x 1019 nr3), impurity concentration (e.g. 0.5% Ne) and divertor power
load (5-10 MW/m2) for the vertical target divertor. Indeed, peak heat loads of
~ 10 MW/m2 can be achieved even without impurity seeding or main plasma.
The combination of being able to achieve acceptable conditions with no impurity
seeding in the main plasma and attached operation implies that impurity
seeding provides a lot of margin to ensure that the divertor will have an
acceptably long lifetime. Further work needs to be done to optimize the
operational window and to assess the effects of varying the transport coefficients.

The development of the divertor concept for ITER is based on experimental
results. The power levels in present experiments, however, are below those in
ITER, and the divertor configurations in the present experiments have
important differences from the ITER divertor configuration. The increased
power levels will lead to higher edge temperatures. The ITER divertor is more
tightly baffled than present divertors. The size of the ITER divertor is much
larger than present divertors, so that the ratio of the mean free paths for atomic
processes to the system size is much smaller in ITER. The connection length in
ITER is longer. Extrapolation from the present experiments to ITER using
computational simulations of the ITER divertor is therefore important. An
essential element of the use of these codes is their validation with experimental
data.

The GT-WHIST code has been extensively validated and the transport model
used in the code is based on the ITER empirical confinement scalings [Kay95,
Phi92]. The three major divertor models and codes used for ITER [B2-EIRENE
(ASDEX Upgrade), EDGE2-D/NIMBUS GET), UEDGE (DIII-D)] are also being
extensively validated by their use in analyzing divertor data [Loa96, Por96, Sch92,
Fen95, Cos96]. The models are able to reproduce many of the most important
features of the experiments. They have successfully predicted the importance of
a number of effects before the effects were observed experimentally as described
in the review by Loarte [Loa96]. The validation efforts have progressed
substantially during the last two years, partially due to the large improvement in
the quantity and quality of divertor data available for analysis. Two dimensional
profiles of density and temperatures are becoming available on DIII-D [A1196].
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Two dimensional profiles of the radiation and the impurity distribution are
available on most experiments.

A number of examples of the agreement between theory and experiment are
discussed in the physics DDD (WBS 1.9) and in the references above. The
divertor models are beginning to be able to provide consistent sets of plasma
parameters and heat loads for the whole scrape-off plasma from the divertor
plate to the main plasma [Por96]. They have predicted circulating flow reversal
patterns which strongly influence the impurity transport and these patterns are
beginning to be seen experimentally [Loa96]. A key feature of the understanding
of detached plasmas is the importance of the pressure drop along the field lines
from the main plasma to the divertor plate and the codes have been generally
successful in reproducing this [Neu95]. The codes have also been successful in
reproducing the radiation loss signatures of MARFE's and detached plasmas.
The codes have even been successful in predicting phenomena before they were
observed experimentally. Among the successes of the codes were the prediction
that complete detachment require temperatures at the divertor plate of 1-2 eV
[Loa96]. The early probe measurements of the electron temperature at the plate
during detachment indicated that the temperature was 5 eV or greater. Later
Thomson scattering measurements and corrected probe measurements showed
that the temperature was actually 1-2 eV, close to the code predictions [A1196].
This is a key physics point because the atomic processes important for detached
plasmas are very different between the two temperature values [Pos95],

A rigorous and important test of the codes is their ability to predict the particle
compression ratio between the main plasma edge and the divertor, that is the
ratio of the particle fluxes between the divertor chamber and the main plasma
edge. This requires a good treatment of both the neutral transport, including
geometric effects such as the efficiency of the baffles, and the particle transport
along the field lines including the thermal force and flow patterns. The
B2-EIRENE code has been able to match the measurements in ASDEX Upgrade
quite well (Figure 3.1-11). It is important because the codes are being used to
predict the He exhaust efficiency for ITER. Even with this emerging success, the
codes still must be used with caution to predict operating parameters for the ITER
divertor. Uncertainties exist with respect to the cross field transport and
magnetic configuration, many of the atomic physics rates have uncertainties of
50% or greater, and other physics effects such as line trapping of hydrogen line
radiation have been neglected or only treated in an approximate fashion. The
codes can be very useful to assess the trade-off of several effects, and to show the
general tendencies for those effects so that scans over parameters are essential.

The experiments and divertor models are beginning to address many of the
critical divertor physics issues for ITER, including: comparison of the effects of
divertor geometry, the operational window for detached operation, the location
and stability of the radiating region, ELMs (which cause reattachment of detached
plasmas in many experiments [Per92]), the role of drifts and other plasma
transport phenomena, the effects of impurity transport, etc. As part of the ITER
Expert Groups, an international Physics R&D program with participation from
all of the major divertor tokamaks and divertor modeling groups has been
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developed to provide a focus for addressing these issues and to provide a sound
basis for the ITER divertor concept. As discussed in Section 3.3, the HER divertor
is being designed to be sufficiently flexible to incorporate the results of the R&D
program.
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FIGURE 3.1-11
Experimental and modeling results for the compression of neon and helium as a
function of the divertor neutral gas flux density [Sch96].

3.1.5 Erosion

The major candidate plasma-facing materials are Be alloys, CFC's (carbon fiber
composite) and tungsten alloys (W-3%Re is used as a typical tungsten alloy for
these evaluations). Their erosion lifetimes are determined by (1) physical and
chemical sputtering during normal operation, (2) evaporation and melting
during disruptions and giant ELMs and (3) slow, off-normal transients. The goal
for the component lifetime is 3000 full power discharges, including 10% full
power disruptions (100 MJ/m2) and 10% high power transients (20 MW/m2).
90% redeposition is assumed, and, for CFC's, the change in thermal conductivity
by neutron irradiation over the life is included. The initial thickness of the
plasma facing material is based on a heat flux of 5 MW/m2 with a maximum
front surface temperature of 1500°C for CFC (4 cm) and W alloy (2 cm) and 800°C
for Be (0.7 cm). The final thickness is 2 mm (assuming adequate cooling can be
provided, since otherwise a large fraction the potential lifetime would be
unused). The lifetimes depend strongly on the fraction of the melt layer lost
following the transient or disruption heat load and on the heat loads
(Figure 3.1-12). Two cases were considered for each material. For CFC, these
included a high heat flux case at the nominal power ( high Q) and a lower heat
flux case with 50% of the nominal power in ions and 20% in radiation for a
location where the heat flux is less than the peak (low Q). A weak reduction i n
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the chemical sputtering rate with the particle flux (~ P0-22) was also assumed.
The lower heat flux point has a lower surface temperature, but higher chemical
sputtering. The erosion of W-3%Re and Be were computed for a loss of 10% and
50%, respectively, of the melt layer during transients and disruptions. The Be
lifetimes are dominated by slow transients, the CFC lifetimes are influenced by
all three processes and the W-3%Re lifetimes are dominated by disruptions.

For operation at 5 MW/m2 (detached or highly radiating partially attached), the
Be lifetimes are dominated by slow transients, the CFC lifetimes are influenced
by all three processes and the W-3%Re lifetimes are dominated by disruptions.
The Be lifetimes for divertor plate operation are inadequate, only a few 100 shots,
but the CFC and W lifetimes are acceptable. At this power level, the lifetime is (i)
120-320 shots for Be in normal operation, (ii) 2400-7700 shots for W-3%Re,
depending on melt layer loss, and (iii) 5800-8200 shots for CFC, depending on the
local power. Even for more frequent slow transients, analysis indicates that 4000
shots for CFC and 2300-7800 shots for W-3%Re can still be attained. For partially
attached high-power operation at 10 MW/m2, the thickness decreases, the
sputtering increases but the relative importance of slow transients decreases, so
that the loss of lifetime is limited to a factor around 2, and both CFC and
W-3%Re still reach well over 1000 shots. From the point of view of erosion
lifetime of the ITER divertor plates, for high heat flux components near the
strike point, Be is therefore excluded but either CFC or W-3%Re can be used.
Since CFC is low-Z material and does not melt, it is therefore the design choice at
this location. It is seen furthermore that it is important to limit the number of
off-normal events and that careful specification of the thickness that must
remain at the end of life of the target is important.
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FIGURE 3.1-12
Composite lifetime for Be, CFC and W-3%Re vs. peak power load in normal
operation. Melt layer loss varied for metals, lifetime at peak of profile and at
lower-power point given for CFC.
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3.1.6 ELMs

ELMs (Edge Localized Modes) are MHD-related instabilities that result in bursts of
energy and particles being injected across the separatrix to the scrape-off layer and
then to the divertor [Zoh96]. They are normally a feature of good H-mode
operation. Without ELMs, particle confinement in ELM-free H-mode is very
good, often leading to the accumulation of impurities in the core plasma and
radiative collapse of the discharge. To avoid this and to reduce the central He
confinement time, the reference operational regime for ITER is ELMy H-mode.
The major issue for power and particle control is the peak heat loads that occur
during ELMs. There are two major types of ELMs, Type I and Type III.

Type I (giant) ELMs are distinguished by the fact that their frequency increases
with increasing input power. They generally appear to occur when the ideal
ballooning stability limit is reached at the transport barrier just inside the
separatrix. In this context they appear when the density is increased by gas
puffing but the heating power is much larger than the H-mode threshold power.
The energy lost during a Type I ELM varies from 1-10% of the stored thermal
energy in present experiments. The scaling developed from the ELM database
compiled by the ITER Divertor Database expert group [Kuk96b] indicates that the
energy lost during a Type I ELM will be ~ 1.5% of the stored energy resulting in a
20±10 MJ pulse of energy to the divertor with a duration of 0.1-0.2 ms. The
projected frequency is about 3 Hz. Experiments on DIII-D indicate that the energy
deposition profile is at least a factor of two wider than the steady state profile and
may peak several centimeters outside the separatrix on the outer divertor plate.
About 2/3 of the ELM energy is deposited on the inner plate. On JET and ASDEX
Upgrade, most of this power doesn't reach the divertor plate. It is either spread
more broadly or radiated by enhanced radiation in the divertor. To avoid
unacceptable erosion rates in ITER, the energy density for frequent ELMs must be
limited to values that would not cause excessive surface evaporation or melting,
i.e. 0.45-1.2 MJ/m2 for CFC, and somewhat less than this for Be or W. While the
peak heat loads are potentially severe, Type I ELMs do not cause much
degradation of the global energy confinement time.

Type III ELMs are distinguished from Type I ELMs by the fact that their frequency
decreases with increasing input power. The energy lost per ELM is lower than for
Type I ELMs, so that the transient peak heat loads are less by a factor of 3 to 4. The
divertor heat loads with Type III ELMs have a similar spatial distribution to that
between ELMs. They appear to be associated with resistive instabilities and occur
for pressure gradients much less than the ideal ballooning limited gradients.
They usually occur when the heating power is close to the H-mode threshold
power. Depending on the scaling selected, the H-mode threshold power for ITER
varies from 50-200 MW [Tak96b]. Since the power across the separatrix will likely
be in the range of 150-200 MW, ITER may either operate close to the threshold
and thus have Type III ELMs or be much above the threshold and have Type I
ELMs. Type III ELMs are also associated with lower edge temperatures,
reinforcing the picture that they are related to resistive instabilities. Type III
ELMs in ASDEX Upgrade do not burn through detached plasmas and they aid in
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keeping the high radiation zone away from the X-point. The confinement
associated with Type III ELMs is often 10-to-20% less than that observed with
Type I ELMs.

The type of ELM that will be found in ITER will depend on the shape of the edge
pressure profile, the proximity to the H to L and the L to H transition, the edge
temperature and the ballooning and resistive stability limits at the edge. Type I
ELMs are likely if the heating power is much greater than the L to H transition
power, and the plasma edge is relatively "hot". Type III ELMs are to be expected if
the edge is cooler and conditions are close to the H to L transition. In terms of
design, Type I giant ELMs pose the largest challenge. Type III ELMs have lower
peak heat loads, but at the price of somewhat degraded confinement.

3.1.7 Divertor heat load specifications

Using the modeling results presently available from B2-EIRENE, UEDGE and
EDGE2D together with some guidance from the experimental results,
preliminary specifications for the divertor peak heat loads have been defined
(Table 3.1-4). They are preliminary and represent work still in progress.
Specifications are given for three different cases: a partially detached case, a fully
detached case and an attached case. They are based on a power into the divertor
of 200 MW. The peak heat load in the outer divertor channel of the partially
detached case is between 4 (B2-EIRENE) and 7 MW/m2 (EDGE2-D). The fully
detached cases have very low heat loads.

TABLE 3.1-4
Peak Heat Fluxes on the Divertor Plates and Plasma Conditions at the Divertor

Plates with 200 MW into the Scrape-off Layer [Vla96b, Kuk96b]

Partially Detached Operation
Peak power density on divertor plates (MW/m2)
Te at the divertor plate (eV)

(1 eV at separatrix, 15 eV further out in SOL)
Fullv Detached Operation
Peak power density on divertor plates/side walls (MW/m2)
Te at the divertor plate (eV)

Attached Operation
Peak power density on divertor plates (MW/m2) depending

on the radial transport assumptions
Te at the divertor plate (eV)

Inner
Channel

S2
1—15

V
I V

I

5-12
10—30

Outer
Channel

4
1—15

V
I V

I

10-35
10—30

3.2 Particle control

Particle control in ITER will be accomplished by fueling in the divertor and main
chamber and by active pumping in the divertor. The requirements for these
systems have been developed in conjunction with the experimental plasma
physics community through the divertor expert groups. Pumping is required
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both to remove the helium "ash" and to provide density control. Fueling is
required to establish an initial plasma, to replenish the DT consumed during
burn, and to replenish the DT pumped out with the helium. Additional fueling
may also be useful to enhance the impurity radiation losses in the divertor by
increasing the impurity density in the divertor through the establishment of a
net flow of particles from the main plasma to the divertor plasma. This would
enhance the friction force on impurities in the scrape-off layer to overcome the
effects of the ion thermal force and "flow reversal" in the scrape-off layer in the
divertor plasma. Control of the density will be accomplished by a combination of
pumping and fueling. The fusion power will be controlled through control of
the density.

3.2.1 Particle exhaust

For a fusion power of 1.5 GW, helium will be produced at a rate of 2 Pa m3 /s and
must be exhausted at that rate (Eq. 3.2.1) 200 m3/s of pumping is provided for
density control and the exhaust of He and other impurities, yielding a required
helium partial pressure in the pump duct entrance of at least 0.01 Pa. The net DT
gas throughput, FDT/ in the pumping system should be compatible with the
helium concentration in the gas in the pump ducts (Eq. 3.2.2). The helium
concentrations (nHe/ntotal) in the pump duct, in the divertor plasma, at the
plasma edge, and in the plasma center are often observed to be different, probably
due to differences in the sources of helium compared to hydrogen isotopes,
competition between the thermal force and friction forces in the scrape-off layer,
differences in the cross-field transport and different recycling behavior due to the
differences in the atomic physics of helium and hydrogen atoms and molecules.
Based on experiments in JT-60/U, ASDEX Upgrade and other machines [Nak91,
Hog96], the ITER Divertor Expert Group recommended that an "enrichment"
factor, the ratio of the helium concentration in the divertor to the central helium
concentration, of 0.2 be used as a basis for the design. This value is compatible
with the modeling results to be discussed in the following pages. The central
helium content will be ~ 10%, so that the reference helium fraction fne m the
pump duct entrance was specified to be 2%. The required He exhaust for a fusion
power of Pfusion in GW (for 300 °K) is:

rHe=3.S5xl02°He/sxPfusiM(GW) = l.3Pam
3/sxP/uliM(GW) (3.2.1)

[For reference, 1 Torr = 131 Pa, 1 Torr-Z = 0.131 Pa m3, and 1 Pa m3 = 2.7xlO20

particles for 300° K.] The DT gas throughput required for helium removal is:

(3-2.2)

With fne ~ 2%, achieving a net helium throughput, THO of 2 Pa m3/s requires a
minimum DT gas throughput, FrjT/ of 50 Pa m3/s to be reprocessed and re-
injected into the tokamak. The pumping speed for the divertor is ~ 200 m3/s, so
that a total gas pressure of 0.25 Pa in the divertor is needed to achieve a gas
throughput of 50 Pa m3/s. The modelling studies carried out for ITER indicate
that a pressure of this level can be achieved in ITER with partially detached
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operation (Figure 3.1-9). Pressures of 0.3-8 Pa have been achieved in present
divertor experiments that are relatively open compared to the ITER divertor
with higher pressures being reported for the relatively closed geometries in
Alcator C-Mod and DIII-D so that the required He exhaust rate should be
achievable, even with quite conservative assumptions.

The effects of flow reversal and the ion thermal force can be overcome if the
plasma flow toward the divertor plate and the associated friction force on the
impurities are sufficiently strong. A sufficiently strong flow could potentially
result in higher impurity concentrations in the divertor than in the main plasma
and significantly enhanced radiation levels in the divertor. The plasma flow
toward the divertor can be increased by intense gas puffing in the main chamber
and pumping in the divertor. Based on scaling the results of early DIII-D puff
and pump experiments, the present capability of the gas fueling system is

200 Pa mSs-1.

Recent experiments on DIII-D with a relatively open pumped divertor indicate
that puffing in the main chamber and pumping in the divertor can increase the
impurity enrichment without affecting the main plasma density. The increase in
the Neon enrichment was about 1.7. The Argon enrichment increased by a factor
of about 3 (Table 3.2-1), especially for the higher puffing rates. Table 3.2-1
compares the enrichments of Ne and Ar for puffing at the top of the machine
and in the divertor with the pumps on for fueling rates of 11 and 20 Pa m3/s. On
the other hand, similar experiments in ASDEX Upgrade [Bos96] and JET [Har95]
indicate that the particle flows are dominated by the recycling fluxes from the
divertor plate and the location of the puffing has little effect on the impurity
enrichment. Further experiments are planned to sort out the effects due to the
different divertor geometries, and how to extrapolate these results to the ITER
divertor geometry. The ITER divertor configuration is much more tightly closed
than either the ASDEX Upgrade or DIII-D divertors in order to confine the
recycling neutrals within the divertor chamber.

Pumping is also required to provide density control. A pumping system with
200 m3/s should also be adequate for density control both during a shot and for
exhaust during shutdown and between shots. The pumping decay time

1.2x10 ~\2;r where N is the total number of molecules (or
5x10" x200

ion-ion pairs) in the vacuum vessel, should allow for a fairly rapid pumpout
during density rampdown and between shots. This pumping rate should also be
adequate for control of the plasma density and fusion power control. The
pumping speed should be adjustable between 200 and 0 nr~3 s'1 to provide particle
control. The design requirements call for an ultimate base pressure between
pulses of no more than 10~̂  Pa for hydrogen isotopes and 10"7 Pa for impurity
gases such as O, CO, H2O, and CH4. This base pressure is a measure of the
intrinsic outgassing and leak rates and is consistent with the requirements for
present tokamaks. The pumping system must be capable of operating for the
entire pulse length (1000 s for ignited operation, up to 10,000 s for steady state
studies). The pumping system must also be capable of removing gaseous
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impurities that outgas during bakeout and 200 m3 /s should provide adequate
pumping for this purpose. The pumping system is designed to meet all of these
requirements.

TABLE 3.2-1
Results of DIH-D "Puff And Pump" Experiments [Wad96j

D2 Flow Location

Flow (Pa m3 /s)

One-Averaged Density (1019m"3)

Baffle Pressure (Pa)

ELM Frequency (Hz)

Neon Enrichment (absolute)

Argon Enrichment (Relative)'*'

Top

20

6.2

0.53
60

1.4

6.9

Divertor

20

6.1

0.46

55

1.0

2.2

Top

11

6.0

0.21

60
1.2

1.7

Divertor

11

6.1

0.20

55

1.0

1.0

+ Normalized to enrichment in 11 Pa m 3 / s divertor fueling case

3.2.2 Fueling requirements

Fueling is required to replace the deuterium and tritium consumed by the fusion
reactions and to control the fusion power, to replace the DT pumped out with the
helium ash, to build up the density at the beginning of the pulse and to provide
contingency to establish a net flow of plasma toward the divertor plates to
entrain impurities. The shortest pumpout time is roughly 12 s, and the
corresponding fueling rate is 1022 (molecules/s). The minimum fueling
requirements (Table 3.2-2) are determined by the need to replace D/T that is
burned and that is pumped out with the He (Eq. 3.2.2).

TABLE 3.2-2
Net Fueling Requirements for D/T (50% D, 50% T)

Goal

He replacement

Replacement of gas pumped out with He

Gas Fueling Rate
(Pa m3/s)

2

50

Gas Fueling Rate
(Molecules/s)

5.5 x 1020

1.3 x lO 2 2

As noted above, replenishment of the DT consumed during burn and the DT
pumped out with the He will require a net fueling rate of up to 50 Pa m3/s.
However, some allowance must be made for the fact that fueling during
equilibrium burn may not be 100% efficient due to wall pumping so that
additional fueling may be needed. The specified fueling rate is therefore:

O ~ l\^i<"""' | N ] where Nfalim is the fusion rate (5.3 x 1020/s) and fHe - 0.02 is the
4 2/*, T.J

fraction of He in the divertor chamber (taken to be 1/5 of the central fHe ~ 10% as
specified by the Divertor Expert Group. Present experiments have e ~ 0.1-0.2, but
wall pumping dominates in those experiments because the equilibration time
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with the wall is much longer than the pulse length. For ITER the pulse lengths
will be 100's of seconds, so that e will be closer to 1 (in the 0.8 to 0.9 range) [Sug96].
For reasonable values of TP/TE (10-1), the specified 200 Pa m3 /s will be adequate if
e 2: 0.3 to 0.65, thus providing ample margin to sustain the density.

Higher fueling rates will be required for density ramp-up and for short bursts to
provide for density control. During density ramp-up at the beginning of the
discharge, *? = —(& + — I ' wr iere Q is the required fueling rate, N is the rate of

density ramp-up, N/tp is the total number of particles divided by the particle
confinement time, and e is the fueling efficiency. From experimental experience
during ramp-up before the wall is saturated, the fueling efficiency, e, can be as
low as 5-10%. For ITER N is 1.2 x 1022 particles/s for 2.4 x 1023 particles ramped
up in 20 s. Taking Xp - 10TE at the beginning of the density ramp and N ~ 30% of
the final number of particle (7 x 1022), we find that Q should be about 500 Pa m3/s.

During the latter stages of the ramp-up: Q = — (N + Splmpp), where Spump is the

pumping speed (50 m3/s) for molecules which has been reduced for the density
ramp-up period and p is the pressure of gas in the divertor pump duct (taken as
0.1 Pa) yields a similar value. These requirements are summarized in Table 3.2-3.

TABLE 3.2-3
Net Gas and Pellet Fueling Requirements

Density ramp-up*

Burn

Gas Fueling Rate
(Pa m3/s)

500

50-200

Pellet Fueling Rate
(Pa m3/s)

100

* for density ramp-up in 50 s or less

To ensure toroidal uniformity, the gas fueling should be distributed over the
entire outboard flux surface. This is accomplished by providing fueling between
the blanket segments at 5 equally spaced locations [DDD, WBS 1.8]. An
assessment of the heat loads and erosion from gas fueling indicates that the net
peak erosion rate will be 1.5 x 10~9 mm/Pa-m3, or 3 x 10'4 mm/shot for a
200Pam3/s 1000 s shot. The peak heat flux would be 0.02 MW/m2 for
200 Pa m3 /s of fueling.

In addition to the DT fueling requirements, the gas puffing systems should be
capable of injecting He at rates of 20 Pa m3 s'1 and N2, Ne, Ar, and Kr at
10 Pa m3 /s for the purpose of seeding the plasma with impurities and carrying
out experiments to study He exhaust.

The fueling systems include both gas puffing and pellet injection. The pellet
injection system has the potential for higher efficiency fueling, particularly for
higher efficiency fueling of tritium so that the fueling rate for the pellet system is
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the less than the gas injection system during burn (100 Pa m3/s). The planned
pellet injection system consists of 2 centrifugal injectors which are capable of
injecting pellets with diameters of 3 to 10 mm with speeds of 650 to 1500 m/s at a
rate of 100 Pa m3/s (2 Hz for 10 mm pellets to 50 Hz for 3 mm pellets). For
efficient fueling, the pellets need to penetrate beyond the ELM dominated region
which is estimated to be at about r/a ~ 0.15. The pellet penetration has been
analyzed for the predicted ITER temperature and density (Figure 3.2-1). Adequate
penetration requires velocities of 1 to 1.5 km/s and the use of the larger pellets.

The fueling isotope mixture should be adjustable between 100% D and 100% H
during H and D operation, and between 100% D and 100% T during D-T
operation. The purity requirements on the pellets is that the "100% T" pellets
should be at least 90% T and no more than 10% D. The H content should be no
more than 0.5%, and the sum of other impurities should be less than 0.05%.
Pellet fueling also provides the potential for isotopic enrichment to lower the
tritium inventory. In such a scenario, the pellet injector would inject tritium
pellets inside of the separatrix, thus achieving a higher efficiency for tritium than
for gas puffing with deuterium.

Pellet Ablation Depth vs Speed
Teb=1keV (ITER H-mode)

1 2 3 4
Pellet Speed (km/s) H.Nakamura Nov.15,1995

FIGURE 3.2-1
Calculated pellet ablation depth vs. pellet speed for 3, 6, 9 and 12 mm diameter
pellets for an assumed ITER profile.

3.2.3 Fueling methods for high density plasmas

The present ITER performance projections call for ITER to operate near or above
the Greenwald density limit. The scaling of the density limit to ITER is difficult
and uncertain. However, a fueling method will be needed that can provide
central densities in ITER of 1020 n r 3 or greater. The present techniques will not
fuel the center of ITER except through a particle pinch. Density limit
experiments indicate that it is the edge density rather than the central density
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that is limited [Mah96, Kau96] so that efficient central fueling has the potential to
allow ITER to operate at densities near or above the Greenwald limit with good
energy confinement. Recently, both ASDEX Upgrade and DIII-D pellet fueling
experiments have succeeded in achieving long pulse operation with ne =
1.5 ncreenwald [Mah96, Kau96]. The ASDEX Upgrade experiment achieved this
with a substantial reduction in confinement. Confinement degradation in the
DIII-D experiments was avoided by pumping in the divertor that succeeded in
keeping the plasma edge density low and the plasma edge temperature high. The
ITER pellet system with conventional injection from the outside of the plasma
("low field side") will not, however, provide pellets that can penetrate to the
center of an ITER plasma during burn. Recent experiments with pellet injection
from the inside ("high field side") on ASDEX Upgrade indicate that the pellet
penetration and fueling efficiency are substantially better than for conventional,
low field side injection [Kau96]. This type of injection does not appear to reduce
the confinement, possibly because of the higher fueling efficiencies. The promise
of this technique for ITER is being assessed. Another very promising technique
for central fueling in ITER, compact toroid injection, has recently been used
successfully on TdeV [Ram94, Dec96] without adverse effects on the plasma (no
disruptions, acceptably low level of impurity contamination, etc.). This
technique would extrapolate to ITER quite well, but needs further experiments
on TdeV and also on a larger tokamak to resolve many of the remaining
questions of the physics of the compact toroid penetration, the effect of repeated
compact toroid on the plasma confinement and stability, the impurity levels in
the compact toroids and the gas and electrical efficiency of the injectors. Both of
these techniques need to be pursued vigorously by the physics R&D programs of
the ITER parties.

3.2.4 Tokamak conditioning

Like all tokamaks, the plasma facing surfaces in ITER will need to be conditioned
before operation, after openings, vents, and major leaks, and continually during
operation. Conditioning before and during operation and cleaning during
manufacture, assembly, operation and maintenance are necessary in ITER to:
(1) obtain a low impurity plasma and a low base pressure, (2) achieve stable and
reproducible start-up conditions with adequately low impurity levels and low
outgassing rates during start-up, (3) control the density and avoid uncontrollable
outgassing, (4) reduce the hydrogen levels in the plasma during DT operation,
(5) reduce the dust production and inventory, and (6) reduce the tritium
inventory in the surface layers of the plasma facing components. The
conditioning and bakeout requirements are determined by the materials used
and the conditions under which they are used. Although Be, C and W are all
active candidates for the plasma facing components and a final choice has yet to
be made, the ITER reference design has Carbon Composite Fiber divertor plates
(- 100 m2), tungsten liners in the divertor and baffle (~ 400 m2), and a Be clad first
wall (~ 1,200 m2) and divertor dome. The vacuum vessel and internal structural
components are SS316L (~ 7,200 m2). All of the plasma facing components are
mounted on water cooled Cu alloy heat sinks. The toroidal field will be
maintained at a fixed value for weeks at a time, and will only be cycled for, at
most, 1000 times during the life of the machine. This limits the use of glow
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discharge cleaning to periods when the field has been ramped down. Rapid and
frequent changes in the poloidal field of the type needed for rapid pulse discharge
cleaning will cause heating in the coil cases and other structures and also must be
avoided. The maximum bakeout temperature is limited to 240°C by the
maximum pressure that can be allowed by the water cooling pipes (4 MPa). The
conditioning strategy and conditioning systems are discussed in detail in the
DDD's (WBS 1.9 and 3.1).

Four general type of cleaning tasks are envisaged using these methods:

1. Preparation (commissioning) of the tokamak for initial operation. The
in-vessel components will be cleaned before and after assembly with
water and possibly other solvents. The plasma facing components will
be baked at 350°C or higher before installation. After assembly and
prior to first plasma all of the plasma facing components will be baked
at 240°C followed by glow discharge cleaning (Bx = 0) and ECR cleaning
(BT>0).

2. Following major openings, vents and significant leaks. Conditioning
will consist of baking at 240°C, followed by glow discharge cleaning
(Bj = 0) and ECR cleaning (Bx > 0).

3. Daily or weekly conditioning during operation. ECR DC conditioning
will be the main technique and other techniques, such as di-borane
purging, lithium-ization, beryllium-ization and boron-ization will be
used as appropriate.

4. During and between shot conditioning. Conditioning will provide an
initial set of clean surfaces that will allow the initiation of long pulse,
high power discharges. Cleanliness will be maintained during plasma
discharges with divertor pumping which will provide continuous
exhaust of the impurities from the walls that are ionized in the scrape-
off layer and swept into the divertor. Thus the major techniques used
during and between discharges will include the benefit of the particle
and heat fluxes on the wall during the 1000 s discharge, the active
pumping during the discharge and the Be gettering and pumping
during the discharge.

3.3 Design flexibility

The reference ITER divertor concept employs a single null vertical target plate
configuration. The vertical target configuration was chosen to: (1) confine the
recycling neutrals in the 'divertor in order to maximize the neutral pressure there
and to minimize the neutral pressure in the main plasma chamber, (2) maximize
the density window for detached and partially detached operation, and
(3) maximize the effective area for power removal by inclining the divertor
plates. At the present, this configuration appears to be the optimum choice.
However, if tests and analysis of the vertical target and other divertor
configurations identify a superior alternative configuration, adoption of it will be
considered. The vertical target configuration is being tested on Alcator C-Mod,
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JET and ASDEX Upgrade. Other divertor configurations will also be tested on
JET, ASDEX Upgrade, DIII-D, and JT-60 U. To provide the flexibility for
modification of the divertor configuration and to facilitate repair and
maintenance, the plasma facing components are mounted in 60 individual
removable cassettes. The cassettes are designed so that they can be replaced in
two to six months, and the operation schedule allows time for up to three
replacements during the basic performance phase.

While the present analysis indicates that the vertical target configuration will
meet the design requirements and will provide optimum performance, a
number of issues have arisen including helium pumping, reduced conductance
to the pumps, recycling off the baffles and upper divertor plate, etc. Possible
alternative configurations with advantages for these issues include a slot
divertor made by extending the dome down close to the strike point and
eliminating the wings to increase the neutral pressure in the region below the
dome by eliminating much of the ionization of the recycling neutrals. Putting
the strike point on the "dome" by extending the dome down to the floor and
pumping from the outside could improve the He pumping and allow for greater
conductance to the pump. Another potential change would be to reduce the
space for the inner divertor to allow for increased triangularity. Engineering
studies are under way to optimize the cassette design to allow these alternative
configurations.

A decision to change the reference divertor configuration will be made on the
basis of the results from experiments on the major divertor tokamaks, extensive
analysis using the divertor modeling codes, and extensive engineering design
trade-off studies. Since the present design appears to meet the requirements and
there is already a reasonable experience base with it, a decision to change the
reference configuration will require a clear demonstration that the alternative
concept has substantial advantages and is practical from the engineering point of
view.

3.4 Summary

The physics concepts for the ITER power and particle control systems are
consistent with the present state of knowledge of divertor physics. This
knowledge identifies considerable advantages to a closed divertor which localizes
the recycling of neutrals within the divertor chamber and facilitates detached and
partially detached operation. There is ample experimental evidence to support
the existence of stable operating regimes of the type planned for ITER in which
most of the power is radiated to the walls rather than falling on the divertor
plates. The models used to extrapolate from the present experiments to ITER are
able to reproduce these regimes on the experiments. Results from these model
support the planned operating scenario for ITER. While several key issues
remain to be resolved as to the compatibility of such regimes with good energy
confinement and the compatibility with achievable edge densities, these issues
are being actively addressed by the tokamak community. The initial results of
this research program support the ITER divertor design concept. The
requirements for the ITER particle control system were developed based on
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present experimental experience extrapolated to ITER and are supported by
modeling studies as well. The key remaining questions, including the He
pumping efficiency for the vertical target configuration and the efficacy of
impurity entrainment with intensive gas puffing in the main chamber and
pumping in the divertor, are being addressed by the physics R&D program of the
ITER parties. Finally, tests of the vertical target divertor configuration are
presently underway in Alcator C-Mod and JET and will begin shortly on ASDEX
Upgrade.

3.5 Diagnostics requirements

Successful operation of the ITER power and particle control system will require
adequate diagnostics to ensure that the proper plasma conditions are maintained
for radiating the power to the walls, pumping the helium and other impurities
and fueling the plasma to control the fusion power. In addition, diagnostics are
required to develop an understanding of the physics of successful divertor
operation. The recent explosion in understanding of divertor physics is largely
due to large improvement in divertor diagnostics during the last four or five
years. Only when measurements of the divertor parameters became available
did a quantitative understanding of the processes at work in the divertor begin to
be developed and applied to ITER. In a similar fashion, ITER will provide the
physics information needed for the design of the divertor for the next step
beyond ITER, a machine which will have several times the heat loads that are
faced in ITER. Indeed, that physics information will be needed for each
succeeding phase of ITER. The diagnostics systems for ITER are presently in the
early stages of design and are discussed in the diagnostics DDD.

The following measurements will be necessary to ensure the proper functioning
of the divertor and to perform the control functions required of the power and
particle control system (control of the density, fusion power, He exhaust, etc.):

• Spatially and temporally resolved heat fluxes on the divertor plates;

• Neutral pressure in the divertor chamber;

• Helium density in the divertor plasma;

• Spatially resolved measurements of the radiation losses and the
emissivities of the impurity radiation in the main plasma and in the
divertor;

• Spatially resolved ion flux onto targets for feedback control of
detachment;

• Erosion rate of critical components;

• Magnetic configuration.

Measurements of the heat fluxes are necessary to avoid burnout of the plasma
facing components. A knowledge of the total gas pressure and partial pressures
in the divertor chamber is necessary to determine the particle throughput in real
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time, to control the divertor plasma conditions, and to monitor the He exhaust
rate. Spatially resolved measurements of the radiation losses and emissivities
are necessary for feedback control of the impurity seeding required to avoid
excessive heat loads on the divertor plates. Monitoring the erosion rate of critical
components is essential to avoid operating with high heat flux components that
become too thin for reliable operation. Knowledge of the magnetic configuration
is important for determining the location of the plasma with respect to the
plasma facing components.

The following measurements are needed for understanding the operation of the
divertor:

• Parallel and perpendicular particle and energy fluxes in the two
divertor legs;

• Gradients in the plasma parameters perpendicular to the flux surfaces
with scale lengths of nun's;

• 2-D profiles of electron and ion temperatures and densities in the
divertor and edge region;

• Concentrations and fluxes of the impurities;

• Partial pressures of the constituents of the gas in the divertor chamber;

• Edge plasma profiles during transient phenomena (e.g., MARFE's and
ELMs).

Data on the particle and energy transport processes in the divertor are essential
for developing a knowledge of the physics of divertor operation that can be
extrapolated to the next machine beyond ITER, or even further stages of ITER
operation. Resolution on the scale of the density and temperature scale lengths
is required to calibrate the models for divertor operation. Information on the
impurity behavior is essential for developing an understanding of impurity
transport and how to use impurity radiation for exhausting most of the fusion
power. Transient phenomena will lead to severe heat and particle loads on the
plasma facing components. An understanding of these is essential for
developing the ability to predict their impact on further stages of ITER operation
and future tokamaks.
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CHAPTER III
SECTION 4.0

PLASMA DISTURBANCES AND FAST DYNAMIC EVENTS
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4.0 PLASMA DISTURBANCES AND FAST DYNAMIC
EVENTS

Repetitive plasma disturbances — sawteeth, ELMs (Edge Localized Modes) and
other periodic or recurring bursts of MHD activity — and singular plasma fast
dynamic events — disruptions, VDEs (Vertical Displacement Events) and/or the
conversion of plasma thermal current to super-thermal runaway current
following disruption or pellet-injection-induced fast plasma shutdown — all
constitute normal and expected occurrences during the course of ITER operation.
Quantification of both types of events is needed for ITER design. The focus here
is on the 'physics consequence' characteristics of these events. It is these
consequences that must be accommodated in the respective component designs,
which are described elsewhere.

Repetitive plasma disturbances are routine aspects of normal plasma operation
and their resulting consequences — periodic variation in the plasma equilibrium
configuration and impulsive flow of thermal energy and particles to the divertor
and/or first wall — must be accommodated in the design of the respective
components, both in terms of the immediate effects of a single 'event' (sawtooth,
ELM or MHD burst) and also in terms of the 'integrated' thermal and/or erosion
effects of plasma operation while repetitive disturbances continue. For ITER, the
consequences for the Poloidal Field (PF) coil system and the divertor/first wall
surfaces of repetitive disturbances are more acute than in present tokamaks
owing respectively to the cumulative AC losses and the appreciable transient
power loading and erosion that repetitive plasma disturbances can produce.

While events in the 'fast dynamic' category — disruptions, VDEs and runaway
conversion — are undesirable and are to be avoided if possible, in the context of
ITER operation, they must be considered as normal consequences, especially
given that ITER operation will involve plasma operation near a number of
operational limits (see Section 2) that are known initiators for disruption or loss
of vertical equilibrium control. While there are proposals for intervention
means (e.g., ECRF current drive) to forestall onset of disruption and/or mitigate
the severity of the ensuing cascade of events, the efficacy of such methods
remains to be unequivocally demonstrated in present experiments and in any
case will also have to be proven when applied to an ITER-cIass tokamak where
the plasma size, current, temperature and energy level introduce new physics
considerations. In the meantime, the permanent ITER components must be
designed for the full number of fast dynamic events expected during the ITER
operation life cycle, and the 'replaceable' components (e.g., divertor targets) must
be designed with sufficient lifetime and endurance to accommodate the expected
number and severity of the fast dynamic events that will arise during their life
cycles.

The content of this Section is organized in three sub-sections. Section 4.1
presents assessements of the characteristics of repetitive disturbances. Section 4.2
presents characteristics of disruptions and fast dynamic events. Section 4.3
presents a more detailed assessement of the characteristics of fast plasma
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shutdown by impurity injectiopn and of the accompanying conversion of plasma
current to runaway current.

4.1 Repetitive plasma disturbances

Repetitive plasma disturbances fall into the category of recoverable disturbances
— disturbances after which the plasma current and equilibrium configuration
can be maintained. Sawteeth, ELMs and quasi-periodic MHD activity bursts
(fishbone oscillations) fall into this category, as do isolated 'minor' disruptions
initiated by resistive tearing modes during the current and density ramp phase of
plasma startup. By definition, a recoverable disturbance is one wherein
appreciable plasma-first-wall interaction does not occur, and where the plasma
can subsequently recover, eventually to the pre-disturbance state. Sawteeth,
ELMs and 'minor' disruptions with Ap/p < ~ 0.2 and Alj/Jj < ~ 0.1 are examples of
recoverable disturbances in ITER. Here the passive stabilizing effects of the
toroidally-conductive in-vessel and vacuum vessel structures, the dynamic
response of the PF control system and the choice of the pre-disturbance plasma-
to-first-wall clearance gaps all enter into what constitutes a 'recoverable'
disturbance (see Section 5).

Large-amplitude 'recoverable' disturbances (e.g., giant sawteeth or ELMs) can
initiate an irrecoverable loss of plasma performance and onset of disruption,
either directly within the plasma, owing to the onset of irreversible growth of
core MHD activity and/or loss of core or edge energy confinement, or indirectly,
owing to plasma-wall contact, which is followed by impurity or wall-desorption
fueling of the plasma edge, with resulting onset of disruption. Large-amplitude
disturbances that are otherwise recoverable may also be undesirable owing to the
cumulative plasma-facing-surface erosion or PF coil AC loss that their continued
recurrence produces.

Repetitive disturbances can be a positive or even essential aspect of plasma
operation, since they promote impurity outflow from the plasma core. For this
reason, the primary candidate ITER plasma operation scenario is predicated on a
sawtoothing and ELMing plasma, with a corresponding periodic outflow of
impurities to the SOL so that they can be exhausted by the divertor.
Accumulation of He as well as other impurities may occur if sawteeth or ELMs
are absent. Accordingly, sawtooth-free and/or ELM-free operation are plasma
operation flexibility options to be evaluated when ITER operation commences.

The material that follows summarizes key physics design basis considerations for
sawteeth and ELMs, with emphasis on the corresponding consequences —
variation in the plasma profile parameters h and pp — that affect plasma
equilibrium control and the onset of plasma-wall interaction. Unless otherwise
specified, the design basis assumption profile parameter disturbances is a 21 MA
ignited plasma with initial l{ = /j(3) = 0.9 and initial pp = 0.9 (see Section 6 and
Figure 4.1-2 below). Additional details of the underlying MHD stability
considerations that govern the onset, magnitude and periodicity of sawtooth and
ELM activity are presented in Section 2.
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4.1.1 Sawteeth/giant sawteeth/minor disruptions

The design basis plasma equilibrium parameters for ITER with q95 ~ 3 result in a
fairly large sawtooth mixing radius, typically about one-half of the minor radius.
While the situation here is no different for ITER than it is in present elongated
SN divertor experiments (e.g., Alcator C-Mod, ASDEX-U, COMPASS-D, DIII-D,
JET, JT-60U) that operate routinely with q95 ~ 3, in making predictions of ITER
plasma and magnetic equilibrium control performance (respectively presented in
Sections 5 and 6), both energy transport and plasma equilibrium modifying
effects of the sawtooth region are explicitly taken into account.

The 1.5-D plasma simulation model used to assess ITER plasma performance (see
Section 6) is also used to evaluate the effects of sawtoothing. To model the effects
of the internal magnetic reconnection, the temperature and pressure profiles
within a mixing radius determined by the location of q = 1 are periodically
flattened. This artificial sawtooth region mixing is done when q(0) reaches a
predetermined minimum or when the perturbed magnetic energy 5W reaches a
predetermined threshold that is calculated on the basis of layer physics.
Figure 4.1-1 shows the profiles for a typical ignited plasma before and after
reconnection.

FIGURE 4.1-1
Sawtooth Simulation: Profiles Before and After Reconnection

The time for the profiles to return to their reconnection threshold state
determines the sawtooth period. This period depends critically on the presence
of fast-ion stabilization: in the absence of stabilization, it is ~ XE (= 5 s), but with
stabilization, it increases to ~ 100 s, or about 20TE- Figure 4.2-2 shows simulation
waveforms for fusion power, Pp and l\ for an ignited plasma with long-period
sawtoothing. Although the mixing radius for this case is relatively large (~ 0.5 a),
the net effect of the reconnection on fusion power and the plasma profile
parameters is very small and (as is observed in present experiments) the
corresponding magnetic equilibrium effect from the sawtoothing is barely
detectable at the plasma surface.
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Waveforms for Ignited Plasma Simulation

with Typical Sawteeth (Period ~ 60 s)

The changes in the profile parameters that affect the plasma shape are sensitive
to both the reconnection model and to the overall sawtooth period. Figure 4.1-3
presents a summary of the profile effects as a function of period for two possible
limits on the reconnection model. Profiles effects are generally small unless the
period exceeds 100 s. In this case ('giant' sawteeth), the resulting plasma energy
loss (decrease in pp) approaches 5% and may transiently affect the dynamics of
the plasma burn energy balance and also result in divertor power transients. In
addition, the magnetic transients associated with a giant sawtooth reconnection
may act as an initiator of neoclassical-island beta-limit disruption (see Section 2).
For these reasons, it will generally be beneficial to avoid long-period sawteeth:
provision of radially-localized current drive near the reconnection radius may be
needed to offset fast-ion stabilization and ensure short-period (< 50 s) sawteeth.
Assessments of the localized current drive capabilities of various radio-frequency
current drive options are presented in Section 7.

50 100

Sawtooth Period (s)

100

Sawtooth Period (s)

FIGURE 4.1-3
Effect of Sawtooth Period and Reconnection Model on
Plasma Profile Variations (Basis is h(i) = 0.9, (Jp = 0.9)

The effect of the changes in plasma profiles on magnetic equilibrium and
equilibrium control is addressed in Section 5. In this regard, note that the worst-
case design basis 'minor disruption' with A/j(3) = -0.1 and App = -0.2 which the PF
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system is designed to accommodate is significantly more severe than even the
longest period sawtooth effects that the 1.5-D sawtooth simulations predict.

4.1.2 ELMs/giant ELMs

ELMs are an expected feature of the primary candidate HER plasma operation
scenario. The same type of simulation method used for sawtooth simulations is
used to quantify the characteristics and profile effects of ELMs. Figure 4.1-4 shows
a typical example: the ELM is simulated by a temporary increase in the transport
rate in the ELM region, which is 10% of the minor radius. The transient
resulting loss of pressure and energy from the plasma edge is apparent in the
'during ELM' profiles.

FIGURE 4.1-4
ELM Simulation: Profiles Before and During ELM

The simulation results depend on the ELM magnitude and repetition period. On
the basis of empirical extrapolation of existing data [Osb95], an ELM in ITER will
typically involve ~ 3% energy loss. The scaling for the fractional energy loss is
SBj/PTot where S is the separatrix surface area, By is the toroidal field and Ptot is
the plasma heating power. Figure 4.1-5 illustrates the data and the corresponding
application to ITER.

As illustrated in Figure 4.1-5, there is appreciable scatter in the experimental data
and in the corresponding extrapolation of the data to ITER. Accordingly, the
magnitude of energy loss expected in ITER lies in the range 1% <, AWth/Wth
< 5%, with a corresponding variation of the inter-ELM period 0.2 < AtELM (s) ^ 2
(see following paragraph and data in Figure 4.1-6).

Figure 4.1-6 shows simulation results for the dependence of the changes in pp
and l\ on ELM period: 3% energy loss corresponds to an ELM period of
approximately 0.7 s. Longer ELM periods produce correspondingly larger profile
changes. The plasma equilibrium control effects of these profile changes are
addressed in Section 5. Here again, note that the profile changes shown in
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Figure 4.1-6 are well within the design basis 'recoverable disturbance' control
capability of the PF system [APp = -0.2, A*i(3) = -0.1].

O Dlll-D: 1.5 MA, 1.S T, qgs =
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HGURE 4.1.5
Scaling for Fractional Energy Loss with Type 1 ELMs [Osb95]
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FIGURE 4.1-6
Effect of ELM Period on Plasma Profile Parameters (Basis is *i(3) = 0.9, pp = 0.9)

4.1.3 Related system design considerations

Sawteeth and ELMs are normal events and will continue during the entire pulse.
Magnet AC losses produced by the PF response are an important design issue and
are presently being evaluated. Their magnitude depends on both the disturbance
parameters (magnitude and repetition frequency) and the control system
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response, Assessment of the allowable ITER 'disturbance domain' awaits both
understanding of the physics aspects of the expected disturbance 'spectrum' (the
range of ELM and sawtooth magnitude and their respective repetition periods)
and final design of the plasma magnetics control system. With respect to the
latter aspect of the AC loss assessment, the basic plasma magnetics control design
approach will be to minimize PF coil current response to > 1 Hz disturbances (see
Section 5).

Larger repetitive sawteeth and ELMs ('giant ELMs') are also expected during ITER
operation, but are not intended to be a basis for continuing operation. Divertor
target heating or integrated superconducting coil AC loss will not be acceptable if
such events continue for an appreciable period (~ 100 s) and plasma operation
will have to be terminated. More than ~ 10 'maximum' minor disruptions will
also be a basis for early plasma termination.

Significant transient surface power and particle loads on in-vessel surfaces are
expected during those plasma configuration control transients which result in
plasma-surface contact. Plasma-facing-component surface power and particle
loads, including peaking factors, will depend on both the component design and
the details of the configuration transient. The fundamental design requirement
here is maintenance of component structural integrity and function following a
transient plasma contact (ignited conditions) with duration S i s . Whether or
not such contact duration then allows for plasma recovery remains to be
determined during ITER design and verified when operation commences.

4.1.4 Diagnostic requirements

Time-resolved measurement and monitoring of the plasma profile, plasma-wall
interaction and magnetic equilibrium perturbation effects of repetitive plasma
disturbances are essential requirements for ITER plasma operation and
performance optimization. Key measurements for sawtooth and ELM
monitoring include fast in-vessel magnetics, time- and space-resolved Te and T;
in both the plasma core and boundary and, for ELMs, D a emission and n e in the
divertor. Time- and space- resolved measurement of q(r) and /or j(r) in the
plasma core (0 < r/a < 0.8) will also be needed to determine the physics basis for
sawtooth reconnection (e.g., the effects of fast-ion stabilization). Similar
measurements at the plasma edge and SOL are required to quantify the physics
basis of ELMs. Measurements of the energy and number density of the alpha
paticles lost owing to repetitive disturbances are also needed for understanding
the effect of these events on the alpha particle population.

Monitoring and optimization of the presence, type, magnitude and frequency of
repetitive disturbances will be a key aspect of plasma performance optimization
in ITER and will also be critical to the intended implementation of a plasma-
state-cognizant Plasma Control System (see Section 5), wherein identification of
the plasma state (L-mode, ELM-free H-mode, ELMy H-mode, Type I or III ELMs,
etc.) is a prerequisite to application of corresponding optimal plasma control
algorithms.
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In addition to these physics- and plasma-control-oriented plasma measurement
requirements, fast time-resolved monitoring of the surface temperature of
representative portions of the divertor targets and the first wall and divertor
entrance baffle will be required for plasma-facing-component protection and
assessment of transient energy loadings arising from giant sawteeth and giant
ELMs.

4.2 Disruptions and fast dynamic events

The ITER plasma facing components, vacuum vessel, and magnet system must
be designed to withstand several thousand plasma disruptions, and also a lesser
number of plasma VDEs due to loss of vertical equilibrium control. The
conversion of an appreciable fraction (up to 75%) of plasma current to runaway
electron current following a disruption is also possible. Similar current
conversion is also predicted to occur following an impurity-injection-initiated
fast plasma shutdown. In either case, subsequent loss of the runaway current to
the surfaces of in-vessel components can result in localized high surface and
near-surface power loadings.

The combination of the effects of plasma disruptions, VDEs and the conversion
of plasma current to runaway electron current in the current quench phase of a
disruption, VDE, or pellet-injection-initiated plasma shutdown pose a
challenging and interconnected set of thermal, structural and lifetime design
issues for the ITER in-vessel plasma-facing-components and their supporting
structures. Design of these components and evaluation of their performance
requires specification of disruption, VDE and runaway conversion parameters.
To promote community involvement in collecting data on these effects and
developing such design specifications, members of the ITER Expert Group on
Disruptions, Plasma Control and MHD have worked with the JCT to review past
and present physics R&D data on disruptions, VDEs and runaway electrons and
compiled disruption-related design basis specifications and a database on halo
current characteristics. This Section presents a summary of this work, with
emphasis on new analysis since the IDR of data on halo current magnitude and
toroidal asymmetry. Disruption- and VDE-related R&D where more
experimental or theoretical work is needed is noted.

In compiling a recommended set of design basis specifications for disruption
thermal and current quench durations, VDEs and in-vessel halo currents, and
runaway electron characteristics, the Expert Group members concluded that new
physics effects operative in an ITER-class tokamak (e.g., thermal energy
deposition levels on in-vessel surfaces that are well above surface
ablation/ionization thresholds, potential for knock-on avalanche multiplication
of runaway electron current) make present prediction of self-consistent scenarios
and specifications for ITER disruptions, VDEs and runaway current conversion
relatively uncertain. Because of these uncertainties and because future physics
R&D is required to develop a definitive predictive basis for ITER disruptions and
disruption-related effects, the Expert Group adopted a strategy of establishing
independent 'worst-case' limits for the disruption, VDE and halo current, and
runaway electron conversion elements of the design basis. This results in a
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design basis envelope that is intentionally chosen to be conservative enough to
encompass the full possible range of disruption-related effects in ITER. The
resulting set of bounding design specifications is, however, not always internally
self-consistent and should not be interpreted as representing the likely expected
outcome in ITER.

4.2.1 Major disruptions

Major disruptions are an important design issue for ITER and for tokamak
fusion reactors in general, both because of the high electromagnetic (EM) and
thermal loadings that the disruption itself produces, and because disruptions are
initiators for both VDEs and runaway conversion events, which have further
and potentially even more serious effects on in-vessel components and their
supporting structures.

4.2.1.1 General requirements and design basis specifications

The ITER design allows for a major disruption frequency of up to 30% and ~ 3000
disruptions with a range of severities during the 11,000-pulse BPP. Higher
disruption frequency (~ 30%) is anticipated during initial plasma commissioning
and during the onset of high-performance ignited/burning plasma studies. A
reduction in disruption frequency is anticipated as the BPP proceeds and
operational experience with ignited/burning plasmas increases.

The goal for the frequency of major disruptions at full energy and current during
the final 'repetitive operation' portion of the BPP is ~ 10% (~ 500 full-energy
disruptions). Further progress in reducing the frequency of disruption during
the EPP is anticipated: the disruption frequency goal for the EPP is ~ 3%.

In the absence of mitigation means, the frequency of occurrence of VDEs will be
equal to the disruption frequency (i.e., a VDE follows each disruption). In
addition, there will be a lesser frequency of non-disruption initiated VDEs (e.g.,
owing to plasma control failure). For design purposes, the frequency of non-
disruption VDEs is taken to be 1% during the BPP and 0.3% during the EPP.

The basis for assessing ITER disruption and VDE-related design issues is an
ignited DT plasma, with initial current Ipo = 21 MA, as obtained at B = 5.7 T with
q95= 3.0. This plasma produces 1.5 GW fusion power at pi\j = (P)aB/I = 2.2:
thermal and magnetic energies Wth and Wmag are respectively about 1.0 and
1.2 GJ. Here Wmag includes the ex-plasma magnetic energy within the nuclear
shield backplate. This backplate and the torus vacuum vessel, which have a
combined toroidal resistance of = 4ui2 and an effective toroidal L/R time
constant of ~ 1 s, determine the passive stability of the plasma with respect to
n = 0 modes (and hence the time-scale of VDE evolution) and also limit the in-
vessel magnetic energy dissipation from the disruption or VDE current quench
to ~ Wmag.

Specifications for ITER disruptions are summarized in Table 4.2-1. Basis for these
specifications is presented in [Sch95]. This reference includes a summary
discussion of the MHD phenomena that lead to onset of disruption and which
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result in initial rapid loss of the plasma thermal energy confinement (thermal
quench). The thermal quench, which will result in cooling of the plasma to
< ~ 100 eV, is followed by a current quench and, in an elongated tokamak like
ITER, onset of a VDE.

In ITER, as will be shown in Section 4.2.3 and Section 4.3, conversion of a large
fraction of the plasma current to runaway current following onset of the current
quench phase is possible. The knock-on electron avalanche multiplication
mechanism predicted to be responsible for this conversion is important only for
plasma currents > ~ 10 MA, and hence significant runaway conversion does not
usually occur in present 'low-current' tokamaks. Accordingly, as is noted in
Table 4.2-1, and has already been noted above, present disruption data and the
resulting design basis specifications for disruptions which relate to the current
quench carry the caveat that the effects of runaway conversion are not reflected
in the specifications. The means required to rectify this potentially important
lack are discussed in Section 4.2.3 and Section 4.3 below.

TABLE 4.2-1
Design Basis Specification for Disruptions8

Parameter

Thermal quench duration

Fraction of Wth to divertor

Fraction of Wth t 0 FW
(baffle)
In-divertor partitioning
(inside/outside target)

Current quench duration''

Maximum current decay rate"

Fraction of W m a g to FW, by
radiation during a fast current
quench
Fraction of W m a g to FW or
baffle, by conduction and
localized radiation during a
VDE

Value (Range)

1 (1-10) ms

80-100%

£30%

2:1-1:2

25 (10-300) ms

2MA/ms

80-100%

0-20%

Comment

Single or multi-step thermal
quench, see text

By conduction to targets, with
up to 2:1 toroidal asymmetry
By radiation (FW) or
conduction (baffle)

Significant uncertainty: see
text

Duration > 100 ms will result
in appreciable VDE and halo
current

May occur during only part of
current quench

By radiation, with poloidal
peaking factor ~ 2

Significant uncertainty:
depends on VDE evolution
and in-vessel halo current

a For component design and lifetime assessment purposes: specifications are not
self-consistent with respect to total energy accountability

b In absence of thermal- to runaway-electron current conversion, see Section 4.2.3

4.2.1.2 Thermal quench characteristics

For in-vessel component design purposes, the most important parameters are
the durations of the thermal and magnetic energy quenches and the partitioning
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of the corresponding energies among the divertor and first wall (FW) surfaces.
Thermal quench duration is estimated to be ~ 0.5-3 ms: the range reflects
uncertainty in extrapolation of data [Mir96] to ITER size (Figure 4.2-1) and also
the observation that thermal quenches are sometimes single-step and sometimes
multi-step, wherein energy loss occurs in two or more rapid steps separated by a
delay that extrapolates to ~ 10 ms for ITER (Figure 4.2-1).

The location of the thermal quench deposition is expected to be within the
divertor channels. The 80-100% range reflects the possibility that up to ~ 20%
Wth rnay be deposited on the divertor entrance baffle and/or the FW, since SOL
widening of up to 10-x is sometimes seen in present experiments (3-x is more
typical). Partitioning of the in-divertor energy between the inside and outside
channels is relatively uncertain: however data typically show more energy to the
inside channel.

10.0^

c
o

1
"O
O

1.00-

<5 0 . 1 0 -
3
cr
"5

0.01

O
ALCATOR-C

TFTH

o
PBX-M . *

ALCATOR-C

TEXTOfl

o

*bi

RTP

PULSATOR

PBX-M . *
. * . - TEXTOR

JET * t_a

O JT-6OU

# J E T

• JT-60U

O T 1 2 (1-2 delay)
• X2 (fast quench)

0.10 10.01.00

Minor radius (m)

FIGURE 4.2-1
Thermal Quench Data with Extrapolation
to ITER (Empirical Scaling, from [Mir96])

For a characteristic exposure time of 10 ms, the thermal response of a material
surface to incident energy received in a plasma environment makes a transition
from surface heating and melting to vaporization and ionization at roughly
1 MJ/m2. The estimated magnitudes of the thermal-quench-phase divertor
target deposition and the current-quench-phase FW deposition in ITER are
respectively 30-60 MJ/m2 and < 1 MJ/m2. Accordingly, the corresponding surface
responses will respectively be dominated by surface vaporization and ionization
or heating/melting.

For the divertor, ionization and formation of a dense plasma-shielding layer
near the material surfaces is predicted. This shielding layer and the ensuing
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onset of the 'holraum' effect will act to redistribute the incoming energy over a
significant fraction of the total divertor channel surface (~ 200 m2/channel).
Prediction of the effects of vaporization and plasma ionization ('plasma
shielding) must proceed primarily by modeling, since energy levels in present
experiments are insufficient to explicitly test surface erosion in a plasma-
shielding-dominated regime.

4.2.1.3 Current quench characteristics

The design-basis current quench duration for typical ITER plasmas is 25 ms: this
corresponds to a current decay rate of about 1 MA/ms, which is representative of
the fastest current quench rate observed in a wide range of tokamaks,
independent of initial current magnitude. The 1 MA/ms specification is for a
'typical fast disruption', with many disruptions having significantly slower
quench rates and a few (e.g., in certain lower-current high-Pp or reverse-shear
cases) having higher quench rates (~ 2 MA/ms). A quench time range of
10-300 ms and a maximum current quench rate of 2 MA/ms are specified as
bounds for design assessments.

Figure 4.2-2 shows the estimated ITER current decay time (L/R time) versus
plasma temperature and Zeff. As the Figure indicates, the suggested range of
decay rates corresponds to temperatures in the range of 2-50 eV. This
temperature range is consistent with the current-quench-phase plasma cooling
expected owing to the effects of low-Z impurity radiation. However, both
elementary analysis and studies of impurity-injection plasma shutdown (see
Section 4.3) show that obtaining the low plasma temperatures and/or high Zeff
corresponding to quench durations < 100 ms requires relatively massive
quantities of injected impurities. It is not yet clear whether the impurity
'injection' and transport mechanisms operative in 'natural' disruptions are in
fact capable of producing the massive impurity levels needed to obtain a 'fast'
(< 100 ms) quench. Accordingly, it is likely the 25 (10) ms 'typical' ('shortest')
quench specification may be unduly conservative. However, since the
mechanism(s) responsible for the occasional very fast current quenches observed
in present experiments is not yet understood, it is prudent to design ITER
components to accommodate a 10 ms quench with peak current decay rates of
2 MA/ms.

The impurity-injection plasma shutdown studies (see Section 4.3) show that
electric fields above which runaway electron conversion will occur correspond in
Figure 4.2-2 to decay times < 3 s, or quench temperatures of < ~ 100 eV.
Accordingly most or all 'natural' disruptions in ITER will have the potential,
depending on the initial source of seed high-energy electrons, for appreciable
runaway conversion. This results in conversion of an appreciable fraction of the
initial plasma current to long-lived runaway current, and has the operational
effect of terminating the initial fast current decay in a disruption at some
intermediate current level (see Section 4.3).

Dissipation of Wmag (80-100%) in the current quench phase will be primarily by
radiation to the FW, with a poloidal peaking factor < 2. More localized
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deposition of the magnetic energy on the FW can also be expected if significant
plasma motion (VDE) occurs during a slow (> 100 ms) current quench. Dynamic
equilibrium evolution models that self-consistently include ex-plasma halo
current must be used to predict this evolution and the resulting magnitude of
such deposition for ITER. The resulting energy loadings are presently relatively
uncertain and model-sensitive, but are estimated to be as high as 60 MJ/m2.
Since plasma energy levels in present experiments are one to two orders of
magnitude lower than energy levels in ITER, present data on VDEs does not
reflect the effects of localized energy loading and FW melting or vaporization.

Surface heating of the FW during a 10 ms current quench will be sufficient to
bring a Be surface up to melting temperature. Melting is not expected for a
> 25 ms quench. Melt layer deformation and/or loss in a dynamic magnetic
environment may be an important factor in setting the FW lifetime. Again,
present experiments do not normally see such effects owing to their lower energy
levels.
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FIGURE 4.2-2
Plasma Current Decay Rates for Full-Size ITER Plasma

Number and frequency of disruptions and VDEs

For purposes of design assessment, the specifications given in Table 4.2-2 for the
number and plasma current/thermal-stored energy parameters of disruptions
and/or VDEs expected during the BPP apply. These specifications include
allowance for possible implementation of disruption/VDE mitigation (see
below). The beneficial effects of such mitigation in reducing the number and/or
severity characteristics of disruptions and VDEs remain to be determined, and so
the effects of such mitigation are to be separately taken into account during
design assessment.
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Mitigation will result in a corresponding conversion of the various categories of
disruptions or VDEs into lower-severity events, which for design assessment
purposes are presently specified to be equivalent to 50% reduction of Ipo and
maximum halo current in the VDE phase + 90% reduction of WthO for thermal
quench and/or VDE drift phase. The number of mitigated events is to be
calculated consistent with the specified mitigation efficacy: for example, for 90%
mitigation, a total of 2790 reduced-severity events [= 0.9*(500 + 600 + 1900 + 100)]
will be obtained, and the effects of this number of lower-severity events is to be
taken into account in assessing in-vessel and vessel component lifetime.

TABLE 4.2-2
Design Basis for Number and Severity of Disruptions, VDEs and

Mitigation During the Basic Performance Phase

Type of Event/
Number of

Events

NBPP

NBPP/90

NBPP/99

NBPP/99.9

Mitigation
Efficacy <*>

(%)

0

90

99

99.9

Dis->VDE

UpO, W t h 0) ( 2 )

500

50

5

1(3)

Dis->VDE
(IpO/

0.5* Wth0>

600

60

6

1(3)

Dis->VDE
(<; O.5*Ipo,

*0.1*Wth0>

1900

190

19

2

VDE (w/o
disruption,
with Ipo,

Wth0)

100

10

1

1(3)

(1) Mitigation efficacy = success fraction for disruption or VDE mitigation (conversion to lower-
severity event)
(2) Initial plasma current Ipo = 21 MA, initial plasma thermal energy WthO = 10 GJ
(3) Minimum basis is 1 event

Basis for Disruption Frequency. The specifications given above for disruption
frequency of 30% overall during the BPP and for 10% for the 'fluence
accumulation' portion of the BPP respectively reflect (1) the operational
emphasis in the first 6 years of the BPP on exploratory plasma physics studies and
plasma operation development and (2) emphasis in the concluding 4 years of the
BPP on repetitive utilization of one or more well-developed operation modes.

The 30% and 10% specifications are consistent with present experimental
experience: the overall disruption frequency in present experiments is typically
30% or higher. Reference [Sch95] cites 32% in ASDEX, 'similar' in ASDEX-U, 49%
in COMPASS, 38% in TCV, 26% and 17% in JET before and after the 1993-1994
shutdown, and 30% in DIII-D. More recently, an overall disruption frequency of
30% for > 1 MA operation in JET is reported. These frequencies are obtained
during operation periods that include significant campaign periods exploratory
plasma studies and/or 'challenging' (disruption-prone) plasma development.

The higher frequencies obtained in the smaller devices may reflect the fact that
having a disruption in these devices may not appreciably impact the results
obtainable in a subsequent discharge: therefore there is less operational incentive
to avoid or minimize disruptions. In contrast, in larger devices (e.g., JET after the
93-94 shutdown), disruptions have more severe consequences and there is an
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incentive to avoid disruptions: this incentive may be reflected in the lower
disruption frequency.

Lower disruption frequencies can be obtained, either by restriction of plasma
operation parameters or by limitation of operational campaigns to 'well-
developed' optimized scenarios. For example, in ASDEX, disruption frequency
fell to 17% "away from disruption-prone parameters." In ASDEX-U, the
disruption frequency falls to 5-8% for operation at 80% of the P or density limit.
In DIII-D, disruption frequency "could be brought down to 7% far away from
dangerous parameters."

Plasma operation with equivalent edge safety factors (q95 in divertor tokamaks)
>3 is not critical to obtaining low-disruptivity plasma operation. Here recent
experimental campaigns conducted in the JET, JT-60U and TFTR tokamaks
(respectively reported in [Sto96], [Ush96] and [Sab%]) all demonstrate the
feasibility of conducting routine experiments and plasma operation with edge
safety factors down to q95 = 2.2. Routine operation with 2.5 < qgs < 3 at significant
pN (=1-5-3) has been obtained in ASDEX-U [Gru95] and DIII-D [Tay95]. In
addition, survey studies [Gra96a], [Lis96] of the specific disruptivity (disruptions
per second of plasma operation) obtained during prolonged operation periods in
the Alcator C-Mod and TCV tokamaks clearly show that while overall
disruptivity in these experiments does increase gradually as qgs falls below 3,
there is no pronounced onset of greatly increased disruptivity as q = 3 is
approached or crossed.

4.2.1.5 Diagnostic Requirements

Fast (~ 100 us) time- and space-resolved measurements of Te and Ti, ne and n,,
and ideally q(r) in the plasma core and boundary will be essential to document
the physics phenomenology of disruptions in ITER. Supplemental fast magnetic
equilibrium reconstruction data and time- and space-resolved measurements of
energy deposition on the first wall, divertor entrance baffle and divertor targets
are also essential for documenting plasma configuration and energy partitioning
in disruptions. In all of these regards, a capability to activate high-resolution data
acquisition upon disruption occurrence or precursor detection will be required to
ensure 'capture' of the required data when a disruption occurs.

Implementation of disruption avoidance or mitigation means will require
reliable detection of both slow (locked-mode) and fast (Mirnov oscillation)
magnetic precursor activity, plus monitoring of key disruption-onset-related
global plasma parameters such as ne, PN and radiated power fraction. In the
latter regard, there has also been encouraging recent progress in the development
of 'neural-network' disruption predictors, wherein data from a wide range of
plasma magnetic and kinetic diagnostics is combined to produce a disruption
onset predictor that has greater reliability and robustness than a single-diagnostic
predictor, especially for disruptions in which the traditional magnetic precursors
are lacking.
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4.2.2 VDE and halo current characteristics

Disruptions and/or loss of plasma vertical position control in ITER will result in
a VDE, with subsequent plasma-wall contact and ex-plasma ('halo') current flow
Ih that will close poloidally through conducting in-vessel components, with
IhXBy forces on these components and their supporting structures. For ITER
design, the most important parameters are the maximum magnitude and the
toroidal distribution of the in-vessel halo current. At a more detailed in-vessel
component design level, the time-dependence and poloidal localization of the
halo current are also important. As will be presented below, these design
parameters are presently being inferred empirically based on VDE and halo
current data obtained in various present elongated cross-section tokamaks with
'ITER-like' plasma configurations.

4.2.2.1 General characteristics

Vertical displacement events and in-vessel poloidal halo currents are a
ubiquitous feature of elongated cross-section tokamak operation. Figure 4.2-3
shows the plasma configuration evolution and current waveforms for a well-
documented typical VDE in the Alcator C-Mod tokamak [Gra96b]. The basic
features illustrated in the Figure are representative of what can be expected in an
ITER VDE: the overall duration of the VDE is set by the vertical instability
growth time (~ 2 ms in C-Mod; ~ 0.5 s in ITER); and maximum in-vessel halo
current occurs near the end of the VDE, at a point in the current decay when the
toroidal plasma current is 60-70% of the initial pre-VDE plasma current (Ipo) and
where the plasma-edge safety factor inferred from an axisymmetric magnetic
reconstruction of the plasma cross-section is approximately unity. Note the
relatively small plasma cross-section at the time of maximum halo current, the
fact that the total toroidal current (in the plasma core and the ex-plasma halo) is
still about 60% of the initial full-cross-section plasma current, and the relatively
localized poloidal width of the ex-plasma-core halo region(~ 30% of ag).

In the example shown, the maximum in-vessel halo current (Ih,max) is about
20% of Ipo- As is shown below in Section 4.2.2.2, the range of normalized
maximum halo currents seen in Alcator C-Mod with 'ITER-like' plasma
elongations (KX > 1.6, where Kx is the elongation at the separatrix) is
approximately 0.1 < Ih,max/Ip0 ^ 0.3. The underlying cause for the variation in
normalized current magnitude for otherwise similar initial plasma currents and
configurations is not yet clear, but is likely the result of variation in either the
pre-VDE plasma profiles and/or the VDE equilibrium configuration and plasma
parameter evolution.

Similar normalized halo current waveforms, time-histories (normalized to the
vertical instability growth time) and shot-to-shot variation in normalized
maximum halo current magnitude are common to VDEs observed in ASDEX-U,
COMPASS-D, DIII-D and JET. This commonality of general characteristics and
the observation that the general characteristics of VDEs and halo currents do not
vary greatly in these machines despite differences in details of the passive
stabilization and PF coil systems suggests that a database approach may be useful
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to estimate expected halo currents for ITER. The results of this approach are
presented below.

Plasma Configuration and Halo Current Evolution in a Typical Disruption -> VDE
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HGURE 4.2-3
Plasma Configuration Evolution and Current Waveforms

for a Typical Alcator C-Mod VDE

Halo current database

To assess halo-current design parameters for ITER, a database of the magnitude
and toroidal distribution of in-vessel halo currents in vertically-elongated
tokamaks has been complied under the aegis of the ITER Disruption, Plasma
Control and MHD Expert Group. Evaluation of this database shows that: (1)
maximum halo current magnitude (Ih,max) to be expected in ITER with a full-size
q95 = 3 plasma can be as high as 50% of the initial pre-disruption or pre-VDE
plasma current (Ipo)/ (2) the toroidal peaking factor (TPF = jmax/(j>. where <>
denote a toroidal average) can be as high as 4, (3) there is an inverse correlation
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between Ih,max/IpO and TPF, and (4) the magnitude of Ih,max/IpO within a given
experiment itself exhibits an apparently random variation. While the cause of
this variance cannot be explicitly ascertained from analysis of the data presently
included in the database, it likely reflects variance in the post-disruption or pre-
VDE current and safety factor profiles and/or equilibrium and profile evolution
during the VDE.

Table 4.2-3 summarizes the overall parameters of the database, which comprises
2382 data sets from six tokamaks. Each data set includes B, Ipo, q9s(0), KX(0)
(vertical elongation at the separatrix) and Iiynax and, when available, TPF
evaluated at (near) the time of Ih,max (four tokamaks). The data sets from each
experiment encompass an appreciable range of Ipo and q95 and, for JET and
Alcator C-Mod, also appreciable range of KX. Figures 4.2-4 and 4.2-5 show the key
features of the database. Figure 4.2-3 shows that while Iî nax generally increases
with Ipo, Ih,max m a given device at fixed Ipo can typically vary by a factor ~ 10
(C-Mod and COMPASS-D) and in some cases (JET) by a factor ~ 100.

TABLE 4.2-3
Halo Current Database Parameter Summary

Experiment

ASDEX-U
C-Mod

COMPASS-D

DIII-D

JET

JT-60U

Ntotal

78
1477

53

18

708
48

40

561

53

18

207

0

NTPF

78
552

20

18
0
0

NTPF,Ka

40

301

20

18

0
0

<X

1.01-1.78

0.95-1.96

1.6

1.62-1.92

1.02-1.92

1.25-1.52

q95

3.1-6.5
2.2-10.1

2.9-7.2

2.7-5.6

2.4-12.5

2.0-11.0

IpO(MA)

0.37-1.18
0.18-1.16

0.10-0.19

0.96-1.49

1.00-6.96

0.44-1.53
a subscript K denotes KX 51.6

Examining the scaling behavior of the data from each experiment shows that
some of the single-experiment variance reflects the effects of the ranges of q95
and/or KX. Here an experiment-specific analysis of the dependence of Ih,max/Ip0
on q95 and/or Kx shows two scalings. In the C-Mod data, the mean value of
q9slh,max/lpo averaged over a finite q95 interval is essentially constant (± 10%) and
independent of KX. Accordingly Ih,max/Ip0 scales as qgs"1. This scaling is
previously reported in [Gra96b]. In contrast, in ASDEX-U and JT-60U data,
Ih,max/Ip0 'S essentially independent of q95. These data sets have only a limited KX
variation, so it is not possible to determine the KX dependence. However, there is
no indication of a strong Kx effect.

Data from COMPASS-D, DIII-D and JET are consistent with either scaling and the
scatter in the data is large enough to preclude distinguishing between the two
scalings. For JET data, there is sufficient range in Kx to show a clear elongation
effect: average Iiynax/IpO is a rapidly increasing function of KX for KX > 1.4. In
Figure 4.2-4, this KX dependence is responsible for the cluster of JET data points
with Ih,max/Ip0 2 0.1 at 2 MA < IpO < 3 MA.
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FIGURE 4.2-4
Halo Current Database: Maximum Halo Current Magnitude

Versus Initial Plasma Current

Table 4.2-4 summarizes the q95 and/or KX scaling and the corresponding
extrapolation of the data to TTER-like' conditions of q95 = 3 and Kx > 1.6. Mean
value and the corresponding standard deviation (lo) for these extrapolations are
presented. For COMPASS-D, DIII-D and JET data, where the q95 scaling is
ambiguous, qgs"1 scaling is used for extrapolation, which results in a ~ 20%
increase in magnitude of Ih,max / IpO- The actual maximum values of Ih,max/IpO
for both the full data set and with selection of only KX > 1.6 cases are also
presented. With the single exception of the full C-Mod data set, the observed
maximum halo currents fall within the mean plus a 2-3o error bar, and hence
the mean scaling plus variance provides a valid way to compare maximum
normalized In,max / IpO among experiments. Here the data falls into three distinct
groups: high '(ASDEX-U), medium (C-Mod, COMPASS-D, DIII-D) and low (JET
and JT-60U).

Figure 4.2-5 shows a plot of TPF versus Ih,max/Ip0: there is a general inverse
correlation between these quantities. Except for two high Ih,max/ IpO C-Mod points
(KX= 1.5) and the single ASDEX-U point at Ih,max/IpO = 0.48 (KX = 1.0), all of the
data falls within a domain bounded by TPF*Ih,max/IpO = 0.75, Ih,max/IpO^ 0.50 and
TPF < 4. The Figure also shows a contour for TPF*Ih,max/IpO = 0.50. While exact
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choice of this contour is somewhat subjective, it is presented here to represent a
'typical' rather than a 'worst-case1 VDE.

TABLE 4.2-4
Halo Current Magnitude Scaling and Variance

Experiment

ASDEX-U
C-MOD

COMPASS-D

DIII-D

JET

JT-60U

Ih,max/IpO
scaling vs. q95

constant

qgs"1 ->
constant

q95"a ->
constant

q95"l ->
constant

constant

Ih,max/IpO
scaling vs. KX

no data

constant

no data

no data

increases for KX

2 1.4

no data

Ih,max/IpO
@q95 = 3,
KX£1.6

0.31 ±0.08
0.2010.03

0.20 ±0.12

0.16 ± 0.06

0.09 ± 0.07

0.11 ± 0.06

Maximum
lh,max'!p0

0.47

0.68

0.34

0.30

0.24

0.23

Maximum
Ih,max'Ip0

[KX£1.6]

0.45

0.31

0.34

0.30

0.24

no data

The inverse correlation between Ijynax/Ipo and TPF is qualitatively consistent
with a VDE/halo-current model where the shrinking plasma generates near-
surface helical currents so as to remain in force-free equilibrium as the safety
factor at the last closed flux surface in the plasma core falls to or below unity.
Erosion ('scrape-off') of the resulting n = 0 and n = 1 current distribution results
in the observed toroidally asymmetric current distribution and inverse TPF
correlation: either a low q force-free dynamic equilibrium is achieved with a large
poloidal current and nearly n = 0 symmetry, or larger helical perturbations are
driven by the deviations from the stable profiles. In principle, such behavior can
be modeled with a 3-D MHD code [Par96], and there is urgent need for application
of such modeling to both experimental data interpretation and ITER design
studies.

Note that the limits of the 'design-basis' domain depicted in Figure 4.2-5 are
determined by data from COMPASS-D, DIII-D and C-Mod and from ASDEX-U
respectively filling in the lower- and higher-Ih(max/Ip0 regions of the domain. In
this sense, the domain is an artifact that arises because of the mullet-machine
nature of the database. Given the high electromagnetic loads that this domain
implies, and also given that the peak Iiynax/Ipo magnitudes so far seen in JET and
JT-60U are significantly lower than the database prediction of up to 50%
normalized maximum halo current, future experimental and/or theoretical
R&D is needed to narrow the range of uncertainty about maximum halo current
magnitude and toroidal peaking and the relationship of these parameters to pre-
disruption or pre-VDE plasma parameters and overall plasma size (major radius)
and current. In addition, as is noted below, an 'integrated' disruption /VDE/
runaway modeling capability is needed to ultimately make fully self-consistent
design basis predictions for ITER.
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FIGURE 4.2-5
Halo Current Database: Toroidal Peaking Factor (TPF)

Versus Normalized Halo Current Magnitude

Diagnostic requirements

Magnetic measurements of both plasma current and configuration evolution
and in-vessel component halo current flow will be required to document VDE
and halo current characteristics during ITER operation and to provide
assessment of the magnitude of the halo currents and in-vessel component
forces encountered during operation. These measurements and the associated
plasma equilibrium reconstruction methods must be capable of accurately
resolving configuration and in-vessel halo current evolution on a 10 ms or faster
time scale. Measurement of the toroidal distribution of the in-vessel currents is
required. The magnetic measurements and reconstruction method(s) must as be
compatible with providing accurate plasma cross-section reconstruction despite
the presence of significant (~ 10% Ipo) induced toroidal currents in the vacuum
vessel and/or first-wall support backplate. The magnetic measurements should
also ideally be able to provide information on the non-axisymmetric plasma
behavior expected during the final phase of a VDE: magnetic measurements at
several toroidal azimuths are required.

To the extent that the measurements can be made, time- and spaced-resolved
measurements of the basics plasma characteristics [n, T, Zeff, impurity content,
q(r), etc.] and of the resulting localized energy deposition on in-vessel surfaces
will also be useful to obtain a comprehensive documentation of ITER VDEs and
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to provide assessment of the impact of VDEs on in-vessel surface erosion and
integrity.

4.2.3 Runaway electron current conversion

In ITER, the high electric fields produced in either disruptions or the proposed
use of high-Z impurity pellet injection to effect a fast fusion power and current
shutdown are predicted to produce substantial conversion of plasma current to
runaway electron current. Here knock-on avalanche multiplication of minute
levels of pre-shutdown super-thermal electrons is predicted to result in
wholesale (5 50%) conversion of the initial plasma current to runaway current
(up to 16 MA, with E ~ 10 MeV, see Section 4.3). Similar runaway conversion can
be expected during 'natural' disruptions and possibly during the current collapse
phase of a VDE. Table 4.2-5 summarizes the anticipated characteristics of the
runaway electrons.

TABLE 4.2-5
Design Basis Specification for Runaway Electrons

Pre-disruption plasma current

Predicted runaway current*

Energy spectrum

Internal inductance

Lifetime (neglecting wall interaction)

Time to hit ITER conducting wall

Diameter of runaway current channel

Total energy in runaways*

Runaway energyt flux on
plasma facing components

IpOlMA]

'runaway [MA]

h
Is]
[s]

^runaway lml

Wr[MJl

[MJ/m2]

21

12 (0-16)*

exp(-E/E0):
Eo=12.5 MeV

"* 1

10

1

- 4 (= 0.7 do)

30

1 (5)**

'Production of runaway electrons will be strongly dependent on post-thermal-quench plasma
temperature. Values in Table are for conditions allowing appreciable production by
avalanche mechanism.
''"Includes only energy in runaways prior to the discharge striking the wall. Magnetic energy
remains: dissipation mechanism for residual magnetic energy (250 MJ) is TBD, as is peaking
factor and time scale. Optimistic estimate is radiative dissipation with peaking factor
= 2-4 and wall loading of 0.5-1 MW/m2.
** Allowing for peaking and further conversion of magnetic energy, a design limit of 5 MJ/m2

is suggested.

4.2.3.1 R&D requirements

While conclusions about runaway conversion in ITER are subject to significant
caveats about the effects of prompt loss of runaways owing to MHD instabilities
and open flux surfaces, modeling suggests that runaway effects must be
accounted for in the prediction of ITER disruption, VDE and fast shutdown
characteristics. The predicted levels of runaway current conversion will modify
the current quench and VDE /halo-current characteristics of ITER high-current
disruptions (I > ~ 10 MA) relative to the characteristics that are inferred above
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from disruptions and/or VDEs in existing lower-current experiments where
wholesale runaway conversion is absent. Aspects of disruptions and halo
current formation that depend on current quench dynamics are likely to be
significantly modified when runaway conversion effects are present. Given that
appreciable runaway conversion can be expected only for plasma currents
> 10 MA, definitive prediction of ITER disruption, fast shutdown and VDE
characteristics will require a predictive simulation model that incorporates all of
the relevant physics effects — including 3-D MHD equilibrium, halo current and
runaway conversion — involved. Development and validation of such an
'integrated' disruption/VDE model is identified as an urgent and yet incomplete
ITER physics R&D requirement.

4.2.3.2 Diagnostic requirements

The macroscopic effects of appreciable runaway conversion at high plasma
current will be readily apparent in the planned array of ITER plasma current and
magnetic configuration diagnostics. More detailed measurements of the onset of
runaway conversion at lower plasma current and documentation of the physics
basis of runaway conversion will require specialized diagnostics to measure the
synchrotron radiation of in-plasma runaway and the X-ray emission of runaways
lost to in-vessel component surfaces. Measurements of localized energy
deposition on at-risk in-vessel surfaces will also be required to provide
assessment of the impact of runaway electron on in-vessel surface erosion and
integrity.

4.3 Fast plasma termination and runaway electrons

The need for a fast fusion power and plasma current shutdown capability in ITER
follows from three machine protection and plasma control considerations:
(1) mitigation of positive power excursions in situations where normal burn
control capability is inadequate or absent, (2) thermal protection of at-risk in-
vessel plasma-facing components (PFCs) in off-normal events involving either
unexpected plasma loading conditions or component loss-of-flow or loss-of-
coolant, and (3) mitigation of VDEs. Considerations (1) and (2) imply a
requirement to terminate the fusion burn and/or dissipate the plasma thermal
energy on a time scale of < 3 s. Current termination is not required for these
considerations. Consideration (3) requires a relatively-rapid current termination,
typically in 300 ms or less. In all cases, the required shutdown times are much
shorter than can be obtained with normal power and current termination
procedures, wherein > 100 s is needed (see Section 5). Accordingly, fast shutdown
concepts for ITER focus on the use of impurity injection to effect a rapid plasma
energy and current shutdown, ideally in a manner that minimizes undue
thermal and EM loadings on ITER in-vessel components.

Thermal and mechanical design considerations set limits on allowable
minimum and maximum shutdown times for the plasma thermal energy and
current. These limiting requirements and the corresponding design basis are
given in Table 4.3-1.
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TABLE 4.3-1
Plasma Shutdown Requirements and

Limiting Design Considerations

Thermal quench time (s)

Current quench time (s)

Minimum

0.01
(Melting of the FW surface)

0.02
(Mechanical loads on
FW/blanket modules)

Maximum

3
(Local melting of the PFCs)

3
(Upper estimate for VDE time)

Pellet injection of impurities (killer pellet) has been proposed as a candidate for
the fast plasma shutdown in ITER. Impurity radiation can provide the required
termination time and distribute the plasma thermal and magnetic energy over
the large first wall surface area. The impurity can be injected as solid pellets.
Injection of compact toroids is also a candidate for delivering impurities to the
plasma center.

There has been considerable experimental study of the possibility of fast plasma
shutdown. The feasibility of triggering a 'radiative collapse' disruption with gas
injection is well known in present tokamaks and recent pellet injection
experiments in Alcator C-Mod, ASDEX-U, DIII-D, JT-60U and JET have recently
demonstrated the possibility of quenching the plasma thermal energy and/or
current in a time of ~ 10 ms without producing otherwise undue thermal
loading of in-vessel components. In the first four cases, mitigation of the
severity of the associated VDE is also observed.

While these demonstrations of the feasibility of achieving fast shutdown and /or
VDE mitigation in present 'low-current' (< 2 MA) experiments, elementary
considerations show that achieving fast shutdown in a > 10 MA ITER plasma
must allow for the effects of runaway electron current conversion. For this
reason, a 1-D simulation model that includes allowance for runaway effects has
been developed and used this model to study fast plasma termination and
concept development for an ITER fast plasma shutdown system. Results of this
study show that runaway conversion dominates the likely effect of a shutdown
system and that special measures will be required in ITER to obtain a runaway-
free shutdown.

4.3.1 Shutdown model

The 1-D transport code KIP is used for study of plasma radiative collapse and
current shutdown after injection of impurities. The model implemented in KIP
includes standard 1-D transport equations for plasma energy and particles (DT
ions and impurity), the usual equation for evolution of plasma current profile
and an equation for evolution runaway current density
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A) r
(4.3.1)

where Z is effective average Z for runaway electrons, S is the source of runaway
electrons which includes the Dreicer acceleration and

y = (l + 1.46Ve)"'

The first term in Eq. (4.3.1) is derived from the Fokker-Planck equation for
relativistic electrons and describes avalanche of runaway electrons due to large-
angle (knock-on) Coulomb collisions. Equation (4.3.1) has been benchmarked
with results of a Monte-Carlo code. The avalanche growth rate is found to be in
good agreement with the Monte-Carlo results.

It can be see from Eq. (4.3.1) that the avalanche can exist if electric field E exceeds a
critical one

9«, (Vim). (4.3.2)

If this happens, i.e., if E » Eo then the final amplification of the runaway
electrons depends only on the available poloidal flux or initial plasma current,
j ~ j(Q)exp(2.51[MA]). In the present experiments, I ~ 1 MA, the amplification
factor is not very large and dynamics of runaway electrons are defined mainly by
the source (Dreicer acceleration etc.). In contrast, in ITER the amplification factor
is very large (1015!) and even a small initial source of the high energy electrons
can potential create appreciable runaway current.

The effects of various possible sources of the high energy 'seed' electrons in ITER
has been considered. These sources include Dreicer acceleration, tritium beta
decay, Compton scattering of the gamma radiation emitted from the activated
first wall, and residual tails of the initial electron distribution function. All these
sources are included in the code, but in ITER, gamma emission is the most
important initial source of runaway electrons.

4.3.2 Modeling results

Fast termination of the plasma thermal and magnetic energy in ITER with
quench times that fall within the allow ranges specified in Table 4.3-1 can be
achieved by injection of variety of different impurities. Results for Xe, D, and Be,
which respectively represent the extremes of high-Z and low-Z impurity and an
impurity which is easy to inject and compatible with the ITER Be first wall are
presented here.
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In each case, the injected impurity radiates the stored plasma thermal energy
during the first phase of the plasma radiative collapse (thermal quench). The
thermal quench starts at the plasma edge where the radiation is large and
propagates to the plasma center as a cooling wave. An example is shown in
Figure 4.3-1.

FIGURE 4.3-1
First Phase Of The Radiative Collapse - Thermal Quench. Radial Profiles 0.013 s
After Injection of 1% Xe. Plasma Current Density is Normalized on cB2/2icR.

Figure 4.3-2 shows time traces of the main plasma parameters after injection of
1% of Xe (uniform distribution of Xe). After the end of the thermal quench, t =
tth, the magnetic plasma energy is converted to the thermal energy by Ohmic
heating and then is also radiated. During this phase (current quench) the plasma
current decays and transforms to the eddy current at the first wall. At t ~ 0.2 s,
runaway current replaces the resistive plasma current, the electric field decreases
to the critical field and plasma temperature and impurity radiation also decrease.
At this point, runaway current conversion is essentially complete: the remaining
rise in runaway current occurs as the first wall current decays.

At plasma density of ~ 1020 nr 3 the runaway current will persist for several tens
of seconds and therefore we expect that loss of runaways will eventually be to the
FW. The details of this loss depend on the evolution and control of the post-
conversion magnetic equilibrium. These effects are not included in the KIP
model.

The shutdown characteristics obtained with low-Z impurities including Be and D
have been studied: generally similar behavior is obtained. There is, however,
some uncertainty about how to accurately treat the radiation properties of lower-
Z impurities, where larger amounts of impurity are needed to obtain the
required shut down time. These uncertainties lead to some variation in the exact
shutdown characteristics.
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The amount of impurity (Xe, Be, D) needed to provide the required current
quench time is shown in Figure 4.3-3. In the case of D injection, the main
radiation channels are bremsstrahlung and recombination radiation. At the
required densities of deuterium the plasma becomes opaque to line radiation.
Since a detailed radiation model for Be is not yet implemented in KIP, upper
(coronal equilibrium) and lower (bremsstrahlung + recombination radiation)
limit models are used to evaluate the possible range of results. The thermal
quench time at the given current quench time is found to be insensitive to the
type of impurity. Figure 4.3-4 shows the thermal quench time for Xe, Be, and D
as a function of current quench time.

Modeling of the evolution of the plasma equilibrium, following the thermal
quench using the dynamic equilibrium evolution code DINA has suggests that
the plasma perturbations (beta drop, current decay) caused by impurity radiation
are probably too large to permit the PF control system to maintain control of the
plasma equilibrium. Accordingly, and because impurity injection results in an
increase in the plasma internal inductance, it is likely that impurity pellet
injection will be followed by an upward VDE. However, the DINA modeling
results suggest that electromechanical loads and net force on the plasma-facing-
components can be reduced if the current quench time is fast enough. To reduce
the net vertical force on the passive structures (by factor of ~ 2) the current
quench time should be less than 1 s. At the current quench time of 1-2 s, only a
moderate reduction of the net force (< 30%) is obtained.

For current quench times ttu <10s (tth < 1 s), almost all impurities result in
production of runaway electrons that ultimately carry a substantial part of plasma
current (Figure 4.3-5).
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FIGURE 4.3-4
Thermal Quench Time as a Function of Current Quench Time
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Conclusions

The termination of fusion power in ITER can be easily achieved by termination
of fueling and/or adding a small amount of low Z impurity such as He.
Reduction of the plasma current is not necessary for the fusion power shutdown.
However, it could happen that fast termination of the plasma heating will cause
a disruption.

Mitigation of plasma disruptions by controllable fast current quench is a more
difficult task because of possible formation of runaway electrons.

The main mechanism responsible for the runaway production is avalanche of
the high energy electrons by close electron-electron collisions. The magnitude of
runaway current as a function of the current quench time is shown in
Figure 4.3-5: it ranges from 5-15 MA depending on the Z (> 4) of the injected
impurity. For the desired range of current quench times, only D injection (or
possibly He, to be modeled in the future) does not produce appreciable runaway
electrons.

For high-Z impurity injection, the decay time for the runaway current is of order
of several tens of seconds and the runaway current will persist in the plasma
until the end of the ensuing VDE. Equilibrium control modeling suggests that
the ~ 12 MA runaway current produced by high-Z impurity injection cannot be
controlled by the PF system, and hence will be lost to the wall in less than 1 s.

The amount of high Z material needed to terminate an ITER discharge is
relatively small and it is questionable whether pellets of this mass can penetrate
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deep into the plasma. This makes use of high-Z materials questionable.
Injection of Be can be done by the present day pellet injectors about 10 pellets, one
gram each, pellet velocity 1-2 km/s).

The injection of deuterium seems to be the best solution for the fast plasma
termination in ITER. However, deuterium termination requires delivery to the
plasma of a large amount of D (about 50 g) and a significant increase of the
plasma density. The required amount of deuterium can be delivered in the ITER
plasma by either multiple solid pellet injection or liquid cryogenic jets. Modeling
shows that 50 pellets of 1 g each will penetrate to the plasma center in ITER at a
pellet velocity less than 1 km/s and would provide the required density profile.

An interesting solution may be use of a liquid cryogenic jet instead of solid
pellets. Analysis of ablation of a cylindrical jet in the plasma predicts parameters
of the required jet to be diameter 8 mm, jet velocity 600 m/s. However, there are
still many uncertainties about the propagation of the jets in vacuum and plasma
and in the plasma response to such a large increase of the plasma density: R&D
and physics studies are needed.

Modeling of the fast plasma shutdown in ITER has shown that runaway
electrons may be a major effect in fast ITER shutdown. In addition, study of the
runaway formation mechanism in ITER shows that, subject to the important
caveat about MHD fluctuation loss, runaway electrons will likely be produced
during current quench of "normal disruptions" if plasma is contaminated by Be
or other impurities during the thermal quench phase of the disruption. Studies
to assess the effects of the ensuing deposition of runaways on plasma facing
components need to be carried out.
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5.0 PLASMA OPERATION SCENARIO AND CONTROL

The plasma operation scenario and control requirements for ITER follow from
the Programmatic and Technical Objectives. From the viewpoint of plasma
scenario and plasma control design, the key requirements are to achieve
controlled ignition and sustained fusion burn at power levels of 1-1.5 GW for
durations > 1000 s, with steady state as an ultimate goal, and to do this in a
reliable and reproducible manner such that the > 1 MWa/m2 nuclear testing
fluence Objective can be realized. To meet these objectives, ITER plasma scenario
and control designs are based upon physics results and operational experience
achieved in the present generation of shaped-cross-section divertor tokamaks —
most notably Alcator C-Mod [Por94], ASDEX Upgrade [K6p94], DHI-D [Sta94], JET
[Sto94], and JT-60U [Kik94]. Most of the ITER plasma control concepts are
identical to those that are implemented or being tested in these devices.

Table 5.0-1 summarizes examples of ITER control methods compared with the
methods implemented in the above-cited SN divertor tokamaks. Listing of
specific experiments in Table 5.0-1 is not intended to be exhaustive or indicative
of unique capabilities. Equivalent implementations of many aspects of ITER
magnetic and/or kinetic control are also demonstrated in other present
tokamaks, including those with circular/limiter plasmas (T-10, TEXTOR, TFTR,
TORA SUPRA) or extended quasi-steady-state duration pulse lengths (TORA
SUPRA, TRIAM).

Basing the ITER design upon already-proven solutions provides confidence that
the required plasma operation scenario and control can be obtained, and no
serious physics issues or uncertainties in achieving the plasma scenarios and the
associated dynamic control of the plasma magnetic and kinetic parameters are
foreseen. However, as is presented below, the need in ITER to provide robust
control of plasma-to-first-wall clearance gaps coupled with non-physics
considerations that include limits on site line power demand for dynamic
control of magnetic configuration transients and limits on AC heating of the
superconducting coils mandate the development and application of highly-
optimized plasma shape and position control algorithms. There is need for
experimental and computational R&D to verify the practicality and efficacy of
such 'optimal' control approaches.

In a similar vein, the coupling between the plasma core and a radiatively-cooled
semi-detached divertor makes simultaneous control of the core fusion power,
divertor power loading, attachment conditions and neutral particle exhaust a
strongly non-linear control problem, and development and verification of a suite
of fusion power and divertor control algorithms that is demonstrably robust and
resilient over a wide range of plasma operation remains as an on-going ITER
design and physics R&D task. Furthermore, as described in Section 7, the means
to achieve and kinetically control 'advanced' plasma operation scenarios by non-
inductive means are presently R&D subjects, and development of an 'advanced-
operation' control concept awaits future physics understanding as to what
plasma profiles are required and how such profiles can be sustained and
controlled on a steady-state basis.
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TABLE 5.0-1
Comparison of Methods for Plasma Control

ITER Requirement

Plasma initiation at low E-
field (0.3 V/m)

Avoidance of locked modes at
lowng

Control of plasma current

Control of plasma shape and
position (including divertor
configuration and strike points)

Plasma density control (pre- or
post-ignition phase)

Fusion power control (ignited or
high-Q, high plasma
temperature)

Fusion power control (high-Q,
low temperature

Divertor power loading or
detachment control

Fast plasma shutdown

VDE severity mitigation

ITER Method

Townsend avalanche and
impurity ionization with
multipole null + EC assist

Static monitoring or
compensation of low m/n
error fields

Magnetic feedback to CS
power supply
Magnetic feedback to PF
power supplies (ex-TF coil
locations)

Feedback control of gas
injection or pellet/CT
injector
Feedback control of gas
injection or pellet/CT
injector

Feedback control of Paux

Feedback control of injected
impurity (Ar)

Pellet or H /D injection

Pellet or H /D injection

Present Experience*

Townsend avalanche + null: AH*;
EC assist: DIII-D; LH assist: JT-
60U; IC assist: TEXTOR

COMPASS, DIII-D, JET, JT-60U

All

All (some with in-TF coils);
ASDEX-U and JET (with ex-TF
coils)

Gas injection control: All. Pellet
feedback control: ASDEX-U, DIII-
D
No direct experience, but same
method as above is used for
density control

Din-D, JET (pN control), JT-60U
(neutron rate control)
DIII-D and ASDEX-U

Pellet injection shutdown: All

C-Mod, DIII-D, JT-60U

'Lists of example devices are not intended to be exhaustive
+A11: Alcator C-Mod, ASDEX-U, DIU-D, JET, JT-60U

Finally, despite adoption of 'proven' control methods, the need for ITER to
operate with a burning DT plasma under stationary (time-independent)
conditions with pulse lengths of more than 1000 s — 100 times the pulse lengths
attained in present resistive magnet tokamaks — and with high levels of plasma
thermal and magnetic energy — more than 1 GJ — results in new plasma control
challenges. These challenges include the requirement to provide robust plasma
equilibrium control so as to avoid even limited-duration plasma-surface contact
during 'normal' plasma disturbances, and a new requirement, mandated by
ITER's long-pulse/steady-state goals, that plasma scenario and control means,
magnetic and kinetic, must be implemented with methods that remain effective
for at least 1000 s and that can be extended to pulses of essentially indefinite
duration. This requirement for sustainable control means that many of the
transient plasma 'control' and 'optimization' methods (e.g., current and shape
ramping and transient wall conditioning) used in present experiments will
ultimately not be applicable to sustained plasma operation in ITER. Equivalent
'steady-state' replacements for these 'control' methods will have to be provided
to allow long-pulse or steady-state ITER operation.
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A comprehensive presentation of the detailed requirements and physics design
solutions for the dynamic control of the ITER plasma operation scenario and for
static and dynamic magnetic and kinetic plasma control within the various
phases of the scenario will be found in the Plasma DDD, Section 2.3.7 and in the
Poloidal Field Control DDD. The subject of physics basis assumptions and the
corresponding expected performance of the ITER plasma is presented in
Section 6. This section summarizes plasma scenario and control
implementation requirements and presents conceptual solutions to several key
problems of plasma magnetic and kinetic control in normal and off-normal
conditions. Conceptual design of the Plasma Control System and a discussion of
how this System will be commissioned and upgraded during the course of ITER
operations are also presented.

5.1 General requirements and plasma operation scenario

The physics basis for ITER operation is ignited or high-Q sustained burn in a
single-null (SN) divertor plasma, with a nominal plasma current of I = 21 MA.
The poloidal field (PF) system (see IPDD) will provide sufficient inductive
current drive capability (A<j>pF = 530 Wb) to support plasma current initiation,
current rampup to 21 MA, heating to ignition and > 1000 s inductively-sustained
burn. Figure 5.1-1 shows key device and plasma operation scenario waveforms
for a nominal ignition/inductively-sustained burn scenario. Figure 5.1-2 shows
the corresponding evolution of the plasma magnetic configuration during this
scenario and details of the SOL and divertor geometry during the burn phase.

As illustrated in Figures 5.1-1 and 5.1-2, the ITER plasma operation scenario
requires a sequence in which the plasma progresses from electron-cyclotron-
heating (ECH) assisted initiation in a circular configuration near the outboard
first wall (I = 0.5 MA), through current rampup and current channel expansion
and elongation, divertor formation (I = 15 MA) and current flattop (I = 21 MA).
Attainment of current flattop is followed by initiation of auxiliary heating,
leading to onset of H-mode and rapid increase of plasma temperature.
Subsequent plasma fueling (gas or pellet) combined with continued auxiliary
heating for ~ 50 s leads to an ignited DT burn at 1.5 GW and eventual attainment
(after ~ 200 s) of sustained burn in which the DT, thermal He and secondary
impurities (e.g., Be + Ar added for divertor control) concentrations all reach
quasi-stationary levels.

In the inductively-sustained scenario depicted in Figure 5.1.2, burn duration is
limited to ~ 1000 s by the PF system flux swing (~ 80 Wb) available at burn
initiation. When maximum PF flux is reached, the burn is terminated, first with
fusion power rampdown, followed by current rampdown and termination.
Power and current rampdown rates are low to avoid disruption. The current
pulse has a total duration of 1400 s. The pulse repetition period is 2200 s: this
period includes PF premagnetization and reset plus ~ 500 s additional dwelltime
to allow recooling of the magnet systems between pulses.

The nominal operation scenario is predicated on pulsed operation and provides
a plasma burn duty cycle of ~ 40%. However, the ITER magnet systems and all of
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the plasma-facing components are designed to operate with steady-state heat
removal. This steady-state heat removal capability opens the possibility of ITER
operating with alternate plasma scenarios that provide extended (> 1000 s) to
steady-state (> 10,000 s) burn duration. Such scenarios will facilitate ITER
operation with repetitive or steady-state pulses to support high-heat-flux and
nuclear component testing to a cumulative first-wall fluence of 1 MWa/m2 or
greater.

Begin Pulse End Pulse

r— Plasma Initiation

11 Current
Rampup Bum

FIGURE 5.1-1
PF and Plasma Parameter Waveforms for Nominal 21-MA Scenario

Table 5.1-2 summarizes key operation parameters of the nominal or reference
scenario and several alternate scenarios. The alternate scenarios fall into three
categories: (1) variations of the reference scenario intended to address possible
physics outcomes, (2) extended-burn scenarios, and (3) steady-state scenarios. Key
physics basis parameters and variations relative to the reference scenario are
summarized in the table. Additional details are in Section 6 and in the Plasma
DDD.

The physics-variation scenarios in Table 5.1-2 are not intended to be exhaustive,
but are presented to illustrate how the scenario parameters can be varied to deal
with or exploit a range of physics outcomes (see Section 6) and to conduct a
corresponding range of plasma operation studies. The extended-duration
scenarios employ reduced plasma current (15-19 MA) combined with continuous
auxiliary power input, used for either heating or non-inductive current drive.
They allow burn to be maintained for durations ranging from 2000 to 6000 s,
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albeit with need in some cases for modest improvements in plasma performance
(confinement, f5 limit or He exhaust).

FIGURE 5.1-2
Plasma Magnetic Configuration Evolution for Nominal Scenario
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TABLE 5.1-2
Plasma Scenario Parameters (Pfus = 1.5 GW unless noted)

Scenario

Reference

Reference with
max. I

Reference with
degraded TE

Reference with
degraded XE and
GW n-limit

Extended burn
with reduced I
and aux heating

Extended bum
with maximum
fluence/pulse

Steady-state

I (MA)

21

24

21

21

16

17

12

Paux (MW)

0

0

100

100

100

100 (CD+)

100 (CD)

Q

11

8.5

15

10

15

tbum(s)
-1300

-800

-700

-800

-2000

-6000

oo

Description/Comments*

q95 = 3- XE(«f), " /"GW = 1.13

q95 = 2.6, TE(ref), n/nQW = 1

Pfus = 1.1 GW. TE = 0.7*tE(ref),
H89P = 1.8. n/nGW = 1-3. Fallback
option for Bohm confinement scaling
(see Section 6)

Pfus = 0.85 GW,n = nGW,
TE = 0.7nE(ref), H89P = 1.8.
Lower bound to 'physics basis'
operation domain (see Section 6)

Inductive-sustained burn, at (3p =
1.5, pN = 2.9, with heating to
increase plasma temperature (IDR
impurity model)

Inductive + current-drive sustained
burn, Pfus = 1.0 GW, P N = 2.4 (IDR
impurity model)
Reversed-shear plasma with K95 =
1.85, q(0) - q9 5 - 4.5, q m i n <= 3,
XE = l-2xE(ref), P N = 3.8

* tE(ref) = 0.85*TE(93HO), see Section 6 for modeling basis explanation and nomenclature

t Current drive with ycD = nIR/P = 0.2 x 1020 A/W-m2

The final scenario presented in Table 5.1-2 is a steady-state scenario, in which the
plasma current is sustained by bootstrap current and non-inductive current drive
(CD). This scenario is based upon an 'advanced plasma performance', as may be
obtained with a reversed-shear plasma configuration (see Section 6). As is shown
later, the ITER PF coil system and divertor are capable of accommodating the
required plasma. However, further physics R&D in present and future
experiments is required to demonstrate the feasibility of sustaining the reverse-
shear configuration under steady-state conditions and of obtaining the enhanced
plasma energy confinement and increased pressure (PN) capability necessary for
full 1.5 GW operation in ITER.

5.2 Evolution of physics basis and control concepts since the IDR

The overall concepts of the ITER plasma operation scenario(s), plasma control
methods and hardware requirements have not changed significantly since the
IDR [IDR95]. There has, however, been some evolution of the physics basis in
the areas of error-field compensation for locked-mode mitigation, and
continuing refinement of the scenario details as the PF coil, vacuum vessel and
in-vessel component system designs have been optimized. This refinement has
included examination of the scenario and control benefits of a segmented rather
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than layer-wound central solenoid. In addition to these physics and hardware
developments, there has been progress at a conceptual design and requirements
level in defining how the overall ITER facility-wide operational control system
(CODAC) will provide the control and supervision functions needed to effect
plasma control and protect ITER systems that are at risk owing to the effects of
plasma operation.

A brief presentation about the role and configuration of the plasma control
system follows in Section 5.3. Selected details of the evolution of the physics and
hardware bases and progress since the IDR in defining requirements and
methods for plasma magnetic and kinetic control and in clarifying the role of
plasma control with regards to safety aspects related to public protection follow in
the balance of this section.

5.3 Plasma control environment and the plasma control system

Control of the ITER device and plasma during plasma operation will be effected
by means of the CODAC (COntrol and Data Acquisition) System, a facility-wide
system that will have overall responsibility for control of the ITER facility, device
and ancillary systems and which will supervise and monitor ITER device and
plasma operation. The control functions required for plasma operation will be
implemented within this CODAC environment by the Plasma Control System
(PCS). Details about how the PCS will be implemented and function will be
presented shortly. These details follow from the plasma control requirements
and logic presented below.

5.3.1 Plasma control system requirements and categories

The scope of plasma control and the corresponding requirements for the PCS
comprises four major categories:

1. Plasma operation scenario sequencing: PF coil premagnetization, plasma
initiation, current rampup, divertor formation, auxiliary heating, ignition
and burn, fusion power shutdown, current rampdown and termination and
PF reset/recool.

2. Plasma magnetics control: plasma current control, plasma shape control (Ro,
a, K, 8 vs time), plus control of selected plasma-to-first-wall clearance gaps,
including ion-cyclotron antenna coupling gap and the divertor magnetic
configuration during the divertor/heating/ignition/burn/de-ignition portion
of the plasma scenario; also non-axisymmetric error field compensation and
control.

3. Plasma kinetics and divertor control: core plasma kinetics control (density
and/or fusion power, impurity content and/or radiated power fraction, core
plasma impurity injection); core plasma profile control (auxiliary heating
and/or curent drive), and divertor control (pumping, in-divertor gas and/or
impurity injection, magnetic configuration optimization for divertor
performance).
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4. Fast plasma shutdown: fusion power and current shutdown by impurity or
hydrogen injection.

The division of control requirements into these four categories reflects the
essential independence of the categories and the hierarchical nature of the
corresponding control concepts. The plasma operation scenario — the superior
category in the hierarchy — provides the overall framework within which
plasma operation and control takes place. The scenario concept, order of events,
and the sequencing of the transitions between various phases of the scenario are
the principal considerations. The parameters of the scenario can vary
(Table 5.1-2), but the sequencing requirements and general scenario waveforms
remain essentially invariant.

Magnetic control is subordinate to scenario control: once the sequence of scenario
events that leads to plasma initiation is enabled, magnetic control of the plasma
configuration can proceed within each phase of the scenario. As Figure 5.1-2
shows, the magnetic control involves a dynamic evolution of the plasma
magnetic configuration during the various phases of the scenario. Plasma
kinetic state must also be controlled during these phases to satisfy various physics
and operational requirements (see Section 2, 3, 6) that apply. However, so far as
magnetic control is concerned, the basic approach for control — closed-loop
feedback control of the voltages of eight independent PF power supplies based on
magnetic measurements of the plasma current, shape and position — is
common to all phases of the scenario where the plasma is present. While the
control algorithms for the various scenario phases will vary, magnetic
measurements alone are sufficient to effect the required control: knowledge of
the plasma kinetic state is not necessary.

Kinetic control is subordinate to magnetic control: control of the plasma kinetic
conditions, especially electron density or fusion power, proceeds with control
means and algorithms that are essentially independent of the magnetics control.
The underlying assumption here is that magnetic control maintains adequate
plasma position, wall clearance gaps and divertor geometry to allow kinetic
control to be successfully implemented.

The requirement for fast plasma shutdown is independent of the magnetic and
kinetic control requirements and action (when needed) of the fast shutdown
system will proceed independently of the actions of magnetic and kinetic control
systems.

5.3.2 Diagnostic requirements

Plasma operation and control will require the availability of plasma and machine
state measurements to support either closed-loop feedback control or open-loop
monitoring of the corresponding plasma parameters. Table 7.6-1 in Section 7.6
presents a summary of planned ITER machine and plasma diagnostic capabilities.
Data from these systems needed for feedback control will need to be available in
suitably processed form to the PCS. How these measurements will enter into
plasma control is addressed in Section 5.3.4.
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It is of course obvious that having a capability to control a specific plasma
attribute or to protect a specific machine component is contingent on having the
corresponding diagnostic capabilities to measure the plasma attribute or machine
component status. Provision of the necessary diagnostic data is therefore a key
enabling requirement, both with regard to being able to measure the required
parameter(s) and also with regard to having adequate time and space resolution
and sufficient plasma cross-section or in-vessel surface area coverage. A
summary of the ITER diagnostics status, critical issues and R&D plans can be
found in the IPDD Chapter.

5.3.3 Facility control integration

As is explained in the IPDD Chapter, plasma operation will be authorized by
CODAC once the ITER device, ancillary systems and facility are in an operational
state ready to initiate plasma operation. In this condition, the PCS will assume
responsibility for control of the ITER device components and systems that
directly affect plasma operation. The CODAC system has ultimate responsibility
for operation, control and protection of the ITER facility and device, and
accordingly will have the capability to have the PCS modify, terminate or abort
plasma operation if machine or facility protection considerations require. Here
the PCS will act as an agent to effect the desired plasma modification or
shutdown in as controlled a manner as possible, so as not to put plasma-affected
ITER components at risk owing to the effects of an uncontrolled plasma
shutdown.

In addition to the PCS normal (100 s) and fast (0.3-3 s) plasma shutdown
capabilities, as is presented in Section 5.7, there is a CODAC-independent Fusion
Power Shutdown System (FPSS) that will act to independently effect a fusion
power shutdown in the event that a coolant flow or integrity anomaly is detected
in key in-vessel and vacuum vessel heat-transfer-systems. The safety-related
considerations that lead to a need for the FPSS are presented in Section 5.7. Here
is only important to note that the power shutdown action of the FPSS will be
independent of plasma diagnostic information (e.g., fusion power level) and will
also be redundant to action of the PCS-controlled fast plasma shutdown system.

5.3.4 Measurements and controllable parameters

Plasma control requires an ability to both measure and affect or influence the
plasma quantity(ies) to be controlled. At present, tokamak plasma control is
largely limited to more global control of a limited set of machine and plasma
heating, fueling, and particle exhaust parameters that in turn determine the
profiles and operation state of the plasma. However, there are emerging
proposals for 'local' control of tokamak plasmas on a level wherein the n(r), T(r),
j(r) and/or p(r) profiles are directly controlled. The number of available plasma
control actions (or 'actuators') applicable to ITER operation in a stationary (time-
independent) plasma condition is limited and comprises the same set of (i)
magnetic plasma current, shape, and position controls, (ii) gas and/or pellet
injection fueling, (iii) divertor neutral particle exhaust (pumping) and (iv)
auxiliary heating and/or current drive power input and localization controls that
are available in present tokamaks.

DDR-ITER Physics Assessment Chapter Ill-Section 5.0-Page 9



31 January 1997

Implementation of plasma control method requires coupling of a measurement
of the quantity to be controlled with an actuator that can modify the measured
quantity in a reproducible way. Given this action-effect coupling, a control
algorithm can be implemented, usually by feedback, that maintains the
controlled quantity either at a specified value (linear control logic), or within an
allowed range ('fuzzy' control logic). In either case, implementation of control is
most straight-forward if the corresponding 'control matrix' — the correlation
between the quantity to be controlled and the corresponding actuator — is
essentially diagonal: i.e., each controlled quantity is independently and
exclusively controlled by a single actuator.

Figure 5.3-1 illustrates a conceptual embodiment of the plasma control matrix for
ITER. The vertical organization of the matrix reflects the division of the PCS
into the four hierarchical categories of scenario, magnetics, kinetics and fast
shutdown. As the Figure illustrates, the scenario and magnetics control regions
of the matrix are nearly diagonal: this reflects the fact that scenario and dynamic
magnetics control are largely a PF system control task, effected directly through
control of the PF coil voltages. While the algorithms for efficient simultaneous
plasma current, shape and position control in an ITER-class tokamak can be
complex to implement and optimize (see Section 5.4 below and the Poloidal Field
Control DDD), the scenario and magnetics control aspects of the overall ITER
control problem are conceptually simple and already established in terms of
present experience (cf, for example, the relatively sophisticated plasma-state-
cognizant scenario and magnetics control now implemented in ASDEX-U
[ASD96], DIII-D [D3D96], JET [JET96], and JT-60U[Kim96]).

Review of the plasma control and machine protection concepts now
implemented in present experiments and conceptual design studies for the ITER
PCS and machine protection interlock controller (Supervisory Interlock
Controller or SIC) have identified the essential need to incorporate both
machine-state and plasma-state-cognizance into the PCS and SIC and to integrate
the functions of the PCS and SIC. From the plasma control viewpoint, it is clear
that a variety of magnetic and kinetic control algorithms will have to be
implemented to effect optimal control of the ITER plasma, not only in the
various global states of the plasma operation scenario (breakdown, current ramp-
up, auxiliary heating, burn, burn termination, etc.), but also in the various
plasma sub-states (Ohmic, L-mode, H-mode, ELM-free, Type 1 ELMing, Type 3
ELMing, etc.) that can occur within the heating, burn and burn termination
phases of the scenario. A PCS capability to identify these plasma states and to
implement appropriate optimized control algorithms is needed. In addition,
since the actions of the PCS and the consequences of PCS action (or inaction) can
affect power and energy loading on in-vessel plasma-facing components and
structural loads on in-vessel, vessel and PF and TF magnet systems,
comprehensive cognizance of the ITER tokamak machine component status and
'intelligent' control response that seeks to minimize plasma-control-induced risk
to machine component integrity and lifetime will be required.
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PLASMA CONTROL MATRIX
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FIGURE 5.3-1
ITER Plasma Control Matrix

As noted above, the availability of adequate and reliable plasma diagnostic
information will be critical to both identification of the ITER plasma operation
state and implementation of optimized control algorithms. While it has been
shown that the basic aspects of the nominal ITER plasma operation scenario
probably be successfully implemented with a minimal set of plasma operation
diagnostics (e.g., plasma current, in-vessel magnetics, line-average electron
density, radiated power, and relative fusion power), it is also clear that, as in
present experiments, that plasma control based upon of more detailed diagnostic
information and implementation of radially-localized plasma kinetic control
will likely be required to obtain full ITER plasma performance and operation
reliability goals.
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5.3.5 Plasma control system concept

Details of how the PCS will be implemented in terms of hardware and software
remain to be determined. However, general most requirements and design
considerations for the PCS and the integration of the PCS with the overall ITER
CODAC system are now established:

1. The PCS will be a subordinate control system relative to the CODAC system
and will be closely integrated with CODAC and SIC functions.

2. The CODAC system will transfer control of the machine and facility systems
required for control of plasma operation to the PCS during that portion of the
overall ITER operation cycle in which a plasma current/power pulse is
authorized.

3. The fast plasma shutdown function of the PCS is a machine protection
function and must be accessible to/through CODAC. Since an uncontrolled
shutdown may put in-vessel plasma facing components at risk, all plasma
shutdown functions except FPSS shutdown will be implemented by the PCS.

4. The control functions required for the PCS will be safety importance Class 4;
i.e., highly reliable functioning of the PCS (including fast plasma shutdown) is
not mandatory to assure ITER personnel and public safety in the event of an
off-normal machine and/or plasma operation condition.

Specification of Class 4 safety importance for the PCS will allow flexibility in
designing and changing the PCS, CODAC and plasma diagnostic systems during
the life cycle of ITER without approval from licensing authorities. The Class 4
specification also reflects the present physics uncertainties associated with burn
and divertor control: these uncertainties preclude depending on the PCS for
[public] safety functions.

Specification of the hardware implementation of the PCS and design of the
individual controllers (hardware and/or software) remain for the future. One
possible concept is to implement the PCS as four interconnected 'modules' that
reflect the previously-mention control hierarchy and the corresponding four
major elements (rows) of the plasma control matrix presented in Figure 5.4-1.

Given the complexities of the overall ITER plasma control requirements and the
need to closely integrate the PCS function with CODAC and the SIC, the PCS will
likely be wholly digital and will be implemented as a group of interconnected
processors that may be distributed among various locations within the ITER
facility. Control algorithms will be implemented with software.

PCS Commissioning and Plasma Operation Development: It is expected that the
PCS will grow in complexity and sophistication as ITER operation proceeds and
operational experience with the PCS and ITER hardware and plasma
accumulates. As in present experiments, a progression from simple open-loop
(pre-programmed) control to single-parameter feedback control to multi-
parameter feedback control will be implemented as machine and plasma
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commissioning takes place. The usual procedure of verifying open-loop plasma
response to a control action before closing that particular control loop will be
followed. A flexible combination of hardware and software capabilities will
expedite testing and commissioning and the software-based approach will also
facilitate expanding the PCS to support 'advanced' control methods and/or
'advanced' operating modes when the required physics data and hardware
control requirements become known.

The modular/digital/programmable PCS design will also allow for the possibility
of dividing control of ITER plasma operation or experimentation among one or
more remote sites. Such 'remote-site' operation, implemented via high-
bandwidth data links, is already technically feasible and has in fact been
demonstrated in several existing experiments. ITER plasma and machine status
data can be made available to operators and experimenters at remote sites on a
near-realtime basis, and requests or commands for modification of control of an
on-going pulse can be returned to the ITER site within a few seconds. It is also
possible that certain aspects of the control modules can be implemented from
remote sites. While critical and high-bandwidth control functions must remain
localized at the ITER site, remote-site control of diagnostic and ancillary systems,
non-critical modification of plasma control set points and algorithms and
conduct of multiple physics or technology testing experiments during a single
pulse or running period all appear possible.

5.4 Plasma scenario and magnetics control

The basic concepts and requirements for the plasma operation scenario have
already been addressed in Section 5.1 and 5.3 and are essentially unchanged
relative to what has been presented in IDR. Details of the physics basis and
physics and operational requirements for various phases of the scenarios can be
found in the Plasma DDD. The scenario design basis that have changed since the
IDR are presented here.

5.4.1 Error field compensation

The first aspect wherein significant change to the physics basis has taken place
since the IDR is in understanding of the error-field compensation requirements
for locked-mode-disruption avoidance during low-density plasma operation.
The essential change here is to substitute a requirement for compensation of a
multi-mode rms-weighted average error field [LaH96], e.g.,

Bx,mm = (0.2 BU2 +1.0 B2/i
2 + 0.8 B^O-S (5.1.1)

for the previous requirement for compensation only of the m = 2, n = 1 error
field Bx,2,i = 61x1=2,11=1, where in either case the respective flux-surface normal (±)
average error field(s) are evaluated at the location of the nominal q = 2 plasma
flux surface.

Figure 5.4-1 shows the data supporting the multi-mode compensation
requirement. Extrapolation of the data to ITER shows that to avoid mode locking
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and ensuing disruption at low density (n = 2 x 1019 nv3), the 'multi-mode'
vacuum error field component Bx,mm should be I Bj. /mm/Bo I < ~ 2 x l(h5 for cases
where plasma rotation is small/absent (frot < 100 Hz) and \B±Aian/B0\ < ~ 1-2 x
10~* if adequate plasma rotation (frot > 1 kHz) is present (e.g., ~ 50 MW NBI, quasi-
tangential co-injection).

10-2 r

10-3

m

Ohmlc plasmas, D, q - 3.5
nTta2/lp - 0.2x 10J0(m«MA)'

. COMPASS-C

0.1

JT-60U

: Data: R. LaHaya, Oarwral Atomic
and JT-«0U

1.0 100

Ro(m)

FIGURE 5.4-1
Single- and Multi-Mode Error Field Levels [LaH96] for Onset of Locked Modes

The relative weighting factors for the (1,1), (2,1), and (3,1) modes that appear in
Eq. 5.1.1 and the prescription for evaluating the amplitude of all modes at the
q = 2 surface derive from empirical analysis of locked-mode-threshold data
obtained from COMPASS-C, DIII-D and JET. The weighting factors and
evaluation prescription are subject to possible change in the future. At the
present time, Eq. 5.1.1 should be interpreted as showing the importance of
compensating both the 2,1 and 3,1 modes and, to a lesser extent, also the 1,1
mode. It is possible that low-m n = 2 modes may also enter into the overall
multi-mode requirement. Further R&D (experiment and analysis) on these
aspects is needed, as is better data for locked-mode thresholds versus plasma size
in plasmas with NBI-driven rotation.

How to best achieve the required level of error-field compensation in ITER is
presently under study. It is clear that ITER will require error-field compensation
coils to reach the requisite low levels of field error and also to test the effects of
low m,n field errors on reactor-scale plasma performance. Evaluations of the
expected multi-mode error fields owing to ITER TF and PF coil manufacturing
and installation tolerances are in progress: preliminary estimates show that the
expected maximum normalized error fields are ~ (1-3) x 10"4. Reduction of these
error fields by a factor of about 10 is required. The compensation provided to
accomplish this reduction must be dynamic so as to track the evolution of the
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individual error field phases and magnitudes owing to PF current variation
during the plasma operation scenario. Details of the candidate compensation coil
design and performance can be found in the Poloidal Field Control DDD
(WBS 4.7).

5.4.2 Plasma current ramp rate and resistive tearing mode avoidance

Simulation studies Qar94] of plasma current rampup with the Tokamak
Simulation Code (TSC) and analysis of the corresponding PF coil power
requirements have identified a more-optimized current ramp strategy that
simultaneously keeps PF line power demand within acceptable limits and also
provides stability against disruption owing to internal resistive tearing modes.
Figure 5.4-2 shows a representative example: limitation of the current rise near
start-of-current-flattop (SOF) to < 0.05 MA/s is required to keep k(3) > ~ 1 so as to
avoid tearing instability and possible disruption near q95 = 3.

Plasma Current Waveform and Scenario Fiducial Points
1

0.2 M A M /

/ . Initiation (0.6 MA)

1

j

y
Lknltar

X

0.10 MA/a

Dlwrtor

>F

i

0.05 MA/a

I

SOF (21 MA) , o SOB

' warn' •
Auxiliary Haatlng

-

i
50 100 150

Tim. from MtMlon MagmtlzaUon (a)

TSC Simulation of Reference Scenario (Keuel and Jardln, D255 Design Tnk)

HGURE 5.4-2
Optimized plasma current rise waveform and TSC simulation [LaH96] of
corresponding l\ evolution. Unshaded region is tearing-mode stable.

The current rise waveform shown in Figure 5.4-2 is applicable to the 'nominal'
scenario wherein the initiation of auxiliary heating occurs after SOF. Initiation
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of auxiliary heating prior to SOF is an option. With early heating, further
slowing of the remaining current rise will be required to avoid tearing-mode
onset near qgs = 3. The additional time to obtain full current magnitude and
profile equilibrium remains to be quantified, but is likely > 200 s.

The amount of auxiliary power available during the current rise phase is
constrained by allocation of site line power demand among the auxiliary heating
and PF power systems, and hence will depend on the plasma current rise rate,
which in turn determines the peak PF power system line power demand. The
available auxiliary power will also depend on the efficiency of the auxiliary
power system(s). Present estimates based upon a 'generic' heating system show
that at least 50 MW of plasma heating power can be made available for the early
heating option.

5.4.3 Effects of central solenoid (CS) segmentation

Design of the ITER poloidal field (PF) system with a monolithic (layer-wound)
central solenoid (MCS) results in a certain irreducible variance in the plasma
surface shape and safety factor at fixed current (q9s) during the course of the
plasma operation scenario. Since the IDR, the JCT and the RF and U.S. Home
Teams have examined options for segmented or hybrid CS designs (denoted here
as SCS and HCS1 and HCS2) where it is possible to independently control the
current density in the end portions of the CS so as to provide improved shape
control.

Detailed presentation of these studies and of the comparative plasma control and
magnet engineering of the four design approaches is beyond the scope of this
Chapter. Table 5.4-1 summarizes two of the key operational attributes: the static
(equilibrium) shaping characteristics of the four designs, as compared in terms of
the variation of q95 at nominal plasma current for the SOF, SOB, and EOB
fiducial points of the 21 MA scenario and the corresponding available flux
variation for inductive current drive during burn. As the table shows, the SCS
and both HCS options all provide improved shape conformity, as evidenced by
reduced variation in q95, but at the expense of some loss of burn flux capability.
While the SCS and HCS options fail to met the nominal 80 Wb burn flux
requirement, the burn flux capabilities of all three options fall within the range
of uncertainty of the actual calculated flux requirement for 1000 s burn with
inductive current.

Reverse shear scenario considerations for the CS options. The reversed-shear
plasma operation scenario proposed as the primary candidate for achieving non-
inductive steady-state operation in ITER (see Section 7) is presently envisioned to
require a strongly-shaped plasma with high elongation (K95 >1.85) and high
triangularity (895 > 0.4). The nominal plasma equilibrium configuration required
can be achieved and controlled with either the MCS or any of alternate CS
options listed in Table 5.4-1. Study of the comparative static and dynamic
equilibrium control properties of the MCS and HCS options (Figure 5.4-3) shows
the allowed operating window in plasma elongation vs size (minor radius)
domain is nearly the same for either option, so there is no compelling basis to

DDR-ITER Physics Assessment Chapter Ill-Section 5.0-Page 16



31 January 1997

choose among the CS options in so far as reverse-shear equilibrium and control
capabilities are concerned. Note that the achievable operation domain for either
option is largely set by the magnitude of the plasma vertical position disturbance
that must be controlled: for the present design-basis specification of AZ = 0.1 m
established for positive central shear plasmas, the minimum controllable minor
radius for either option is about 2.1 m.

TABLE 5.4-1
Static Equilibrium Characteristics of Central Solenoid Design Options

Design

MCS

SCS

HCS1

HCS2

q95@SOF

2.82 ± 0.02*

2.95

2.95
2.97

q95@SOB

2.93

3.04

3.05
3.07

q95@EOB

3.04

3.02

3.02

3.06

Alburn (Wb)

81.7

77.3

71.4

68.6

The magnitude of q95 obtained with a given design at each scenario state varies
~ ±0.02 depending on choice of shaping constraints and relative weight given to SOL
clearance versus divertor region conformity. Differences among the designs at a level of
±0.02 are not significant

A design basis specification for reverse shear plasma disturbances and detail
study of the plasma controllability has not yet been done and the exact position of
the left hand side border of the operational space domain presented in
Figure 5.4-3 remains uncertain.

3 . 0 - •

2.5.

K

2.0.

Active Postion Control Study
12 MA Reversed-Shear Equilibria

Monolithic
Central

Solenoid

Hybrid
Central

Solenoid

2.0

FIGURE 5.4-3
Plasma Equilibrium and Control Limits for
Reversed-Shear Scenarios with Ip = 12 MA

Figure 5.4-4 shows four candidate static reverse-shear plasma equilibria. As
shown, all of these equilibria meet the nominal equilibrium shape and
configuration requirements: they have at least a 4 cm gap between the active and
inactive separatrices (to guarantee lower SN divertor operation), and also have
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the plasma scrape-off-layer well-mapped into the divertor channels (to ensure
adequate divertor power handling). As a result of this later divertor matching
constraint, the plasma equilibria with lower minor radius are also displaced to
smaller major radius, while the equilibria with smaller elongation (K95) are
displaced downward. These shifts help to reduce fast-oe ripple losses, which are
unacceptably high (~ 16% of the alpha-particle power, see Section 2.6) for the
maximum-size 96015-01 plasma. Equilibria with an inward and/or downward
shift (96015-02, 96015-03 and 96015-04) avoid the high TF-field ripple region in the
upper/outboard plasma quadrant and hence have lower alpha-particle losses.
Monte-Carlo calculations predict - 3% loss for equilibrium 96015-02: similar or
lower loss in the two other cases are expected.

The elongation/size limitation imposed by < 5% fast-a power loss on 12 MA
plasmas is shown in Figure 5.4-5. As is discussed in Section 2.6, use of ferritic
inserts can probably remove this < 5% loss limitation from the operational space.

96015-01 96015-02 96015-03 96015-04

FIGURE 5.4-4
Candidate Reverse-Shear Plasma Equilibria
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FIGURE 5.4-5
Alpha Loss Ripple Study for 12-MA Reverse-Shear Equilibria

Dynamic shape and position control and effects of plasma
disturbances

The plasma configuration expansion phase of the operation scenario requires
dynamic control of the plasma shape and position and active control of the
plasma radial position during the expansion. Active stabilization of the plasma
vertical position is also required once the plasma elongation exceeds about 1.3.
Details are presented in the Poloidal Field Control DDD. The plan is to use a pre-
programmed PF current evolution supplemented by feedback control of the
global plasma shape and position parameters (R, Z, K and 5) during the limiter
phase of the expansion. The same 'shape-control' approach will be applied
during the corresponding limiter phase of the plasma current rampdown after
de-ignition.

Following divertor formation and attainment of a nearly full-aperture plasma,
the feedback strategy will shift to control of critical plasma clearance and divertor
configuration gaps. This 'gap-control' strategy endeavors to hold both the
divertor strikepoints and several key plasma separatrix-to-first wall clearance
gaps within acceptable tolerances, typical & ±0.10 m. The rationale for gap control
strategy for the divertor/ignited portion of the scenario includes the need to
position the inboard and outboard plasma separatrices with high precision
within the divertor channels, and the need to avoid/minimize direct plasma
contact with the first wall (FW) during the auxiliary heating/ignition/burn phase
of the scenario. In this regard, transient plasma contact with the FW surface (Be)
will result in localized melting ~ 1 mm deep within 0.1-1 s. While the FW is
designed to withstand a number of occurrences of such melting, optimization of
the control system to prevent plasma-wall contact during 'normal' plasma
operation is a key design consideration.

Response of the gap control system is finite, both with regard to being able to
maintain simultaneous control of the all of the key gaps (typically the two
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divertor strikepoints plus three additional plasma-FW gaps) and also with regard
to the time ('settling time') required following a disturbance to restore the gaps to
their pre-disturbance values. To allow for this finite response, the ITER design
allows for a > 10 cm clearance gap between the FW and the '5 cm' plasma scrape-
off layer (SOL) flux surface (Figure 5.1-2). This gap provides margin for transient
response and finite gap controllability of the magnetics control system.

Table 5.4-2 presents disturbance parameters for design of the plasma magnetics
control system. The physics basis for these parameters is given in Section 4: the
parameters are representative (except for vertical drift) of what can be expected
for 'normal' operation and are candidate parameters to evaluate control system
response. The intent is that these disturbances should not result in irrecoverable
plasma-wall contact (2 1 s) or loss of equilibrium control. Sawteeth and ELMs are
normal events which will continue during the entire pulse (see Section 4).
Magnet AC losses produced by the PF response are an important design issue
here. Assessment of this issue is on-going. The magnitude of the AC loss
depends on the disturbance parameters (magnitude/repetition rate) and the
control system response. The design approach will be to minimize PF current
response to > 1 Hz disturbances: these disturbances are largely stabilized by the
passive effects of toroidally conducting in-vessel structures and vacuum vessel.
Both simple low-pass control signal filtering and more sophisticated hysteresis-
based controller approaches are being studied. Larger repetitive sawteeth and
ELMs ('giant') can also be expected (Section 4), but are not intended for
continuing operation. Divertor heating or integrated PF coil AC loss will not be
acceptable: plasma operation must be terminated if giant ELMs or sawteeth
continue. More than ~ 10 'maximum' minor disruptions will also be a basis for
early plasma termination.

TABLE 5.4-2
Plasma Disturbance Parameters for Control System Response Evaluation

Disturbance

Vertical drift

Minor disruption

Minor disruption
Sawtooth

ELM
L- to H-mode

AZiO)
(decrease)

0

0

5 0.1

S0.05
5 0.05

-0.1

APp

0

5 0.2 (decrease)

5 0.2 (decrease)

S 0.05 (decrease)
<, 0.05 (decrease)

~ 0.2 (increase)

Waveform/Frequency/
Recurrence

0.1-m 'control-off drift phase

Step/0.2 Hz/< 10 per pulse

Step/0.2 Hz/< 10 per pulse
Sawtooth: 0.1-0.01 Hz
Sawtooth: 2-0.2 Hz

Ramp (5 s)/once per pulse

The dynamic response of the plasma configuration gaps to a given disturbance
depends on various factors that include the pre-disturbance profiles, the feedback
control algorithm, the peak line power available to restore the disturbance and
the natural recovery characteristics of the plasma itself. Table 5.4-3 presents
examples from a response study 0ar94] performed with the CORSICA dynamic
equilibrium code. The data in the Table shows that the drift and minor
disruption disturbances can be controlled within a limit of 250 MW peak line
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power demand. Settling time (time to restore a given gap to 90% of its pre-
disturbance value) is typically about 4 s.

TABLE 5.4-3
Examples of Plasma Control Response (CORSICA Code)

Disturbance

Drift up

Drift down
Minor disruption

Minor disruption

Ag5
(cm)

10

-10
—
—

App

—
—
-0.2
-0.2

Afi

—

—

0
-0.1

ts(g5)
(s)

3.0

3.5

3.5

4.5

ts(max)

(s)

17

17

25

35

Pmax
(MW)

185

120*
210

260
*plus 240 MW spike for « 1 s

Figure 5.4-6 [Pea96] shows the gap and power demand waveforms for a minor
disruption with simultaneous drops in h and Pp. This disturbance is a worst-case
condition for recoverable disturbances: the FW passive stabilizing effect and the
active control response ensures that there is no plasma-wall contact.

CORSICA Plasma Control Simulation (Paarixteln and Bulnwr): if, - -0.2, AJ - -0.1 (no profil« recovery)

Oap Locrtoiu and NooMndatura

FIGURE 5.4-1
Control of a 'worst-case' minor disruption. Effects of the natural recovery of the
plasma profiles to the pre-disrurbance state are not included [Pea96].

5.5 Plasma kinetics control

Simultaneous control of the fusion and divertor target plate powers while
maintaining H-mode and plasma density limited by pre-determined maximum
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poses a new control challenge for ITER and fusion power reactors. To
demonstrate the feasibility of such operation and develop the strategy to achieve
simultaneous control, transport simulations using the coupled plasma-divertor
model described in Section 6 have been performed with the following feedback
controls implemented:

• Ar injection rate is controlled to limit divertor target power to 50 MW.

• DT injection rate is controlled to keep fusion power at a pre-
programmed value.

• The amount of auxiliary heating is controlled - in order of decreasing
priority - to: (i) maintain the plasma in H-mode, (ii) maintain the
plasma density below a maximum value and (iii) assist the control of
fusion power.

• All of the feedback loops use simple PID (proportional/integral/
differential) control schemes, with gains adjusted for transient response
and overall stability.

All feedback loops operate simultaneously and react as the Ar level is varied for
divertor protection and as the He and DT removal rates vary with the change in
divertor conditions. The choice of the fusion power determines if a solution
satisfying all constraints exists. An example of a solution is shown in
Figure 5.5-1, wherein ignited burn conditions at fixed P a = 300 MW with Paux = 0
are initially established. Once 'sustained burn' is obtained, Paux = 100 MW is
intentionally added for 50 s to test the transient response of the fusion and
divertor power control loops. As the Figure shows, a satisfactory control
response is obtained. The high-frequency P a and Ptarget transients are likely
simulation artifacts and are in any case within the transient thermal capabilities
of the respective in-vessel surfaces.
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FIGURE 5.5-1
Simulation of Simultaneous Burn and Divertor Control

Figure 5.5-1 is presented here only to show the feasibility of simultaneous plasma
and divertor kinetic control. Both the details of the plasma-divertor coupling in
the simulation model and modeling of the various feedback loops require
improvement and verification. At present, the solutions obtained are not always
robust and exhibit hysteresis effects that may be modeling artifacts or may reflect
the underlying non-linear physics aspects of radiatively-detached divertor
operation. Further design study and experimental and modeling R&D is needed
to understand such effects and verify that a robust simultaneous control
algorithm is possible.

5.6 Fast plasma shutdown

The need for a reliable fast fusion power and plasma current shutdown capability
in ITER follows from machine protection and plasma control considerations that
include: (1) mitigation of power excursions in situations where normal burn
control capability is inadequate or absent, (2) thermal protection of at-risk in-
vessel plasma-facing components in off-normal events involving either
unexpected plasma loading conditions or component loss-of-flow or loss-of-
coolant, and (3) mitigation of VDEs. Considerations (1) and (2) imply a
requirement to terminate the fusion burn and/or dissipate the plasma thermal
energy on a time scale of < 3 s. Consideration (3) requires a more-rapid current
termination, ideally in 300 ms or less. In either case, the shutdown times needed
are much shorter than what can be obtained with normal power and current
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termination procedures. Accordingly, fast shutdown concepts for ITER use of
impurity injection to effect a rapid plasma energy and current shutdown, ideally
in a manner that minimizes undue thermal and EM loadings on ITER in-vessel
components. The resulting shutdown event shares many of the characteristics of
a disruption and the method can be described as a 'controlled' or pre-emptive
disruption.

The feasibility of triggering a 'radiative collapse' disruption with gas injection is
well known in present tokamaks, and recent pellet injection experiments in
Alcator C-Mod, ASDEX-U, DIII-D, JT-60U and JET have demonstrated the
possibility of quenching the plasma thermal energy and/or current in ~ 10 ms
without otherwise producing undue thermal loading of in-vessel components.
In the first four cases, significant mitigation of the severity of the associated VDE
is also observed.

Study of application of the method to ITER is in progress. Results of modeling
studies that quantify the various effects involved are presented in Section 5.3.
The optimal characteristics of the shutdown injection system (pellet size,
composition and velocity, launching mechanism, option for D liquid injection)
remain to be determined. It is possible that the pellet size and composition will
have to be varied depending on the pre-shutdown plasma state (e.g., Ohmic vs.
ignited temperatures): multiple shutdown injector systems may be required. The
issue of avoiding wholesale conversion of the plasma current to runaway
electron current is also important: as described in Section 4, injection of massive
quantities of H or D appears to be the only way that significant runaway
conversion can be avoided. Physics R&D to address the complex array of issues
and machine protection trade-offs associated with fast shutdown and runaway
conversion is presently in progress.

The ITER Plasma Control System will not have any role that is critical to the
safety of ITER plant personnel or the general public. The PCS and the
corresponding plasma diagnostics are all Class 4 safety importance. This safety
class allows flexibility in designing and changing the PCS and plasma diagnostics
during the life cycle of ITER without approval from licensing authorities. The
Class 4 designation also reflects the physics uncertainties of burn and divertor
control: these uncertainties preclude depending on the PCS for safety (as opposed
to machine protection) function. The Class-4 designation means that plasma
control function cannot (must not) be taken into account in assessing the safety
consequences of ITER operation.

The only plasma-initiated failure sequence that has been shown to lead to
possible plant personnel or public safety risk is one wherein a Loss-of-Flow-
Accident (LOFA) or Loss-of-Coolant-Accident (LOCA) in one or more of the
major coolant circuits for the in-vessel plasma-facing and nuclear components
leads to overheating and breach of an in-vessel coolant circuit, with ensuing
production of hydrogen and the potential for subsequent explosion and rupture
of primary and secondary confinement barriers [Chapter IV of this report]. This
sequence could release in-vessel T and activation products to the plant or
external environment. While maintenance of a sustained fusion burn under the
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conditions that would lead to an in-vessel coolant breach is highly unlikely,
prompt self-shutdown of the fusion bum cannot be guaranteed on physics
considerations. Accordingly, an independent safety-class 3 Fusion Power
Shutdown System (FPSS) will be provided. This system, which will be both
simple and highly reliable, will provide either delayed (after ~ 60 s) or prompt
(< 3 s) plasma power shutdown following detection of an incipient LOFA or
LOCA. Signals for triggering of the FPSS will be derived from ex-vessel
measurements of coolant temperature, pressure and flow.
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CHAPTER III
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6.0 ITER PLASMA PERFORMANCE AND OPERATION
SCENARIOS

The ITER performance projections have been updated from the Interim Design
Report (IDR) in light of the new experimental results and studies performed by
the Confinement and Transport, Confinement Modeling and Database and
Divertor expert groups. The new elements in projecting plasma performance
include:

• Impurity seeding to reduce divertor heat loads;

• More detailed evaluation of the impact of plasma density limits;

• Modeling of He exhaust in plasma core and divertor;

• New results in L/H transition power threshold;

• New quantification of the expected range of energy confinement.

All of these elements affect plasma performance and ignition/burn-duration
performance capability but the key conclusions drawn in the IDR still hold under
the new updated analysis: ITER has a capability compatible with the objectives of
ignition and sustained burn for 1000 s with 1.5 GW of fusion power. Although
there are uncertainties, the availability of 100 MW of auxiliary heating provides a
back up against lower than expected plasma characteristics.

Sections 6.1 and 6.2 detail the modeling basis and methodology along with
physics rules adopted for performance projections in ELMy H-mode. Sections 6.3
and 6.4 present the range of performance projections for ITER. Steady state and
long pulse scenarios are discussed in Section 6.6.

6.1 Modeling basis and methodology

The ITER performances presented in this section are projected from present
experiments by combining simultaneously several well established methods:

• Global scaling expression to predict the global thermal energy
confinement time.

• Normalized temperature and density profiles chosen consistently with
experimental observations, in particular, the ITER Demonstration
Discharges.

• 1-1/2D transport code (PRETOR, used by the JCT, or other similar codes)
to self-consistently deduce from the above information the additional
profiles of: fusion power and auxiliary heating, radiation (line
radiation, Bremstrahlung, electron synchrotron emission), Helium
(from diffusion equation, fusion reaction sources, and divertor
pumping), current, and safety factor. The profiles are mapped on
magnetic surfaces by solving the 2-D Grad-Shafranov equation.
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31 January 1997

The use of transport code is required to obtain the total fusion power, the
operating plasma density, the non thermal energy contribution, the edge power
versus H-mode power threshold, the loop voltage consumption, and to establish
wave forms for time dependent scenarios.

The details on how these methods are implemented to project ITER
performances are presented in the following section.

6.2 Physics rules for projected performance in ELMy H-mode

6.2.1 Global scaling expression for thermal energy confinement time

Following recommendations from the Confinement Modeling and Database
Expert Group, the reference global energy confinement time for ELMy H-mode is
given by 0.85 x ITER93H (see Section 2). We define the enhancement factor H H
as follow:

XE,th = H H x 0.85 x ITER93H (6.2-1)

An uncertainty of ±30% on confinement is used in this study. This range
corresponds to: 0.7 £ H H S 1.3. The lower limit of this uncertainty range
(HH = 0.7) corresponds to Hsgp = 1.8 (enhancement factor with respect to ITER89P
scaling, see Section 2) which is the confinement enhancement one would expect
from Bohm extrapolation of the present experiments (which also implies that
the enhancement factor would not increase with plasma size at constant P and
v»).

6.2.2 Temperature and density profiles

Once the global energy confinement time is given, one needs to prescribe the
temperature and density profiles to compute the fusion power consistent with
the global confinement time. Although one could use directly the measured
experimental profiles for this estimation, it is more convenient to recover these
same profiles by an appropriate choice of normalized local transport coefficients
that reproduce these same normalized profiles. These two methods will, in
practice, be equivalent for fusion performance projection if they lead to the same
normalized profiles. The second method however offers the advantage of
producing the profiles as solution of a diffusion equation thereby allowing better
particle transport simulation (because it is known, for instance, that D is
proportional to x) a n d allowing time dependent simulations. The second
method is used in this study and the way the local transport coefficients are
chosen is detailed below.

6.2.2.1 Density profiles

Experimentally, a wide range of steady state electron density profiles are observed
in ELMy H-mode: JET ITER Demonstration Discharges exhibit flat profiles,
whereas DIII-D ITER Demonstration Discharges exhibit peaked density profiles.
The difference in profiles can partly be attributed to a stronger relative beam
fueling in DIII-D compared to JET. When projected to ITER, flat density profiles
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lead to lower fusion performance, therefore ITER projections are done using the
more conservative flat density profiles. This is implemented in the projections
by imposing zero anomalous particle pinch (the neoclassical particle pinch
included in the simulation has a negligible impact on density peaking in ITER):

Vpe = VpHe = Vppuei = 0

Density profile evolution as well as helium and fuel density profile are
computed consistently with particle source by assuming:

D e = DHe = Dpuel = Xe

6.2.2.2 Temperature profiles

ELMy H-mode temperature profiles are characterized by a large edge temperature
pedestal that can account for almost half of the total thermal stored energy in
some discharges. The scaling of this edge temperature pedestal is an active field
of research, and is not yet resolved. In addition, the relationship between the
height of the pedestal on one hand and the temperature profile further inside the
plasma on the other hand are not yet clear. Therefore these two components of
temperature profiles are extrapolated separately from experiments as follows:

Edge temperature pedestal:

Experimental data suggest that the height of the pressure pedestal can be
estimated by forming the product of the transport barrier width times the
pressure gradient limited by ideal ballooning limit. Because of the flat density
profiles chosen in this study, this condition uniquely determines the height of
the temperature pedestal.

The height of the temperature pedestal has been shown to be an important factor
for the projected fusion performances in IDR. Indeed, at constant energy
confinement time, the fusion power decreases as the temperature pedestal
increases. This is understandable because the relationship between confinement
and edge pedestal height is already implicitly contained in the global scaling
expression, therefore in this study the height of the edge pedestal only enters
explicitly as a profile effect, the higher the edge pedestal the broader the profile
and therefore the lower the fusion reactivity. In this sense, and in the absence of
a more accurate way of predicting the pedestal height, a 10% pedestal width,
consistent with JET and DIII-D observations, has been chosen as a conservative
assumption and is therefore used in this study. The edge pressure gradient is
forced below the ideal ballooning limit in the simulations by a local increase of
the heat transport coefficients. For the reference scenario, the height of the edge
temperature pedestal is about 2.5 keV (see Section 6.5).

Bulk temperature normalized profiles:

Since the global energy confinement time and the height of the pedestal are
prescribed above, only the bulk temperature profiles normalized after removing
the height of the edge pedestal need be prescribed. These normalized
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temperature profiles are derived by using the following choice of local transport
coefficients:

with:

xe,RLW ~2[

Xe = a Xe,RLW

VTe

VT =6-
e,crit a

)
1/2

(

{ '
VTe,crit ) 1

where the coefficient a is chosen at every time step in such a way as to give:

TE,th(simulation) = H H x 0.85 x TE,th(ITER93H scaling)

for any given H H factor.

Other choices for local transport coefficients could have been made. The
requirement is that whatever the choice, experimental profiles are recovered in
particular those measured in ITER Demonstration Discharges. Figure 6.2-1
demonstrates that this is indeed the case for the above choice of local transport
coefficients:

B.6-

O.4-

B.2-

TEMPERHTURE PROFILES

_ITER (flat density)

it density)

Dlll-D
(peaked density)'

0.2 B.-4 B.S B.8
normalised radius

FIGURE 6.2-1
Normalized electron temperatures (after removing edge pedestal) from JET and
DIII-DITER demonstration discharges compared to profiles used for ITER (thick
line). Profiles are compared during a steady state phase in between sawtooth
crash.
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6.2.3 Note on radiation correction for the energy confinement time in
ITER and H-mode power threshold

The ITERH93P global energy confinement time scaling has been derived using
the total input power (corrected for dW/dt, shine-through and first orbit losses in
the case of beams) without radiation correction. This is indeed justified because
(a) the database excludes discharges with large core radiation fraction and (b) total
radiation is dominated by line radiation, which is usually peaked towards the
edge. On the other hand, in ITER most of the radiation comes from central
Bremstrahlung and electron cyclotron emission with the consequence that (a) the
total radiated fraction reaches 30 to 40% of the input power and (b) the radiated
profile is well aligned with the heating profile (fusion power + additional
heating). This later remark in particular implies that the energy confinement
time estimated for ITER must be corrected for core radiation:

Pin = PFusion + Pohm + Paux jf~ PBremsstrahlung -

this correction is applied for all estimates of the ITER energy confinement times.

This definition of the effective input power is also used to compare against the L-
to H-mode power threshold. The implications of using additional radiation
correction when comparing with the power threshold are discussed in
Section 6.5.1.

6.2.4 Auxiliary heating

Plasma performances are estimated under the assumption that up to 100 MW of
auxiliary power is available during the plasma discharge, starting as early as
formation of divertor configuration. This assumption is consistent with present
ITER operational plans. Upgrade of ITER auxiliary power beyond 100 MW is
conceptually possible, but is not included in present construction and operation
plans. Because the exact composition of auxiliary heating in ITER is not yet
finalized, for the driven scenarios presented here it was assumed that the heating
is 50% on ions, 50% on electrons and with central deposition.

6.2.5 L- to H-mode transition and power threshold

The feasibility of obtaining an L- to H-mode transition and of subsequently
sustaining H-mode is evaluated in terms of the power threshold scaling
recommended by the Confinement Modeling and Database Expert Group for L- to
H-mode transition:

P t h (MW) = 0.45 n2o
a75B(T) R(m)2 (6.2-2)

where n20 is the density in units of 1020 nr3. There is uncertainty in this scaling:
the Expert Group recommended upper and lower limits are:

Upper limit: Pth,u = 0.37 n20 B(T) R(m)2-5
Lower limit: Pth,i = 0.54 n2o

0-5 B(T) R(m)1-5
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These numbers do not take credit for a favorable isotopic dependence. Further
studies are required to better quantify the lower thresholds expected in DT
plasmas when compared to pure Deuterium plasmas.

In the following studies, the effective input power P m defined in 6.2.3 is
compared against these threshold values in order to estimate the amount of
hysteresis between L- to H- and H- to L-mode transitions required to sustain
H-mode.

6.2.6 Impurity level

Once the global energy confinement time and profiles are chosen, the impurity
level is the last important element that need to be prescribed before a fusion
power can be estimated. Two different methods are used to estimate core-plasma
He, Be and artificially-added impurity levels:

a) IDR Model: Core helium level is estimated by assuming x*He/xE = 10. The
corresponding He level is representative of the He exhaust rates obtained in
previous ELMy H-mode helium removal experiments. Recently, higher Helium
exhaust rates are been reported. Beryllium level is fixed, typically at (nBe)/(ne) =
2%. Other or externally-added (seeded) impurities are not included.

b) Divertor Model: A divertor model [Sug95], presented more in details in
Appendix, is used to estimate the He removal rate as a function of upstream
Helium density and divertor target plates heat load as a function of Argon level
present in the divertor. This model has been tested and benchmarked with 2-D
divertor codes and shown to capture the key aspects of the projected ITER
divertor parameters. Helium and Argon impurity levels and heating of the
divertor target plates as a function of fueling and pumping rates are calculated
consistently with the parameters of the core plasma.

Additional modeling assumptions are as follows:

• Beryllium level fixed at (nBe)/(ne) = 2%;

• Argon density profile is set the same as the electron density profile;

• Pumping speed: 200 m3/s;

• Helium de-enrichment factor: 0.1.

In the following studies, both impurity models are used and compared. This
comparison facilitates understanding the effect that the change in impurity
modeling basis relative to the IDR has had.

6.3 ELMy H-mode operation projected performance

Once impurity levels are determined by either of the two impurity models, the
range of confinement - as given by H H - and the choice of operating density —
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either chosen freely to maximize the fusion yield or constrained at the
Greenwald value — are the two key parameters that ultimately determine ITER
projected performance in ELMy H-mode operation.

The next sub-Section examines ITER performance under the assumption of
nominal confinement (HH = 1) and optimal (unconstrained) density. The
following sub-Sections examine the projected performances within the extremes
of expected confinement and with or without density constrained at the
Greenwald value.

Figure 6.3-1 summarizes schematically the various cases that we have studied
and that we present here. The nominal 'starting basis' ignited plasma case is
labeled N; cases A-D represent variation cases with reduced confinement and /or
limited density. Cases A and B respectively examine the effect of 21 MA versus
24 MA plasma current, both with low confinement and constrained density.
Cases E and F address the upper limit on confinement, with or without the
Greenwald density limit.

n e _ ,
optimized

D
en

si
ty

C

A,B

L

N (nominal)

D

E

F

HH=0.7 HH=1

Confinement

HH=1.3

6.3.1

FIGURE 6.3-1
Schematic Summary of Confinement and
Density Variation Ranges and Study Cases

ELMy H-mode operation under nominal conditions (Case N)

Using the nominal value of the physics rules: H H = 1 and the optimal plasma
density, not constrained below the Greenwald limit, the following parameters
(listed in Table 6.3-1) are obtained:

6.3.1.1 Note on impurity levels

The main difference brought by the new impurity model is the reduction of the
Helium concentration, which in turn leads to a decrease of electron density and
some decrease in beta. The divertor model typically predicts t*He/TE ~ 4: this
ratio is significantly lower than what was assumed in the IDR model. The IDR
model assumed a value for t^He/iE = ^ *na* w a s demonstrated experimentally
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in previous experiments such as DIII-D or ASDEX-U but did not take credit for
the beneficial effect of more-closed divertor configuration in ITER. Indeed,
recent experiments — in particular in JET Mark I vs. Mark II configurations —
have clearly shown the substantial increase in neutral pressure in the divertor
private region with a more-closed configuration. The divertor model provides
therefore a more realistic extrapolation of experimentally observed ratios for

/

TABLE 6.3-1
Comparison of the Parameters for Ignited Plasmas:

HH = 1, IDR and Divertor Impurity Models

Parameter

Fusion power
Volume-average temperature

Volume-average density:

ne/nGW

Impurity fractions: Be
He
Ar

Effective-Z

Radiated power fraction

Transport confinement time, H H = 1

Troyon factor (total)
Poloidal beta (total)
Plasma internal inductance

Loop voltage
Bum duration

Plasma energies:
Thermal
Magnetic

Power to Divertor Targets

Pin/Pth(L-H)»

IDR

1500 MW
lOKeV

1.3 lO^m"3

1.52

0.02
0.14

0

1.5

0.36

5.8 s

2.3

0.9
0.9

72 mV

1.2 x^s

1.2 GJ
1.1 GJ

—

0.9

Divertor model

1500 MW
12keV

0.96 lO^m"3

1.13

0.02
0.09

0.0016

1.8

0.39

5.76s

2.2
0.8

0.9

60 mV

1.3 X K P S

1.0 GJ
1.1 GJ

50 MW

L 1 - 1

* This ratio indicates the hysteresis factor required to avoid H-L transition and subsequent
loss of H-mode. Pjn/Pth(L-H) a 1 (i.e., divertor model example) indicates that no H-L
hysteresis is required. A value < 1 indicates that finite H-L hysteresis is required: i.e., for
the IDR model example, Pth(H-L) s 0.9 Pth(L-H) will be needed to ensure that H-mode is
maintained.

The model also estimates that about 0.2% of Argon sufficient to radiate
approximately 100 MW from divertor / SOL region and reduce divertor heat
loads to below 50 MW or 5 MW/m2. These numbers have been independently
confirmed by calculations using the GTWHIST 1.5 D Tokamak transport code
with a multi-species impurity transport package and with a "2-point" radiative
divertor model.
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6.3.1.2 Note on H- to L- mode power threshold hysteresis

A further important development since the IDR is in the reduced H-L hysteresis
requirement: for the nominal L-H power threshold scaling [Eq. (6.2-1)], little or no
H-L transition hysteresis is required for sustained H-mode. This is in contrast to
the findings reported in the IDR, where a hysteresis of ~ 0.5 was needed based on
the then-recommended L-H power threshold scaling. The upper limit of the H-
mode power threshold scaling given in Section 6.2.5 would however still require
about a factor of two in hysteresis between the L- to H- and H- to L-mode power
thresholds.

6.4 Range of plasma performance within confinement
uncertainties

Figure 6.4-1 summarizes how achievable fusion power and the need for
supplemental auxiliary heating (i.e., driven rather than ignited operation) varies
within the confinement uncertainties, for optimal (unconstrained) density and
the divertor impurity model.

• -2.5

- -1.5

2.2 2.4 2 5 2.9 3.1
Hjgp factor

H H factor
0.7 0.8 0.86 0.92 10 1.1 1.2 1.3

3.4

FIGURE 6.4-1
Fusion Power, Auxiliary Heating, Normalized Density, and PN for 0.7 s HH

A number of conclusions can be drown from Figure 6.4-1:

1.3

Confinement margin: Ignited operation can be sustained down to H H
• 0.9. This indicates that the energy confinement margin or 'sustained
ignition power balance margin' for the nominal scenario is
approximately 1.1. This margin is unchanged relative to the margin of
the nominal or reference case that we presented in the IDR, with the
important distinction that the same margin is now obtained in a
modeling situation in which control of the divertor target power with
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Ar addition, is included and where the plasma core radiation losses and
fuel dilution effects are taken into account. This improvement in
modeling realism contribute to demonstrate the existence of an ITER
operation mode that simultaneously meets fusion power and divertor
power handling requirements.

• Beta limit: An inverse correlation exists between required
confinement and required PN capability: higher/lower confinement
requires higher/lower PN. Confinement with H H & ~ 1.15 at full fusion
power would require PN greater than the nominal design basis
specification of 2.5. The implications of this limitation are detailed
under Cases E and F. Conversely, low confinement (HH = 0.7) requires
a significantly lower PN.

• Operating density: As confinement improves, the optimal density falls
and ultimately approaches the Greenwald value. Conversely, with
degraded confinement, increasingly greater density enhancement
relative to Greenwald is required to maintain first ignited operation
and then driven operation.

• Burn time: All cases above have a burn time larger than 1000 s except
in the low confinement range where low temperature and higher Zeff
predicted by the divertor impuiry model increase the plasma surface
loop voltage. Burn time durations are indicated in the following tables
when they are less than the 1000 s target.

At the lowest confinement, limiting the plasma density to the Greenwald value
will have the largest impact on performance. This low-confinement case is
considered in more detail below.

Greenwald density and degraded confinement (Case A, 21 MA and
Case B, 24 MA)

6.4.1

In these Cases, a combination of low confinement (HH = 0.7, Hs9p = 1.8) and
limited density (n/ncw = 1) aPpty- Plasma current is either 21 MA (with q$s ~ 3)
or 24 MA (with q95 « 2.6). Both IDR and divertor impurity model results are
presented.

For the divertor impurity model:

I (MA)

21

21

24

H89P

1.8
1.8

1.8

n/nGW

1
1

1

t*Hc''E

4.8

4.4

6.6

Faux
(MW)

100

200(2)

100

Pfus
(MW)

850

1250

1300

Pin/
Pth(L-H)

1.3
2.1

1.5

pNu>

1.5

2.0

1.7

Bum
time (s)

800

1000

580

(1) Px(thermal + fast ct)(%) a(m)B(T)/I(MA)
(2) Illustrates sensitivity of fusion power to the amount of auxiliary heating
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For the IDR impurity model (x*HeAE = 10):

I (MA)

21

21

24

24

H89P

1.8
1.8

1.8
1.8

n/ncw

1
1

1
1

paux
(MW)

100

200(!)
100

150(D

Pfus
(MW)

850
1300

1300

1500

Pin/
Pth(L-H)

1.4
2.4

1.6
2.1

PN

1.6
2.2

1.8
2.1

Bum
time (s)

1200
1800

810

1000

(1) Illustrates sensitivity of fusion power to the amount of auxiliary heating

These results show that, with low confinement (minus 30% compared to
reference scaling) and density equal to the Greenwald value:

• the fusion power will range from 850 MW to 1300 MW depending on
the plasma current with 100 MW of additional heating;

• the projected PN is low indicating that no extra degradation of
confinement is to be expected from proximity to the beta limit;

• these discharges have an edge power well in excess of the nominal
threshold power for the L- to H-mode transition;

• operating at 24 MA will allow Q ~ 13, but with a somewhat reduced
burn duration: about 580 s (assuming 59 Wb flux swing available for
current flattop) and with qgs below 3.

6.4.2 Performance with low confinement and optimal density (Case C)

If density is not constrained, an optimized solution can be found for a given
confinement that maximizes the amount of fusion power within the constraint
of a given amount of auxiliary heating. The following Tables show what
improvements are expected if one can operate at the optimal densities, the ratio
of this density over the Greenwald value is indicated (L-H threshold and PN
requirements are within expected limits):

For the divertor impurity model:

I (MA)

21

24

H89P

1.8
1.8

n/ncw

1.3
1.05

T*He/tE

5.4
3.9

Faux
(MW)

100

100

Pfus
(MW)

1100

1500

Pedge/
Pth(L-H)

1.3
1.5

PN

1.5

1.8

Bum
time (s)

700

580

DDR-ITER Physics Assessment Chapter Ill-Section 6.0-Page 11



31 January 1997

For the IDR impurity model (T*HeAE = 10):

I (MA)

21
24

H89P

1.8

1.8

n/ncw

1.42

1.05

Paux
(MW)

100
100

Pftis
IMW)

1300

1500

Pedge/
Pth(l-H)

1.2
1.6

PN

1.9

1.8

Bum
time (s)

880

670

Higher densities compared to Greenwald also imply lower temperatures and
therefore reduced bum time. The divertor model lead to higher Zeff (typically 1.8
instead of 1.5 for the IDR impurity) are therefore to lower burn duration.

6.4.3 Performance with nominal confinement and Greenwald density
(Case D)

For density-limited operation, performance improves with better (nominal)
confinement.

For the divertor impurity model:

I (MA)

21

21

H H

1.0

1.0

n/nGW

1.0

1.0

T*He/xE

4.2

3.4

Paux
(MW)

100

0

Pfus
(MW)

1500

1200

Pedge/
Pth(L-H)

1.4
1.0

PN

2.4
2.0

For the IDR impurity model (T*HeAE = 10):

I (MA)

21

H H

1.0

n/nGW

1.0

Paux
(MW)

100

Pft,s(MW)

1300

Pedge/
Pth(L-H)

1.6

PN

2.4

For either impurity model, for nominal confinement and density at the
Greenwald limit, a fusion power between 1.2 and 1.5 GW can be sustained.
Under the divertor impurity model, ignition would be sustained at Greenwald
with 1.2 GW of fusion power while satisfying the L- to H-mode power threshold
and requiring only modest PN-

All cases have a burn time larger than 1000 seconds.

6.4.4 Performance with high confinement (Cases E and F)

With the IDR impurity model, the helium density becomes very large at high
confinement including at the plasma edge. Cases E and F are therefore outside
the domain of validity of the IDR (old) impurity model, which assumed a simple
linear relation between t*He and TE model (r*He/tE = 10).
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For the divertor impurity model:

I (MA)

21
21

H H

1.3

1.3

n/nGW

1.0

0.9

t*He/TE

3.7
3.0

Faux
(MW)

0
0

Pftis
(MW)

1500

1250

Pedge/
Pth(L-H)

1.1

0.9

PN

2.7
2.5

The constraining factor comes from limitation on toroidal p, which would limit
the fusion power to about 1250 MW at a Troyon factor of 2.5. However, the
operating density is below the Greenwald density value, therefore it is not a
limiting factor.

The burn time in case of high confinement is well in excess of 1000 s.

6.5 Time-dependent scenarios with burn/divertor control

Simultaneous control of the fusion power and power to the divertor plates while
maintaining H-mode operation with a density below a maximum value (for
operation below the Greenwald value) need to be studied in ITER. To
demonstrate the feasibility of such operation and develop the appropriate
strategy to achieve simultaneous control, dynamic transport simulations have
been done with the following feedback schemes:

• Ar injection rate is controlled by feedback to protect the divertor target
plate by limiting the target power to 50 MW while minimizing the
amount injected.

• The fuel injection rate is controlled to keep the fusion power at a
required pre-programmed value.

• The amount of auxiliary heating is controlled — in order of decreasing
priority — to: maintain the plasma in H-mode, maintain the plasma
density below a maximum value (below the Greenwald value) and
assist the control of the fusion power. The control of the density is
made possible by the fact that at constant fusion power (imposed by
appropriate fueling) the plasma evolves to a higher temperature and
lower density state as the auxiliary heating is increased.

All these feedback schemes must react appropriately as the Ar level is
independently changed for divertor protection and the helium removal rate
varies with the divertor conditions. The pre-programmed choice of the fusion
power ultimately determines if a solution satisfying all constraints exists.

6.5.1 Time dependent ignited scenario

Figure 6.5-1 shows time traces of the plasma parameters for the reference ignition
scenario (Case N). To make the plots more readable, the burn phase is limited to
about 300 s even though the burn length is in excess of 1000 s.
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FIGURE 6.5-1
Simulation of ignition, controlled burn, and burn termination with
simultaneous control of divertor target power by Ar injection. Calculations are
limited to 300s to make the plots more readable. (Case N: HH =% unconstrained
density).

The power entering the expression for the H-mode power threshold, Eq. 6.2-1, is
the effective input power defined in 6.2.3. It is unclear whether this power
should also be corrected for Ar line radiation, which is essentially located in the
region between the top of the pedestal and the separatrix. Both powers, effective
input and separatrix power corrected for Ar line radiation (Pseparatrix = Pin - pAr
line radiation)/ a r e shown in the simulations.

The temperature and density profiles in an ignited plasma with 1.5 GW of fusion
power are shown in Figure 6.5-2.
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FIGURE 6.5-2
Profiles for the Nominal Ignited Scenario

(Case N, HH = % Divertor Model Impurities)

Time dependent driven scenario: Greenwald density and lower
confinement with 24 MA plasma current

Figure 6.5-3 shows a time-dependent simulation for driven low-confinement
plasma operation at 24 MA. The simulation demonstrates control of the plasma
density below the Greenwald value by feedback control of the auxiliary heating
and also illustrate the versatility of the overall core and divertor plasma kinetic
control scheme (see Section 5) which operates robustly under different
confinement and density control conditions.

Other plasma parameters during the steady state flat top are as follows:

Parameter

Loop voltage

Bum duration

Troyon factor

Charge effective

Energy confinement time

Normalized confinement

Symbol

Vl

'burn

PN

Zeff

*E

1TER89P
0.85 ITERH-93P

Value

98 mV

580s

1.65

2.0

4.0 s

1.8
0.7
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FIGURE 6.5-3
Time Traces of the Major Plasma Parameters for Case B

6.5.3 Note on operation above Greenwald density

It is observed experimentally that operation at a higher average density is
possible with peaked density profiles, as can be obtained, for instance, by deep
pellet injection. This observation indicates that the Greenwald density limit
applies to the plasma edge density and that the central plasma density is not
necessarily affected by this edge density limit.

To study how these observations could be applicable to ITER, simulations were
performed to estimate density peaking in ITER by means of pellet injection.
Figure 6.5-4 shows the density profiles following rapid injection of small pellets
(4 mm) at moderate speed (1.5 km/s). It can be seen that these small pellets can
indeed decrease the edge density compared to the central density. However, most
of the density gradient is obtained close to the edge where ELMs activity is

DDR-ITER Physics Assessment Chapter Ill-Section 6.0-Page 16



31 January 1997

expected to be dominant. An upper limit of pellet penetration is shown in
Figure 6.5-5 by using large pellets (8 mm) at high speed (4 km/s). In this case, the
penetration is more likely to exceed the ELMs radius but the perturbations
associated with each pellet injection leads to a significant modulation of the edge
density raising concerns with adequate operation of the divertor throughout the
pellet cycle.

In conclusion, pellet injection in ITER is not excluded as a possible tool to exceed
the Greenwald density but the achievable ratio n/nGW is likely to be modest with
small pellet injection alone. Clearly more studies and experimental
demonstrations are needed to assess the impact of operational limitations - such
as ELMs or large edge density perturbations on divertor operation - on density
peaking by pellets before a more quantitative assessment can be reached.

Density profiles

Electrons

DT

Helium

8 18
Major radius (ml

FIGURE 6.5-4
Edge density reduced to ~ 8 x 1019 nr3

by injection of seven 4 mm pellets
per second at 1.5 km/s. Profiles
immediately before and after pellet
injection.

Density Profiles

Electrons

DT

Helium

6 8 18
Major radius (m)

FIGURE 6.5-5
Edge density reduced to ~ 8 x 1019

m"3 injection of 7 mm pellets at
4 km/s every 1.2 s. Profiles
immediately before and after pellet
injection.

6.6 Steady state operation and extended burn scenarios

6.6.1 Steady state operation

Non-inductive operation in ITER will create the opportunity to develop a steady
state operating mode to assist ITER's nuclear testing mission and to develop the
physics database for a steady state demonstration reactor. To achieve either of
these objectives, we require full non-inductive current drive (ViooP « 0) and high
fusion power (PfuS a 1 GW). With 100 MW of current drive power, achieving
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these objectives appears to be possible only in reverse-shear discharges which
have high bootstrap current fractions (fss * 70%), good alignment between
bootstrap current density and desired total plasma current density, and high
normalized beta, PN - <P)/(Ip/aB0) a 3.0 T-m/MA. Even at these high p-values,
high bootstrap fractions can only be achieved at relatively low plasma current
(Ip s 14 MA), so steady-state operation requires both an enhancement of the
energy confinement time beyond what is projected by the ITERH-93P ELM-free
H-mode scaling (Tg :» 1.2 TJTEJ^.H)/ and efficient non-inductive current drive
(YCD a 0-2 x 10 A/W-m ) that can be localized off-axis. Operating parameters for
three possible 'advanced performance' reverse-shear 12 MA steady-state
operating modes are shown in Table 6.6-1.

TABLE 6.6-1
Parameters for 12-MA Candidate Steady-State Operation Modes

Pfus 1 PCD [MW]

Ycd [lO^A/VVW]

PN 1 Ptoroidal
<Te>nlTeoIkeV]

<ne)lneo [1020m"3]

<ne)/nGW

1EAITER93-H

T E / * I T E R 8 9 - P

Fully Optimized

1500 1 100

94%

0.06

2.9 1 2.8 %

10.2 1 18.1

1.0 1 1.7

1.4

2.35

1.05

2.0

H-Mode-Like
Density Profile

1500 1 100

79%

0.21

3.8 1 3.7 %

12.5 1 25.9

1.0 1 1.1

1.4

2.46

1.22

2.26

Low Density
Reversed-Shear

1000 1 100

71%

0.21

3.6 1 3.5 %

15.8 1 32.9

0.71 1 0.78

1.0

2.84

1.26

2.38

These three steady-state operation modes have the same plasma parameters,
such as Ip = 12 MA, Ro/a = 8.66/2.32 m, K/6 = 2.00/0.44, q95 = 4.95, BT = 5.33 T, and
Zeff~ 1.4. Figure 6.6-1 shows the pressure and current profiles for a steady-state
operating scenario (H-mode-like density profile) that is projected to produce
1500 MW of fusion power. Ideal MHD calculations show that this pressure
profile is stable to both kink and ballooning modes for PN s 5 with a conducting
wall located at 1.3 times the plasma minor radius.

The assumed pressure profile provides excellent alignment between the
bootstrap current (fas**80 %) and the assumed total plasma current density. An
example with the higher bootstrap current fraction is presented in the Table 6.6-1,
but will likely require an unrealistic degree of control over the temperature and
density profiles.

High-p operation in these reversed shear scenarios assumes a strongly shaped
plasma with high elongation (K95% a 1.85) and high triangularity (695% a 0.4).
The design implications and compatibility with ITER poloidal field system for
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this mode of operation were discussed in Section 5. The possible existence of
unstable resistive wall modes needs to be examined more closely.

1.2 T

FIGURE 6.6-1
Pressure and Current Profiles for Reversed-Shear Steady-State Scenario

The reversed- or negative-central shear (RCS/NCS) operation mode is now being
widely studied in tokamak experiments. This study is still in progress and
present knowledge is not mature enough to conclusively assure applicability of
these scenarios to ITER conditions. It is not clear, for example how to extrapolate
energy confinement to ITER, or what the plasma density limit, equilibrium He
and impurity levels in the plasma core for RCS/NCS ITER plasmas will be, and
how disruptive such plasmas will be. However, the RCS/NCS regimes are very
promising for tokamak operation and the present experimental program is
addressing these issues.

Preliminary findings indicate the following requirements for ITER auxiliary
heating and current drive systems in order to achieve non-inductive operation:

• On axis current drive with the current density of about 0.2-0.5 MA/m2;

• Off axis current drive (r/a >0.5) with the total driven current of
1-3 MA.

6.6.2 Extended burn scenarios

Very long inductive pulses can be achieved in ITER in ELMy H-mode. Table 6.6-2
shows the poloidal flux available for the flat top of the inductively driven
scenario as a function of the plasma current.

TABLE 6.6-2
Poloidal Flux Available For the Flat Top Operation

as Function Of the Plasma Current

I (MA) 24

53

21

84

17

150

15

167

10

133
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For example at I = 17 MA application of the full auxiliary power of 100 MW can
compensate additional power loss due to a reduction in the plasma confinement
and at the same time can drive about 3 MA of plasma current. At the same
temperature the resistive loop voltage will be about 1.5 times lower than in
reference 21 MA case but available flux is 1.8 time larger and as a result the
inductive pulse length will increase to 3000 s. Modeling of ECR driven plasma
scenarios (code ASTRA) has shown that optimization of the scenario can
increase the pulse length at the plasma current of 16-18 MA and Q > 5 up to
6000-10000 s. This scenario may prove useful for nuclear testing.

6.7 Conclusions

A set of physics rules recommended by the ITER expert groups has been adopted
to characterize ELMy H-mode confinement, impurity level and operation limits
in ITER. Profiles are consistent with experimental profiles in particular from
ITER Demonstration discharges and reproduced in the simulations by an
appropriate choice of local transport coefficients. These updated physics rules
confirm that under the nominal value of confinement (HH=1) ITER sustains
ignition and produce 1.2 to 1.5 GW of fusion power depending on whether the
density can exceed or not the Greenwald value. The range of cases which have
been analyzed show that even under degraded confinement (-30% compared to
nominal value) and with a density limited to the Greenwald value, ITER would
produce 1.3 GW of fusion power in driven mode (100 MW of additional heating)
with a current of 24 MA and 850 MW at 21 MA. For such driven scenario: the
required PN is well below projected limits, the divertor heat loads are consistent
with design specifications and the edge power is above the nominal L- to H-mode
power threshold.

In addition, time-dependent scenarios that include coupling with the divertor
have demonstrated that these projected performance can be realistically obtained
while simultaneously satisfying divertor heat load and the nominal L- to H-
mode transition power thresholds.
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7.0 PLASMA HEATING AND CURRENT DRIVE AND
DIAGNOSTICS REQUIREMENTS

This Section describes capabilities of the candidate ITER heating and current
drive systems to provide plasma heating in the reference inductive scenarios and
support driven plasma operation including steady state scenarios. The
requirements to the plasma heating and current drive have been discussed in the
previous section. This section includes also a paragraph which summarizes the
required plasma measurements discussed in the previous sections and presents
shortly the diagnostic systems to provide these measurements. The details of the
individual diagnostic systems can be found in the IPDD part of the Detailed
Design Report.

7.1 Role and requirements for heating and current drive systems

Plasma heating to raise the initial temperature of ITER plasmas to levels
sufficient to ignition or high Q operation is essential to implementation of all
ITER plasma operation scenarios. The use of sustained but controllable plasma
heating and current drive is one of the two basic 'plasma control elements'
optimize and/or control the plasma kinetic and internal magnetic state in long-
pulse or steady-state driven-burn scenarios. In this latter regard the plasma
rotation that arises either directly because of heating system momentum input or
indirectly owing the diamagnetic rotation driving effects of heating is expected to
have an appreciable influence on the plasma MHD stability and/or confinement.

In addition to the central role that H&CD systems have in the initiation of fusion
burn and control and optimization of driven-burn and steady-state scenarios,
heating systems have additional supplemental but potentially productive roles
in the optimization of ITER operations that range from pre-plasma wall
conditioning, and plasma-initiation-assist to possible control of MHD island
growth to increase the beta limit and reduce disruptivity.

All of these considerations argue that ITER must have a complement of H&CD
systems that are capable of providing both sufficient power to initiate and sustain
fusion burn and also sufficient heating flexibility (radial localization and/or
heated species) and current drive efficiency and radial localization to facilitate
both exploratory physics studies and the optimization of plasma performance,
especially with respect to long-duration and steady-state burn. These idealized
'physics requirements' must, however, be balanced against considerations of
H&CD technology availability and R&D costs, operational reliability and system
cost, both in terms of direct hardware cost (power supplies, heating system
components and in-vessel antennae, etc.) and also indirect costs, including
competition for access ports and requirements for associated in-vessel and in-
facility remote maintenance.

Given this complex set of physics, hardware and component R&D issues, and
also given that on-going physics R&D progress may provide new insight in the
future, selection of the final mix of ITER H&CD systems remains open and will
likely not be made before the conclusion of the EDA. At the present time,
neutral beam injection (NB), ion cyclotron range of frequency (ICRF), electron
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cyclotron range of frequency (ECRF) and lower-hybrid (LH) waves are all
candidates, and the ITER device is being designed to accommodate up to 50 MW
of any of these options, with a total power of up 100 MW.

The major requirements for the H&CD systems in ITER are:

• Provision of sufficient plasma heating power to access H-mode plasma
confinement in DT plasmas and to subsequently increase plasma
temperature to values where ignition will occur. Present estimates are
that 100 MW will be sufficient for both requirements (see however,
discussion in Section 2 about present uncertainties in the H-mode
threshold power).

• Provision of up to 100 MW of continuous (> 1000 s duration) auxiliary
power to supplement alpha heating in finite-Q driven burn scenarios
(see Section 6). Up to 100 MW of auxiliary heating power must also be
available to assist of normal plasma shutdown at the end of pulse (see
Section 5). The auxiliary H&CD systems must be capable of heating the
plasma within a density range <ne) = 0.3 -1.5 x 1020 m'3 and a
temperature range 3-30 keV.

• Provision of non-inductive current drive capability to evaluate plasma
performance optimization (profile optimization) and determine
requirements for extended-duration or steady-state operation in
plasmas with densities in the range <ne) = 0.6 -1.5 x 1020 nr3 , and
Ip = 12 - 21 MA. Extended burn and steady state plasma operational
scenarios will require both on-axis and off-axis current drive
capabilities with sufficiently high current drive efficiency to non-
inductively maintain a driven current of at least 1 MA.

• Provision of a plasma start-up capability. 3 MW at input power will be
sufficient for plasma breakdown assist and impurity burn-through
assist.

• Maintenance of sufficient plasma rotation to avoid locked modes and
to stabilize resistive kink instabilities via the effects of a conducting
wall.

In addition, the following H&CD functions are desirable:

• Local control of plasma current profile for exploration of advanced
operational scenarios, reversed shear modes, stabilization of resistive
MHD instabilities, control sawteeth, magnetic islands and others.

Analysis of the performance of the candidates of the ITER heating and current
drive systems shows that three of them NB injection, ICR, and ECR waves can
provide efficient plasma heating in the required range of the plasma parameters.
Current drive capability of NB, ECR, ICR and LH systems can extend the
inductive pulse length and control plasma current profiles. All the necessary
elements of the advanced operational modes can be achieved in a combination of
several auxiliary systems: NB, ICR and ECR can provide central current drive
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with a reasonably high current drive efficiency of 0.15-0.4 x 1020 A/W-m2; ECR
and LH system are capable of driving 1-3 MA off axis current. NB injection can
provides adequate plasma toroidal rotation.

However, none of these systems can fulfill all requirements alone and a
combination of different auxiliary H&CD systems will serve to increase flexibility
of the machine to adopt advanced plasma operation modes.

The material presented in the following Sections (Section 7.2-7.5) focus on the
physics status and possible utilizations of these four candidate heating systems.

7.2 Neutral beam injection

Neutral beam injection has made a major contribution to the progress,
knowledge and experience gained worldwide in fusion research, and almost all
medium and large tokamaks have powerful NB H&CD systems. These systems
have been found to be flexible, and they have reached reliability and availability
levels, approaching or exceeding 90%. However, the use of NBI on ITER is not a
straightforward extrapolation from today's systems. The energy of the beams
needed to heat to ignition and to drive current has to be greater than about
500 keV (D° beams), where negative ion beams are needed. A negative ion beam
injector with ion energy of 500 keV is now used in JT-60U.

The physics strengths of NBI are, in addition to very straightforward heating, the
ability to induce rotation, a proven current drive capability, and insensitivity to
plasma configuration changes and edge conditions. As a diagnostics, heating
beams can be used for motional Stark effect measurements of the current profile.

7.2.1 Beam deposition and shinethrough

At the deuterium NB energy of 1 MeV and plasma temperature less than 25 keV
the electron heating is larger than the ion heating and hence NB will heat
predominantly the electron component of the plasma. The NB power deposition
for the reference scenario has been discussed in the Section 3.6, using the accurate
beam configuration. It is shown that the NB deposits rather uniformly, slightly
peaked near plasma edge (see Figure 2.6-3). The NB power deposition is also
evaluated for the current NB configuration by a simple model with a pencil
beam, and the fraction of deposition NB power is shown with varying average
density in Figure 7.1-1. The D-beam energy is 1 MeV. The density profile is
assumed to be quite flat, [1 - (r/a)2]01, and the average temperature is
<T> = 10 keV with parabolic profile, with peak temperature just below 20 keV.
Three kinds of fractions of deposited power are evaluated; the power deposited
onto ions Ptorv the power deposited on inner plasma (r/a < 0.5) P(r/aS0.5), and the
power deposited on inner plasma ions (r/a < 0.5) PjOn(r/a<0.5). In the density
range of <n> = 0.3 - 1.2 x 1020, 30-20% of the NB power is transferred to ions. The
deposition power onto the inner plasma varies widely with plasma density as
shown in the figure, and it indicates significant ionization of beams in the outer
region of plasma in high density plasma, and it causes a noticeable ripple loss (see
Section 2.6). The power fraction deposited onto ions of the inner plasma is
reduced to about 10 % at <n> = 1.0 x 1020.
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The NB shinethrough fraction is shown in Figure 7.2-2 for the reference plasma
scenario with <T> = 10 keV with a parabolic profile, varying density and beam
energy. For the deuterium beam of 1 MeV, corresponding Eb = 0.5 MeV/amu,
the shinethrough fraction increases with decreasing the density, and becomes
greater than a few % below 3 x 1019 m' 3 and the application of NB for plasma
heating and current drive at plasma density below 3 x 1019 m~3 is questionable.

0.6

0.5
— P|0n<rfesi,an=0.1)i

s---P(r/aa0.5,an=0.1)
P ( /£0 .5 , an=0.i i

0.6 1 1.5
<n>[102°m-3]

0.1

0.01

0.001
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

<n> [1020 m-3]

FIGURE 7.2-1 (Left)
Fraction of NB Power Deposition

Against Density

FIGURE 7.2-2 (Right)
NB Shinethrough Fraction Against

Density for Two Beam Energy

7.2.2 NB current drive

The NB driven current is evaluated by the ACCOME code, which uses the orbit-
following Monte Carlo with 2D plasma equilibrium. Two typical target plasmas
are selected, a reference pulsed scenario with 21 MA and a steady state scenario
with 12 MA. The NB is assumed to have parallel beams with 0.15 m horizontal
radius and 0.3 m vertical radius, the center line of which is in the midplane with
the tangential radius Rtang = 6.5 m. The NB power is 50 MW, and deuterium
beam is used with changing its energy as a scan parameter. The code includes
multi-step ionization processes. In the steady state mode the plasma (Ro = 7.5 m,
a = 2.3 m, K = 1.85, 8 = 0.1) is shifted inward to reduce ripple losses and increase
current drive efficiency. Note that the steady-state plasma configuration is
somewhat extreme and further optimization is necessary to satisfy poloidal field
coil constraints and plasma vertical stability condition. The density and
temperature are assumed as

- (£)«" J

Here it is assumed that neo= 0.8 x 1020 m"3 (<n> = 0.7 x 1020 nr3), Yn = 0.05,
dni = 2.0, On2 = 0.15, Teo = 27 keV, yp = 0.15, o n = 2.0, an = 3.0. The current drive
efficiency YCD = <n> Ro ICD / PNB a n d driven current profiles for both cases are
shown in Figure 7.2-3, with varying the beam energy. The current drive
efficiency is reasonably high for the reference scenario, and for the steady-state
scenario it is further improved. The efficiency could be increased even more if
hydrogen is used in NB instead of deuterium. Modeling shows that H-beam
have current drive efficiency by factor about 2 larger than the D-beam.
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FIGURE 7.2-3
NB Current Drive Efficiency and Current Profiles for

Reference and Steady-State Cases

Therefore, for 50 MW of NB power, the total driven current in ITER is in the
range 1.5-2.5 MA. The on-axis driven current density is in the range of
0.17 - 0.8 MA/m2, which meets the requirements of 0.2 MA/m2 corresponding to
q(0)<5.

7.2.3 Plasma rotation capability

The plasma rotation induced by NBI has been evaluated in Section 2.5.

7.3 Ion cyclotron range of frequency waves

High power Ion Cyclotron Range of Frequency (ICRF) waves have played an
important role in the development of high performance tokamak physics and
are today in use in all major facilities. The initial problems of ICRF-specific
impurity generation have been overcome and high power, long pulse operation
is now routinely achieved. ICRF heating has produced (alone and in
combination with NBI hearing) H-modes, (high bootstrap current) very high
(VH) confinement discharges, has operated in any other high performance mode
of operation and is used in a wide number of applications, ranging from plasma
production to sawtooth control by minority-ion current drive.

DDR-ITER Physics Assessment Chapter Ill-Section 7.0-Page 5



31 January 1997

The principal strengths of a fast wave auxiliary H&CD capability are :

• Fast wave - ICRF - is the only heating scheme proposed for ITER for
which both a technology and physics basis is presently available. The
principal technology complication is designing the antenna structure to
withstand heat loads and disruptions — a problem that is believed to be
well on its way to solution.

• The existing technological base of commercially available, high-power
sources and transmission equipment, with high electrical efficiency,
make it the cheapest of the proposed heating methods.

• Fast wave has now an experimental database on-axis current drive
capability.

• In early, low density period of ITER discharges, second harmonic
tritium heating can raise the ion-temperature above the electron
temperature, giving rise to additional thermonuclear power to assist
the transition from L- to H-mode.

• ICRF wave systems do not extend ITER vacuum/tritium boundary and
insulating feed through technology is well developed.

But there are potential problems as well:

• ICRF fast waves must cross an evanescent region of low plasma density
before propagation starts. It follows that the antenna must always be
close to plasma which can diminish the plasma shape flexibility.

• Power reflected from a fast-wave antenna depends on the density
profile in the vicinity of the separatrix and the scrape-off-layer (SOL).
This profile changes appreciably during the course of an ELM, resulting
in important changes in reflected power and, if not compensated, in
power transfer efficiency. High power RF systems have shown to be
capable of operation in the above conditions and improvements such
as wide-band matching are under design to further alleviate this
problem. Some degradation of antenna and RF system performance as
a result of an ELM may however be inevitable.

• Fast wave-ICRF heating has not yet documented an efficient off-axis
current drive capability extrapolatable to ITER. This is believed to be
needed to sustain advanced tokamak discharges. Although efficient
electron absorption and on- and off- axis CD by mode conversion have
been demonstrated in present machines, this mechanism appears to be
inefficient in ITER. A combination of this technique with fast wave
damping that may be promising for ITER has been proposed and
should be further investigated.

• Fast wave-ICRF H&CD provides little angular momentum input so
only minimal plasma rotation by momentum transfer is expected.
However, the observed ICRF induced plasma rotation (attributed to
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increased pressure gradient, and enhancing the natural diamagnetic
rotation), may be sufficient to avoid locked modes.

Experience has shown that many-element phased arrays exhibit
complicated features in coupling and matching and hence fast wave
antenna designs proposed for ITER should undergo engineering tests
on operating tokamaks, before they are employed on ITER.

7.3.1 Fast wave heating and current drive physics

The ITER ICRF heating scenarios are listed in Table 7.3-1. The basic heating
scheme, based on second harmonic absorption by tritium, is performed just
below 60 MHz at the nominal ITER magnetic field. 2-D full wave computations
indicate a strong wave focusing, good wave absorption per transit with modest
tail formation, favoring a good coupling of the power to fuel ions [Kim96].
Power deposition profiles are predicted to be very peaked and central.

TABLE 7.3-1
ITER ICRF Heating Scenarios with Frequencies

Computed for BT = 5.7 T and R = 8.14 m

Heating
Scenario

« D

2£iT

QH=2£iD

Frequency
(MHz)

43

57

57

85

Remarks

Alternative minority heating scenario;
• maximum single pass clamping at low D concentrations

(nD /nT<0.3)
• competitive deposition (up to 50%) in a particles

Principal heating scenario for pre-burning plasma
• high single pass absorption (> 85 %)
• high n^ prevents formation of energetic tails.
• little a absorption.
• He3 minority heating for non-tritium operation
• high single pass absorption at low Te and rig

H minority heating for start-up scenarios second harmonic D
heating

ITER wave damping scenarios in the ICRF have been extensively studied on RF
heated plasmas and on plasmas already containing fast NBI ions. Experiments at
2flx o r i TFTR show that the measured power partitioning is in very good
agreement with theoretical predictions [Phi95]. The competition among different
heating mechanisms such as direct electron absorption, resonant ion absorption
and edge mode conversion have also been investigated in TFTR.

It has been demonstrated in TFTR that 2OT damping is sufficient to achieve full
wave absorption at the initial low plasma density (~ 3 x 1019 nrr3) and
temperature (~ 2.4 keV) [Rog96]. A He3 minority scheme is also available at the
same frequency, which can be used in H and D plasmas and in the pre-ignited
phase of the operation. The effects of combined minority pre-heating of a
relatively cold plasma, with evidence of second harmonic heating of the driven
fast ion tail has been reported on ASDEX-U [Not93].
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Current drive requires the production of non toroidally symmetric k 11 spectra,
favoring the wave interaction with a selected particle population (ions or
electrons) in velocity space. This condition is obtained by asymmetrical phasing
the multi-strap array used for heating. Two damping mechanisms on electrons
are available. Direct Fast Wave (FW) adsorption by the electrons is one option.
The other, called Mode-Conversion Current Drive (MCCD), uses the wave
confluence at the ion-ion hybrid layer to convert the fast wave into the ion
Bernstein wave and have the electrons absorb the latter rather than fast wave
[Maj95]. In both cases ion absorption is a competing mechanism which should be
minimized by "removing" ion resonances from the wave path. Two frequency
windows are available: in one (f < 30 MHz) the frequency is below all ion
resonances whereas in the second (~ 60 MHz) electron absorption is in
competition with 2Qj (on the high field side) or with 2Qo (on the low field side)
resonances.

Off-axis minority ion current drive has also been demonstrated in JET [Sta91] and
used to control sawteeth. In the case of ITER He3 could be used as minority
species at 50 (q = 1 outboard) and 75 MHz (q = 1 inboard) frequencies.

On-axis Fast Wave current drive (FWCD) has been observed on several
tokamaks with current drive efficiencies up to 0.04 x 1020 A/W-m2 and a linear
dependence with Teo (Figure 7.3-1), in very good agreement with theoretical
predictions [Bec96]. Extrapolation to ITER leads to an efficiency of the order of
0.15 - 0.25 x 1020 A/W-m2, allowing the ICRH system to fully control the central
plasma current. Estimates of FW central current drive have been performed by
2D full wave codes for standard ITER parameters. The CD efficiency versus
frequency is shown in Figure 7.3-2. These efficiencies are adequate to drive the
central current density 0.3 MA/m2 required for q(0) > 3 reverse shear
configurations [Kim96].

It should be pointed out that the CD frequency range is close to the 2ilj principal
heating frequency (57 MHz) and heating and current drive functions can be
graded during operation by simple frequency and phase changes. This unique
operational feature has been experimentally demonstrated in JET [Sta91].

On- and off-axis MCCD is now documented by several experiments in tokamaks
with very efficient electron damping and comparable current drive efficiencies.
The power deposition profile can be controlled by changing the position of the
ion-ion hybrid layer via changes in frequency, magnetic field or species
concentration. In hot plasmas, the electron damping on the Bernstein wave is
very efficient and most power is absorbed. The extrapolation of these results to
ITER is however not immediate due to low wave tunneling and mode
conversion in ITER conditions [Bec96] and to the low ICRF array directivity in
the frequency range (f < 30 MHz).

An alternative scheme of off-axis Fast Wave CD using the i-i hybrid resonance as
a reflector has been proposed [Van96]. In the frequency window 27 < f < 30 MHz
off-axis current-drive is possible, but the efficiencies are low J/P=0.01 A/W at
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30 MHz (no Be) and J/P = 0.005 A/W at 28 MHz, and the application to ITER is
questionable. The CD frequencies are reported in Table 7.3-2.
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FIGURE 7.3-1
Central FWCD Efficiency

Scaling with Te

0.2

0.1

0.05

/

/

\ :
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((MHz)

FIGURE 7.3-2
ITER Projected FWCD

Efficiency [Kim96]

70

TABLE 7.3-2
ITER ICRF CD Scenarios (BT=5.7 T and R = 8.14 m)

CD
Scenario

" < n i o n s

2Q-r<n<2£iD

"He3
QHe3

Frequency
(MHz)

<20

60

75
50

Remarks

• On-and-off axis MCCD
• Off-axis FWCD with reflection on i-i hybrid layer

• Central FWCD

He^ inboard ion minority heating CD
He^ outboard ion minority heating CD

7.3.2 Wall conditioning and plasma start-up assist

ICRF power may be used for ancillary uses, namely vacuum chamber wall
conditioning or coating and plasma start-up assist. In present experiments both
functions are performed with the same hardware used for heating and CD. The
same is expected to be possible in ITER.

Tore Supra and TEXTOR have performed wall conditioning experiments [Cal96],
energizing the antenna on a low-density gas in presence of the full toroidal
magnetic field. In the case where the torus chamber is filled with low pressure
D2 gas, one observes significant production of various molecules: HD, CD4, D2O,
CO, which reveals a cleaning effect and a wall isotopic ratio change. Another
possible scenario, consisting in repeated pulses of RF in an 4He gas, shows a high
wall D2-desaturation capability, estimated higher than the one of usual glow
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discharges. RF discharges in a mixture of inert and reactive gas (such as SiH4)
were shown to be as effective as glow discharge for wall coating [Ess96]. TEXTOR
[Lys96] has performed plasma start-up assist experiments. The RF power is
switched on, then the inductive loop-voltage is applied. The plasma current and
density then raise, as in a normal discharge. The interest here is that the required
loop-voltage is lower than without RF-assist, saving thus inductive flux.

7.4 Electron cyclotron range of frequency waves

The Electron Cyclotron Range of Frequencies (ECRF) can fulfill the anticipated
requirements of auxiliary power systems (apart from rotation drive) over a wide
range of conditions, including a variation of toroidal field between 4.0 and 5.7 T
and density between 0.2 and 1.5 x 1020 nr3 . Moreover, the flexibility to choose
toroidal and poloidal launch angle and, to a lesser degree, frequency, launch
position, and power modulation rate, give an EC facility the ability to perform a
number a functions such as heating, on- and off-axis current drive, and feedback
control of magnetic islands. Presently, it is expected that reverse-shear tokamaks
will require 1-2 MA of off-axis current drive. A technology R&D program aiming
towards the development of gyrotron sources and windows suitable for ITER
addresses the principal concern regarding this H&CD scheme.

EC wave propagation theory is well advanced, and relatively simple ray tracing
codes based on first principles can accurately predict the propagation and
absorption of EC waves in a plasma. For current drive or high power density
cases, Fokker-Planck codes [Har92, Obr92] have proven very effective in
understanding experimental results quantitatively. These codes therefore are
highly predictive for application of EC waves in ITER. The codes support the
experimental observation that non-Maxwellian effects are not found in the T-10
tokamak even at a power per electron of 6 x 106 eV/s, much higher than the
power density in ITER.

EC waves may be launched from the midplane at the low-field-side (LFS) of the
plasma, with very high power density. The ordinary EC wave propagates freely
from the antenna through free space to the plasma, where propagation continues
without cutoffs to the resonance region. The wave is fully absorbed in the region
of the electron cyclotron resonance for all plasma conditions relevant to ITER.
Central heating for ITER requires a frequency in the range of 150 -170 GHz. For
170 GHz, the maximum density to which the wave can propagate is that for
which the plasma frequency is equal to the wave frequency, about 3.5 x 1020 nr3 ,
which is well above the densities expected in ITER. Simulations indicate that
full single-pass absorption [Llo94] can be obtained even during the initial Ohmic
phase of the discharge. At a central temperature of only 5 keV and a central
density of 0.3 x 1020 m'3 the optical depth is already 30 and increases to ~ 300 as
ignition is approached. Calculations also show a tolerance for large beam
divergences for perpendicular injection. Single pass absorption in ITER is very
strong for all toroidal launch angles smaller than 35° from radial. For launch
angles larger than 35° parasitic absorption at the relativisticly-broadened second
harmonic electron cyclotron resonance in ITER can cause loss of power at the
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intended heating location. This loss can be minimized through proper choice of
the frequency and launch angles.

7.4.1 EC wave heating and current drive physics

The physics basis of EC H&CD is mature and optimization studies for an ITER
system are proceeding [Erc94]. Studies of core current drive recommend
scenarios based on upshifted (o) > a)ce) absorption of elliptically polarized
ordinary-mode (EC) waves launched from the LFS midplane. For current drive
an oblique launch must be used, which shifts the centroid of the absorption in
the direction of the LFS of the torus. As a compromise on a single frequency,
170 GHz, places the heating slightly inboard of the major axis, at r/a = 0.15, while
for current drive the heating and current deposition can be placed on the axis for
suitable launch angle (20° from radial) as shown in Figure 7.4-1. Predicted central
CD efficiency at 170 GHz, 5 T is in the range 7=0-16-0.19 for central electron
temperatures Teo -20 -30 keV.

Fokker-Planck calculations show that by changing the toroidal launch angle from
normal to 35°, the normalized minor radius of the peak in the power absorption
may be shifted continuously between r/a = 0 and 0.4, for ITER conditions of 5.7 T,
170 GHz, and Teo = 30 keV. The power deposition profile and the profile of the
driven current are very narrow. The calculations show that significant off-axis
current drive capability exists. For example, at the launch angle of 30° the code
OGRAY predicts about 1 MA of the driven current at ~ 0.3 of the minor radius.
However, for reversed shear scenarios it is desirable to shift the position of
driven current further to the plasma edge. To control m = 2 modes it is necessary
to drive the current at around r/a = 0.7, where the q = 2 surface locates. Hence, a
more oblique toroidal launch is required but for the launch in the equatorial
plane the global current drive efficiency drops (see for example Figure 7.4-1).
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FIGURE 7.4-1
Current drive figure-of-merit for 24 MA, 6 T target plasma with Teo=20-and-
30 keV. Figure-of-merit y vs. toroidal launch angle for a number of frequencies.
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FIGURE 7.4-2
Current density profiles as a function cf the normalized radius for various
toroidal injection angles with injection frequency of 170 GHz and injected power
of 50 MW for launching with an angle 20° above the midplane. Total current is
also shown.

To optimize the off-axis driven current capability, especially r/a = 0.7, the
following attempt has been done for an advanced scenario, equatorial plane
launch with a poloidal angle 20° above the midplane. The target plasma of the
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advanced scenario is assumed to have ne = 1.0 (1 - (r/a)2)001 1020 nv3 and
Te = 30(1 - (r/a)2) keV, and Zeff = 1.4. The TORAY ray tracing code is used and
coupled to a current drive calculation based on linearization of the collision
operator in toroidal geometry. It is noted that efficiencies using this model are
typically about 15% lower than those with full, momentum-conserving collision
operator. Results are shown Figure 7.4-2. The launch with a poloidal angle 20°
improves the off-axis current drive capability. The EC driven currents over
1 MA are observed in the range of the normalized radius of 0.3 - 0.75. The global
drive efficiency is also improved, i.e. y = 0.26 for 40 - 45° toroidal launching.

One can conclude that the EC system with the total power of 50 MW can be
capable to drive 1-1.5 MA of the off axis current in ITER which could be used as
for creation of reversed shear configurations as for stabilization of the tearing
modes.

As was mentioned above the highly localized absorption possible with EC waves
can be used to control MHD activity in a plasma. For example, in a number of
experiments the sawtooth instability has been stabilized through application of
ECH power with careful placement of the EC resonance relative to the q = 1
surface. Similarly, heating near the q = 2 surface has been shown to suppress
m = 2 oscillations [AH94] which can lead to a disruption. Local EC power
deposition very near the separatrix can strongly decrease the frequency of ELMs
in H-mode plasmas [Mor94], leading to a modest increase in confinement.
Locked modes have also been suppressed using ECRF. All of these applications
need further physics development before they can be considered for use in ITER.

7.4.2 EC start-up assist and wall conditioning

ECRF has been used successfully for preionization and startup in many tokamak
experiments [Llo91]. It has been demonstrated that the peak loop voltage can be
reduced by nearly an order of magnitude through application of modest EC
power in the ionization phase, with modest savings of flux in the Ohmic heating
coil. Perhaps more importantly, use of EC power during the preionization and
startup phase can greatly broaden the conditions under which reliable breakdown
can occur, for the small electric field (E ~ 0.3 V/m) typical of ITER. In this way,
extremely stringent constraints on error magnetic fields and gas fill density in
ITER can be reduced through ECRF startup assist. A few MW of power should be
adequate for this purpose. Frequencies in the range of 90 - 140 GHz are resonant
at the transient null for the present ITER reference scenario corresponding to
central fields in the range of 4.0 - 5.7 T.

Wall conditioning is used in ITER to remove impurities, control recycling of
hydrogenic gas during plasma start-up, and minimize the tritium inventory.
The base line wall conditioning methods include ECR discharge cleaning
(ECR-DC) in the presence of a toroidal field. For ECR-DC, the range of start-up
frequencies (90-140 GHz) as well as the H&CD frequency (170 GHz) can be used.
The location of the resonance can be varied by ramping the toroidal field.
Alternatively one can employ a vacuum poloidal field to guide power from the
breakdown region in the center of the vessel to the desired location on the
chamber walls.
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7.5 Lower hybrid waves

The Lower Hybrid (LH) waves has a potential to be an important element
realizing advanced, reverse-shear tokamak operations in ITER and also could be
an effective tool for the current profile control. Recent experiments have
demonstrated the efficiency of LH CD&H to create and maintain reversed shear
configurations (FT-U, JET, JT-60U, Tore Supra), with establishment of local
transport barrier and improved global confinement. Thermal barriers
established in this way displayed the same enhanced performances when strong
central heating was subsequently applied than those prepared by fast ramp-up or
early NB heating. The LH waves are the most efficient current driver in present
experiments and achieved experimental values, exceeding y = 0.3x1020 A/Wm"2,
are those expected in ITER. The LH CD is predicted to retain the highest
efficiency of all envisaged methods for off-axis CD (r/a > 0.5) during burn i n
ITER. The current drive efficiency of LH is high already at low temperature.
This specific feature gives LHCD a unique CD capacity during the low-beta phases
or in the low-P region of burning plasmas.

On the other hand, studies also show that the LH waves can not penetrate to the
center of a nominal ITER flat-top discharge (central power deposition is predicted
to be possible in ITER to neTe = 10-15 keVxlO20 nr3 ), so the lower hybrid can not
be considered a central heating method for the principal ITER mission.

The key unknown for lower hybrid in ITER is the ability of LH system to attain
adequate coupling in ITER. The coupling properties of LHW antennas are well
understood, good coupling requires a minimum plasma density at the launcher
mouth (about 2 times the cut-off density: nc = 3.1xlO17 nr3(fGHz/5)2)- In several
experiments QET, JT-60U, Tore Supra), this density provided by before RF or LH
power itself, at little power expense, and /or by other active means (e.g. gas
puffing). Although this enabled the LHW to be coupled efficiently at large
distances from the last closed magnetic surface in routine operation up to 15 cm,
control of the main chamber neutral pressure will most likely be an essential
element in ITER power and particle control. For ITER, it is appropriate to
experimentally establish coupling (and gas puff techniques for assuring coupling
which are consistent with main-chamber neutral gas pressures levels desired to
avoid confinement degradation and to operate a highly baffled divertor) during
the first hydrogen phase of operations. For this, a modest power but full power-
density system, lower hybrid antenna occupying a fraction of a port will suffice.
Further investigations of the mechanisms involved and of their relevance to
ITER are underway.

In this Section, a possible role of the LH system in ITER will be illustrated by two
examples studied by the European Home Team [Bou96, Lit96]: (1) avoidance of
sawteeth in the standard ignition case, and (2) steady-state operation and control
in advanced scenarios. Additional examples can be found in Physics DDD.

7.5.1 Sawtooth avoidance in the 21 MA standard ignition case

At the high plasma current of 21 MA the sawteeth inversion radius is expected to
be a substantial part of the plasma minor radius and a single sawtooth could
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create a large perturbations of magnetic field which could trigger ELM or
neoclassical tearing modes at high beta discharges. A straightforward way to
avoid sawteeth is to operate with the q(0) > 1. It was shown in the IDR that if the
current profile at the start of the flat top has q(0) > 1 than the sawteeth free period
could be sustained during several hundred seconds. It is shown in below that the
required current profiles can be achieved by supplementing non-inductive
current drive with LH waves during current ramp up. At this stage of the
scenario the plasma density is low and LHCD could be very efficient for tailoring
current profile.

Ramping up the LH power during a 0.15 MA/s current rise phase provides non-
monotonic q(r)-profiles with a wide central region of flat shear at the beginning
of the flat-top phase. Then, over the long resistive diffusion time in the burning
phase, the magnetic shear zone shrinks slowly and the current profile reverts to a
monotonic shape, but q-values can be kept above 1 over the whole plasma cross
section up to 1000 s. Sawteeth are therefore avoided throughout the whole
discharge duration. The q-profiles obtained from the code JETTO at t = 500 s (i.e.,
during flat-top) are compared in Figure 7.5-1 for Ohmic ramp-up only and for a
50 MW LH-assisted ramp-up, both with 50 MW IC heating started at the
beginning of the current flat-top. The primary power supply during ramp-up is
significantly reduced with LHCD thanks to the large enhancement of the current
drive efficiency from the electric field in the outer half of the plasma. A total of
~ 70 Vs are saved in the Ohmic flux consumption. Consistent operation of the
poloidal field (PF) system is required in order to account for changes in the
primary flux consumption with respect to the Ohmic ramp-up, but maintain the
PF coil currents compatible with X-point formation and plasma control (e.g.
appropriate pre-magnetization).

ITER, nominal ignition case

LH ramp-up
OH ramp-up

0.4 0.6
i/a

FIGURE 7.5-1
Comparison of the q(r) profiles during current flat-top in an LHCD-assisted ramp-
up scenario and in an Ohmic ramp-up case.

Simulations have also been performed with ASTRA code for various levels of
helium ash in the discharge and various ratios between the maximum LH and
ICF wave powers (PLH + PFW = 100 MW) at the end of the ramp-up phase. The
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alpha-particle heating power is maintained at 300 MW. The result of the LH
power scan at the end of the ramp-up phase is shown in Figure 7.5-2. The time
during which the minimum value of the safety factor (qmin) is larger than 1 is
plotted.

(MW)

FIGURE 7.5-2
Time (in sec.) during which qmjn = 1 vs. LH power at the end of ramp-up.

It is shown that, with 50 MW of LHCD sawteeth can be postponed for about 800 s.
Reversed shear configurations formed at the start of the flat top can improve
plasma confinement and facilitate achieving of the ignition.

7.5.2 Plasma control in advanced steady-state operation

In an advanced scenario of steady-state operation at 13 MA plasma current, off-
axis LHCD is used to create and maintain a wide magnetic shear reversal zone
and to provide full current drive together with the bootstrap current. LHCD is
started at a power level of 10 MW during the initial current ramp and then
ramped to the full power of 50 MW at the begin of the current flat-top phase.
The q-profile during current flat-top is shown in Figure 7.5-3.

ITER-A, q-profile

FIGURE 7.5-3
q-profile during current flat-top in an advanced scenario with LHCD current
profile control on ITER.
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The early application of LHCD is required to avoid a misalignment of the current
profile. Large corrections during the high performance phase might entail local
non-inductive current overdrive and long inductive time scales for the profile
redistribution. A fusion power output of order 1 GW is produced in steady state.

Because of the non-linear dependence of transport coefficients on pressure and
magnetic shear profiles, strong coupling loops exist between the current profile,
heat transport, alpha-particle heating, bootstrap current and resistive diffusion,
which in turns determines the current profile evolution. Thus, access to
optimized MHD-stable profiles and prescribed fusion yields will require
simultaneous control of the off-axis (LH) current generation, of the central
heating and current drive power (e.g. through FW and/or EC current drive), and
of the D-T fuel density. It was found that real-time estimates, on a slow resistive
time scale, of the Ohmic current density or of the internal electric field from
magnetic reconstructions would be advantageous for control purposes in order to
avoid large oscillations of qo which may lead to MHD pressure collapses,
relaxation oscillations and low plasma performance. Appropriate feedback
schemes will therefore be necessary to control the discharge and maintain it in
the desired high-Q steady-state equilibrium. Assuming that real time estimates
of the internal loop voltage can be made from magnetic reconstruction,
appropriate feedback loops on the heating and current drive systems would
possibly allow to control the plasma and maintain it in the desired steady-state
high-Q equilibrium. An example of such a scenario is shown on Figure 7.5-4
(CRONOS) [Lit96] In this figure the plasma is assumed to have parameters of
Ro = 8.14 m, a = 2.5 m, K = 1.8, Bj = 5.7 T.

100 200 300
Time (s)

400 0.2 0.4 0.6
Normalised radius

FIGURE 7.5-4
Time evolution of the plasma current, non-inductive currents, LH and FW
powers, and q-profile for a steady-state, feedback controlled, 1500 MW burn.

The two examples considered here show that LHCD could have an important
role in the shaping and control of the plasma current as in the standard
inductive 21 MA scenario as in creating and maintaining reversed shear
operations modes in ITER.
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7.6 Summary of diagnostic requirements

In order for ITER to meet its programmatic and operational goals it will be
necessary to measure a wide range of plasma parameters. Measurements of the
condition of representatives parts of the first wall and the divertor plates are also
required. (See for example the discussions in Sections 3.5, 4.1.4, 4.2.1.5, 4.2.2.3,
4.2.3.2, 5.3.2, and 5.3.4.) The number of measurements will be approximately the
same as those made on today's large tokamaks such as JET, TFTR and JT-60U, but
the reliability and availability demanded of the measurements will be higher
because more measurements will be used in real-time feedback control of the
plasma and, even for the non-control measurements, it will be essential not to
lose data. On the other hand, the implementation of the diagnostic systems will
be more difficult than on present machines because the available access is
limited, the in-vessel components have to cope with high levels of irradiation
and high temperatures, the windows and vacuum boundaries have to meet the
stringent requirements for vacuum integrity and tritium containment, and the
measurements must be maintained for the very long ITER pulses (> 1000 s).

The experience gained on today's large tokamaks is a good base for the designs of
the systems for ITER. Some of the diagnostic components in these machines are
experiencing neutron and gamma radiation flux levels similar to those that they
will experience in ITER, and components capable of being maintained with
remote handling tools have been developed. The value of many of the plasma
parameters that have to be measured (e.g., ne, Te, Tj) have been achieved in
present experiments albeit only transiently and not simultaneously, and so the
physics of most of the diagnostic methods has been validated in the appropriate
parameter range. Nevertheless, the extrapolation to ITER is substantial,
especially in terms of neutron fluence (at least a factor 100), and in some cases,
the physical parameter will have a very different value to that experienced in
present experiments. Because of the practical difficulties it is already obvious that
it will not be possible to implement some of the established diagnostic
techniques. Moreover, there are requirements for some measurements on ITER
which are not made routinely on present machines, for example measurements
of confined and escaping alpha particles. The design of the diagnostic system is
therefore a substantial challenge.

A comprehensive diagnostic program is in place to meet this challenge [You95].
The design of the diagnostics has commenced with a careful and quantitative
assessment of the diagnostic requirements which derive from the ITER
operational and programmatic goals [Cos95, Muk96]. The parameters that have
to be measured, the ranges, resolutions and accuracies have been determined.
Specific candidate diagnostic systems have been selected and are now being
designed with the required measurement specifications as target design goals
[Cos96]. As difficulties arise, the initial specifications are examined to see if a
relaxation is possible.

In parallel with the design there is an ongoing R&D program. Thus far this has
concentrated mainly on the effects neutron and gamma radiation can have on
materials that are used in diagnostic construction but is moving now to examine
key diagnostic components. As the diagnostic designs develop, key areas where
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R&D is necessary are identified and, if possible, incorporated into the R&D work.
All four ITER Parties contribute to both the design and R&D programs and the
progress is reviewed approximately twice a year by the Expert Group on
Diagnostics.

The necessary measurement parameters are shown in Table 7.6-1 along with the
purpose for making the measurement and the selected principal candidate
diagnostic technique. The measurements are divided into three categories: (i)
those that are required for machine protection and plasma control; (ii) those that
are needed for optimizing and evaluating the plasma performance; and (iii)
those that are necessary for understanding important physical phenomena which
may limit ITER performance. This division guides the allocation of the available
resources in the design and R&D activities with priority obviously been given to
systems which provide category (i) measurements. The work carried out thus far
has shown that it should be possible to meet most of the requirements for the
basic operation of the machine but some unresolved design issues exist which
may ultimately affect plasma operation. The resolution of these issues is the
focus of current design and R&D activity. A description of the overall plasma
measurement and diagnostic system is included in the IPDD (Section 4.10)
together with an assessment of the performance of the various system current
designs.
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TABLE 7.6-1
Required Measurements on ITER and Candidate Diagnostic Techniques

#

1
2
3
4
5
6

7

S

9

10

11

12

13

14

15

16

17

18

19
20

Category (i): Measurements for Machine Protection and Plasma Control

Plasma Parameter

Plasma Current
Plasma Position and Shape
Loop Voltage

Beta
Total Radiated Power
Plasma Line-averaged
Density

Total Neutron Flux and
Emission Profile

Locked-modes

m=2MHD Modes,
Sawteeth

Toroidal and Poloidal
Plasma Rotation

nx/np in Plasma Core

Impurity Species Monitor

Zeff (line-averaged)

ELMs,
L/H Mode Indicators

Runaway Electrons

Key Divertor Parameters:
Plate

Temperature*
Radiated Power
Plate Net Erosion*

Ionization Front
Position
Gas Pressure*

First Wall Visible Image,
Wall Temperature and
Erosion
Base Pressure*

Gas Pressure in Duct*
In-vessel Inspection*

Purpose

Total current required for control
Poloidal field feedback
lj, plasma startup

Disruption avoidance
Disruption avoidance
Plasma operation, disruption
avoidance, auxiliary power
permissive
Burn control,
fueling control

Disruption avoidance

Disruption avoidance

Disruption avoidance,
confinement optimization

Fueling control

Impurity control,
wall protection
Impurity control,
He accumulation
H-mode realization,
optimization control,
divertor plate protection
Runaway avoidance

Protection of divertor structure

Divertor operation
Divertor plate erosion

Divertor optimization

Divertor operation
Startup, position and
hot spot monitor

Tokamak readiness

Divertor functionality
Inspect for internal damage

Principal Candidate
Diagnostics

Rogowski Coil
Position Loops
Flux Loops

Diamagnetic Loops;
Bolometer Array
Interferometer, LIDAR,
Visible Continuum,

Microfission Chambers,
Neutron Flux Array
(2D Neutron Camera),
Neutron Flux Monitor,
Short Flux Loops, ECE,
Reflectometry
Mirnov Loops, ECE,
Reflectometry,
Neutron Flux Array,
Soft X-ray Array
CXRS with Diag. Neutral
Beam, X-ray Crystal
Spectroscopy,
NPA, Fast Wave

Reflectometry
Visible Spectrometry,
X-ray Spectrometry
Visible/IR
Bremmsstrahlung.
Visible Spectroscopy, ECE,
Reflectometry, Magnetics,
IR Camera, Langmuir Probes
Tangential-view X-ray
Monitor, ECE

IR Cameras, Thermocouples,

Bolometers
Impurity Monitoring
(Reflectometery)
Visible Spectrometry,
Bolometry
Pressure Gauges
Visible & IR TV

Pressure Gauges, RGAs

Pressure Gauges, RGAs
Viewing Camera
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TABLE 7.6-1 (Con't.)
Required Measurements on ITER and Candidate Diagnostic Techniques

21

22

#

23

24

25

26
27

28

29

30

31

32

33

34

35

36

Halo' Currents*

Toroidal Magnetic Field*

* Important Engineering
Parameters

Monitor of forces on in-vessel
components
Cyclotron resonance position,
q-value

Magnetics on Structures

Current Shunts, Rogowski
Coils

Category (ii): Measurements for Performance Evaluation and Optimization

Plasma Parameter

Electron Temperature
Profilet
Electron Density Profilet

q(r) profilet

Zeff profilet
Fishbones, TAE Modest

Ion Temperature Profile

Helium Density in Plasma
Core

Confined Alpha-Particles
(r)

Escaping Alphas

Impurity Density Profiles

Edge n-r/nD, nn/no

Long Term Neutron Fluence

Impurity and D,T Influx in
Divertor with Spat.
Resolution
Ion Saturation Current in
Divertort, ne, Te at
Divertor Target
Gas Analysis in Divertor

Purpose

Profile control with
auxiliary heating; transport
Transport, fueling
optimization
Performance evaluation, plasma
stability, transport
Impurity transport
Burn optimization,
beta limit indication
Burn optimization and transport

Burn optimization and transport

Alpha particle transport, heating
profile

Performance evaluation

Tokamak condition,
necessary if high-Z
used for radiative loss
Fueling optimization,
Plasma dilution

Long-term calibration of neutron
detectors,
Data for blanket modules
Divertor optimization

Divertor optimization

Principal Candidate
Diagnostics

ECE, LIDAR

LIDAR, Reflectometry,
Interferometry/Polarimetry
MSE with Neutral Beam,
Polarimetry,
Bremsstrahlung
< 200kHz Mimov Loops,
Reflectometry, ECE,
X-ray Crystal Spectrometry,
Neutron Spectrometry,
Neutron Flux Measur.
(2D Camera), CXRS
CXRS with Neutral Beam,
Visible Bremmsstrahlung,
Fast Wave Reflectometry,
Collective Scattering,
CXRS/NPA with Pellets
or Beam,
Neutron Spectrometry
(Knock-on Effect)
Lost-alpha Detectors,
IR TV (for ripple loss),
Thermocouple Arrays
in First Wall
Visible Spectrometry,
X-ray Crystal Spectrometry,

Visible Spectrometry, NPA,
Fast Wave Reflectometry,
Two-Photon Ly-alpha
Fluorescence
Activation Transfer
System

Spectroscopy (2D picture)

Langmuir Probes/Tile Shunts
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TABLE 7.6-1 (Con't.)
Required Measurements on ITER and Candidate Diagnostic Techniques

37

38

39

40

41

42
43
44
45

#

46
47

48

49

50

51
52

Radiated Power Profiles
(Core, Edge and Divertor)
Heat Loading Profile in
Divertor
Divertor Helium Density

nr/nanH/no
in Divertor

ng, Te and Tj of Divertor
Plasma

Ion Temperature in Divertot
Divertor Plasma Flow
n n / n p in Plasma Core
Neutral Density between
Plasma and Fist Wall.
t Potential Category (i)
measurement

Divertor optimization

Divertor optimization

Divertor optimization,
Helium pumping physics
Fueling optimization,
Plasma dilution
Divertor optimization

Divertor optimization
Divertor optimization
Plasma dilution
L-H mode transition optimization

Bolometers,
Spectroscopy
IR camera

Visible Spectroscopy,
Laser Induced Fluoresc.
Spectroscopy

Visible/UV Spectrometry,
Reflectometry, ECA,
Thomson Scattering
Spectroscopy, CX
Spectroscopy
CXRS with Neutral Beam
H alpha Spectroscopy
Pressure Gauges

Category (iii): Additional Measurements for Physics Understanding

Plasma Parameter

Pellet Penetration
Plasma Facing Material
Erosion
Density Fluctuations

Edge Turbulence

MHD Activity in Plasma
Core
Te Fluctuations
Radial Field and E
Fluctuations

Purpose

Fueling optimization
Erosion physics

Instabilities
(e.g., TAE mode)
Understanding of edge transport

Instability studies

Transport understanding
Transport understanding

Principal Candidate
Diagnostics

Visible 2-D Camera
Ablation Monitors,
Laser Induced Fluoresc.,
X-mode/O-mode
Reflectometry,
Beam Emission Spectr.,
Probes, Reflectometry
ECE ,Neutron Imaging

ECE, X-ray measms
Stark Effect,
CXRS (for Plasma Rotation)

7.7 Conclusions

Analysis of the performance of the candidates of the ITER heating and current
drive systems shows that three of them NB injection, ICR, and ECR waves can
provide efficient plasma heating in the required range of the plasma parameters.
Current drive capability of NB, ECR, ICR and LH systems can extend the
inductive pulse length and allows to control plasma current profiles. All the
necessary elements of the advanced operational modes can be achieved in a
combination of several auxiliary systems: NB, ICR and ECR can provide central
current drive with a reasonably high current drive efficiency of 0.15-0.4 x
1020 A/W-m2; ECR and LH system are capable of driving 1-3 MA off axis current.
NB injection can provides adequate plasma toroidal rotation.
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However, none of this systems can fulfill all requirements alone and a
combination of different auxiliary H&CD systems increase the flexibility of the
machine to adopt advance plasma operation mode.
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APPENDIX

A.1 Note on 1-1/2D transport code

A 1-1/2D transport code is a collection of computer modules. The minimal set of
modules for any transport code are:

• Transport model module to defines transport quantities: Xe, Xi, De, Di;

• Equilibrium module to determine the magnetic surfaces geometry;

• Heating/current and associated particle module: energy and particle
sources;

• Boundary condition module to define the plasma parameters at the
plasma edge;

• Diffusion equation solver modules.

A3. PRETOR V4.8 transport code

PRETOR V4.8 code [Bou92] is regularly updated (hence the version 4.8) to keep
each module up to date and add when necessary new modules. Strict
requirements for the ratio: (accuracy) over (one step run time) are imposed for all
modules. Although the latest version of the code is maintained at the San Diego
JWS, recent versions are available at the following laboratories: GA - San Diego,
JET - Joint undertaking, England and TORE SUPRA - France.

Version 4.8 includes the following standard modules:

• Diffusion solver for Te, Tj, two ion densities, current and non coronal
impurity charge and radiation;

• 2D Grad-Shafranov equilibrium solver (fixed boundary);

• PION code for ICRH heating (under development);

• One beam line for NBI heating, particle source and current drive;

• Pellet injection module using Parks ablation model.

In addition, the code includes the following specific features:

• Divertor module for boundary condition and estimation of Helium
removal and Argon level [Sug96];

• Sawtooth module to account for sawtooth stabilization [Por96] by fast-
alpha and including a wide range of current reconnection schemes:
Kadomtsev, Taylor, full and partial reconnection;
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• Advanced control feedback modules for simultaneous control of fusion
power, divertor heat load, density and H-mode power threshold;

• A prescription for the height of the H-mode edge pedestal.

The code implements various transport modules:

• Standard and Bohm corrected RLW model;

• IFS/PPPL model;

• Global confinement given by global scaling laws: 0.85 x ITER93H,
ITER89P or ITER95P with profiles determined from renormalized local
transport coefficients.

All models tested by the Confinement Modeling and Database expert group are
being implemented in standard transport modules. Once ready these modules
will be added to the PRETOR set of transport modules.

References (for A.2)
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Committee Meeting on "Advances in Simulation and Modeling of
Thermonuclear Plasma," Montreal, 1992.

[Por96] F. Porcelli, D. Boucher, and M.N. Rosenbluth, "Model for the
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Contr. Nucl. Fusion (1996).

[Sug96] M. Sugihara et al., "Modeling of transition from attached to
detached state and self-consistent calculations of He level in ITER,"
to appear in J. Nuclear Material.

A3 GT-WHIST transport code

The GT-WHIST code is a modified version of the WHIST code developed by
Wayne Houlberg (ORNL) [Hou82J. It is a 1-1/2 dimensional time-dependent
tokamak transport code. The code solves the standard set of the flux surface
averaged particle (fuel ions and thermal alphas) and energy balance (T, and T,)
and poloidal flux diffusion equations. The equations are solved on a 2-D flux
surface geometry calculated using the fixed boundary version of the variational
moments Grad-Shafranov solver VMEC [Hir83, Hir86]. The code includes
modules for the calculation of several important parameters including:

• Pellet injection fueling using Milora/ORNL ablation model;

• Gas puffing fueling using the SPUDNUT neutral transport code;

• Neutral beam injection heating and current drive routines, including
updated cross section evaluation which takes into account multi-step
ionization effects;
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• Sawtooth routines based on Kadomtsev's reconnection model.

The code includes a variety of transport models, including diagonal neoclassical,
full neoclassical, fixed-shape transport models with adjustable coefficients which
reproduce global confinement scalings, and empirical models that depend on the
local plasma parameters. New transport models are being added on a regular
basis, depending on the needs of our simulations.

In addition, the GT-WHIST version of the WHIST code includes [Man95,
Man96]:

• Routines for the radial transport of all the charge states of an arbitrary
number of impurity species. The atomic rates needed for this
calculation are computed using the ADPAK package;

• A "2-point" SOL/divertor model with impurity radiation;

• Feedback algorithms for Burn Control simulations.

References (for A.3)
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Phys. Commun., 43, 143 (1986).

[Hou82] W. A. Houlberg, S. E. Attenberger, and L. M. Hively, "Contour
Analysis of Fusion Reactor Plasma Performance," Nucl. Fusion 22
(1982) 925.

[Man95] J. Mandrekas, W. M. Stacey, "An Impurity Seeded Radiative Mantle
for ITER," Nucl. Fusion 35 (1995) 843.

[Man96] J. Mandrekas, W. M. Stacey, F. Kelly, "Impurity Seeded Radiative
Power Exhaust Solutions for ITER," Nucl. Fusion 36 (1996) 917.

A.4 ASTRA transport code

Several versions of the ASTRA transport code exist on several computer
platforms: PC-DOS: ASTRA 3.0, WS-UNIX: ASTRA 4.0-5.0. This code has a
modular structure. It is presently supported and developed at different sites: RRC
"Kurchatov Institute", Moscow; IPP Max-Plank, Garching; GA, San-Diego;
Culham Lab., UK and some others.

The ASTRA user can choose the number and type of processes to be simulated
either from the standard ASTRA menu or from a custom list of routines and
formulas that can be added to the code library. Thus the number and kinds of
physical processes is flexible.

The current version of the code maintained at the RRC Kurchatov Institute and
used in this report contains the following modules:
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• Transport equations:

- 1-D Diffusion equations are solved for: Te, Ti, ne, poloidal flux,
toroidal momentum, nHe (and 3 other impurities); No,To -density
and temperature of the cold +charge-exchange neutrals are solved
in the 1-D slab approximation;

• Transport models:

- More than 20 transport coefficients from different models can be
used;

• 2-D surface equilibrium:

Fixed boundary using fast 3-Moments Zakharov's solver;

• MHD activity:

- Sawtooth oscillations with Kadomtsev-like reconnection model,
and stabilization by pressure gradient (TFTR model);

- A tearing modes model is included;

• Auxiliary heating and current drive:

- NBI Absorption:

* Beams with 2-D cross section and distributed power;

* NB stopping cross-sections taking account of the multistep
processes;

* First orbit losses analysis;

- NBI Fast ion's distribution:

* 2-D (V-space) Fokker-Plank for each magnetic surface;

- ECRH:

* 1-D model, based on the ray-tracing + Fokker-Plank calculations
for TER (by A.Skovoroda);

Different modules for LHCD, ECRH and ICRH simulations are available in
ASTRA version 5.0 developed in IPP-Max-Plank, Garching by Dr. G.V.
Pereverzev [Per92].

• Other processes:

- The standard ASTRA libraries contain more than 300 different
formulas and routines to describe the atomic processes, radiation
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(bremstrahlung, cyclotron, coronal etc.), the bootstrap current, ion's
energy losses due to impurity excitation, fusion and so on.

References (for A.4)

[Per92] G.V. Pereverzev et al "ASTRA an Automatic System for Transport
analysis in a Tokamak", Preprint IAE-5358/6, Moscow -1992.

A.5 Two dimensional divertor modeling codes

There are three primary two dimensional divertor modeling codes used for
ITER: B2-EIRENE [Sch92], EDGE2-D/NIMBUS [Tar94] and UEDGE [Rog92].

The two dimensional divertor modeling codes consist of two modules linked
together. The first module calculates the transport of the plasma energy, particles
and momentum in a geometry determined by the plasma equilibrium. The
second module calculates the transport of the neutral particles in a geometry
determined by the divertor hardware and the plasma equilibrium.

Plasma Transport:

Transport Physics: 2-dimensional transport of hydrogenic ions and impurity
ions, momentum, electron and ion energy in a curvilinear mesh aligned to the
flux surfaces, multispecies transport of the impurity ions. The transport parallel
to the field lines is classical, including viscosity, thermal forces, and sources due
to atomic processes. The transport perpendicular to the flux surfaces is
anomalous and is determined by fitting the measured plasma profiles to
determine the diffusion coefficients.

Sources: Ionization, recombination, radiation losses and charge exchange of
hydrogen neutrals (taken from neutral calculation); Ionization, recombination,
radiation losses for impurity ions: Sputtered impurities (physical and chemical)
from the wall, gas puffing for impurities and hydrogen.

Numerical method: The three codes all use finite difference techniques with
conservative difference algorithms that are as implicit as possible. They all use
iterative methods to handle the severely non-linear nature of the transport
equations and the sources.

Neutral transport:

Monte Carlo: The B2-EIRENE and EDGE2-D/NIMBUS codes use Monte Carlo
neutral transport algorithms EIRENE [Rei93, Sim92] and NIMBUS. They include
detailed treatments of H, D, T, He and the possible molecules from these species.
Detailed reflection data is used for collisions with the walls. Collisional radiative
rates are used for the ionization, recombination and radiation loss processes.
Molecular dissociation, ionization and attachment collisions are included.
Elastic collisions between the ions and neutrals can also be treated as an option.
Due to the Monte Carlo scheme, the neutral transport is calculated for the exact
geometry of the divertor, including the surrounding walls, structural elements
and pumps. Kinetic effects are handled exactly with the Monte Carlo algorithm.
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However, the Monte Carlo codes all run very slowly for ITER problems due the
large size of the ITER divertor. In addition, the Monte Carlo codes are not able to
handle neutral-neutral collisions with any efficiency so that the codes are not
very accurate for high pressures. The coupling between the Monte Carlo neutral
codes and the fluid plasma transport codes is explicit. The neutral transport is
done in a fixed plasma. Then the source terms from the Monte Carlo algorithm
are transferred to the fluid code which uses them to calculate a new plasma.
Then the neutral calculation is repeated with the new plasma. This can be done
either in an iterative or a time dependent fashion.

Fluid neutrals: The UEDGE code uses a fluid treatment of the neutrals. It solves
fluid equations for the transport of the neutral hydrogen density, momentum
and energy transport. Collisional radiative rates are used for the ionization,
recombination and radiation loss processes. The fluid treatment does not
provide the same level of detailed kinetic information (including the effects of
molecules) or information on the effects due to the geometry or collisions with
the wall that the Monte Carlo codes provide. However, the fluid neutral package
runs much more quickly than the Monte Carlo code so that many more runs are
possible. In addition, the neutral transport can be solved implicitly together with
the plasma transport.
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1.0 INTRODUCTION AND CONCLUSIONS

1.1 Introduction

The ITER Project includes a vigorous design and assessment activity to ensure
the safety and environmental attractiveness of ITER. It also ensures that ITER
can be sited in any of the sponsoring Parries with a minimum of site-specific
redesign. In this activity, detailed safety-related design requirements have been
established based on internationally recognized safety criteria and limits, and
ongoing assessments have been made to evaluate the success in implementation
of these in the facility, system, and component designs. More information on
design is found in the ITER Plant Design Description (IPDD).

A comprehensive safety and environmental assessment has recently been
completed for the ITER Detailed Design. This assessment has shown that the
ITER design has successfully met all of the safety-related requirements that were
established. This assessment further demonstrates that the safety issues
involved in construction and operation of ITER are adequately known and
characterized, and that design solutions are being implemented to successfully
deal with these issues.

It is recognized that the ITER design is not yet complete, and that component and
system R&D projects have yet to be conducted that contain safety-related
investigations; however, it is concluded that the design could meet the specific
safety-related requirements of any of the potential host countries with only
modifications required to accommodate the characteristics of the specific site
chosen. This conclusion is based on the generally broad international acceptance
of the ITER safety-related design requirements that have been established and
met in the design. It is further concluded that 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. The following paragraphs provide general information
in support of this conclusion.

This chapter of the Detailed Design Report presents the most significant
information from the safety assessment to illustrate the overall safety and
environmental issues and features of the Detailed Design:

Section 1.0 is a general introduction to the chapter and summarizes its
main conclusions;

Section 2.0 discusses public safety including analysis of reference
accidents;

Section 3.0 discusses environmental impacts during normal operation,
including waste management and decommissioning; and

Section 4.0 discusses operating personnel safety.
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1.2 Fusion safety and environmental characteristics

There are a number of features of fusion that make it an attractive source of
energy for the future. The primary features are that the fuel for fusion reactors is
essentially inexhaustible and can be extracted at a minimal cost from ocean water,
and fusion has intrinsically positive safety and environmental characteristics.

The following are the most prominent favorable safety characteristics of fusion
which have influenced the ITER safety design approach:

• In a tokamak, the reaction is self-limiting. The conditions for
maintaining an ignited plasma are so stringent that off-normal events
will generally terminate the reaction. The total amount of fuel in the
plasma is only a few tenths of a gram and the plasma cannot remain
ignited for longer than a few seconds without fueling;

• Fusion power has a moderate energy density compared with other
power sources used in power plants. Radioactive decay heat densities
are moderate. Fast acting emergency cooling systems are not required to
maintain adequate cooling of activated structures. The time scales are
such that there is ample time to intervene even in the hypothetical
case that all cooling would be lost. Gross structural melting is not
possible;

• The ultimate performance of confinement barriers that needs to be
assured in accidents is modest; about one or two orders of magnitude
reduction for tritium and mobilizable metallic dust for ITER;

• The products of the D-T reaction to be used in ITER are helium and a
neutron. Radioactive activation products are produced by the
interaction of the fusion neutrons with structural materials
surrounding the plasma; however, the quantity and half-lives of these
products are determined by the choice of materials used in the near-
plasma materials and, thus, to some extent are under control of the
designer;

• After about a hundred years, radiotoxicity indices (relating to ingestion
and inhalation) fall to levels comparable with the ashes from coal-fired
power plants for the total activated materials from a fusion power
reactor with the same total electrical power generated [Rae95].

1.3 ITER role in demonstrating safety potential of fusion

ITER has an important role in demonstrating the safety potential of fusion.

Design, construction, and operation of ITER is a necessary step toward the world
wide development of commercial fusion power. The design of ITER is such that
the hazards addressed are similar to those for a future fusion power reactor;
hence, many of the safety design issues addressed by ITER are reactor relevant.
Safe operation of ITER itself will help demonstrate fusion's safety and
environmental potential in areas such as personnel exposure, effluent control,
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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 to confirm the safety design
of future fusion facilities.

Although the size of HER is similar to (or larger than) what would be expected
for commercial reactors, ITER is a research facility, as opposed to a commercial
power demonstration facility. The experimental nature of ITER requires a design
and safety approach that permits flexible operation, facilitates experimentation,
and can accommodate changes. Changes, for example, could include testing of
alternative divertor designs, different plasma facing materials, tritium breeding
blankets, etc. This need has driven the safety design to provide a robust safety
envelope while minimizing the safety role and influence of experimental
components and equipment. In addition, ITER is a pulsed facility with a planned
average availability of 10% which means that the buildup of activity is slow and
can be controlled by limiting the number or frequency of pulses.

Material development activities are underway in parallel with the ITER project
that will provide the needed low activation materials for commercial fusion.
The development of low-activation materials is not advanced enough for use in
ITER, thus all of fusion's potential safety advantages cannot be fully realized in
the ITER design. In particular, near-plasma components will typically require the
use of 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. Even so, decay heat removal is
solved by design in ITER through the use of normal facility cooling systems and
passive heat transfer design without the requirement for emergency cooling
systems, even for extremely unlikely events.

1.4 Conservative safety limits

Conservative safety limits have been established for the ITER design. A general
project safety objective is that the ITER site personnel and the public shall be
protected such that the risks to which they are exposed as a result of ITER
operation shall be maintained as low as reasonably achievable (ALARA). A
further general safety principle is that the ITER design, construction, operation
and decommissioning shall meet technology-independent radiation dose and
radioactivity release limits for the public and site personnel. In addition, ITER
project policy is to provide a conservative level of protection such that ITER can
be sited by any of the Four Parties with minimum modification to accommodate
site specific requirements.

Conservative release limits for tritium and activation products are based on
internationally accepted dose limits from the recommendations by the
International Commission on Radiological Protection (ICRP) and the
International Atomic Energy Agency (IAEA). For beryllium, release limits are
based on various national regulations and the best performance of beryllium
facilities.
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Prior to site selection, a set of radiation criteria has been adopted for the design.
These criteria and their derivation are described in the General Safety and
Environmental Design Criteria (GSEDC) [IDR95]. In addition to meeting project
limits, the ALARA principle is recommended by the international nuclear safety
experts and incorporated in national regulations of many countries. The
International Basic Safety Standards (IBSS) [IAEA94] explains ALARA as the
objective to keep all exposures to values such that further expenditures for
design, construction and operation would not be warranted by the corresponding
reduction in radiation exposure. Application of the process to implement the
ALARA principle will lead to lower releases and worker exposures as the ITER
design progresses and during ITER operation as a result of added experience.

1.5 Safety design integration

A high level of safety is integrated into the ITER design. Facility safety is a key
element of the ITER design process. Safety-related requirements have been
integrated into the overall design requirements for the facility, systems and
components. These design requirements include limiting of radioactive and
toxic releases as a result of normal operation, accidents and external events (e.g.,
seismic events). The design incorporates the well-established concepts of Defense
in Depth and multiple lines of defense to attain high confidence in the reliability
of critical safety features of the facility and ensure protection against postulated
accidents. The specific safety functions for meeting public safety in Table 1.5-1
have been integrated into the design by taking advantage of the normal systems
needed for operation and the inherent safety features of fusion, with a minimum
of standby engineered safety features required.

These safety functions are being implemented in breadth and depth in the ITER.
Results obtained during the safety analysis were used to refine the design to
ensure compliance with release limits and other safety-related requirements. A
comprehensive assessment of the implementation of the safety-related design
requirements and functions has been made for major ITER systems. This
assessment has shown that the safety design requirements established in the
GSEDC and General Design Requirements Document (GDRD) [GDR96] have been
met.

1.6 Protection of the public

The ITER design ensures protection of the public. Operation of ITER will result
in no significant risk to the general public. Indeed, the primary focus of the ITER
safety-related design activities has been to ensure the protection of the general
public from exposure to radioactive or hazardous substances from postulated
accidents. Furthermore, the ITER project goal of showing no technical
justification for off-site evacuating planning is met.

To assess any potential public radiation exposures and the effectiveness of
implementation of the safety requirements and functions in the ITER design, a
comprehensive analysis of twenty five different reference accidents (along with
multiple sequence variations) has been performed using state of the art safety
analysis computer programs. Together, these provide an envelope for all
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postulated initiating events and event sequences. The analyses included
conservative assumptions of initial facility operating and accident conditions.
The results showed that radioactive releases for all of these reference accidents
are within the conservative limits that have been established by the project for
public exposure.

TABLE 1.5-1
Safety Functions for Public Safety

Safety Function

Limit radioactive inventories

Provide confinement barriers

Ensure heat removal
Control hydrogen inventories and
chemical reactions

Control effects of magnetic energy

Control the effects of coolant
energy

Monitoring

Support services to systems
providing safety functions

Implementation

-isolation to separate inventories
-monitoring and procedures for periodic in-vessel inventory
reduction

-first barrier
-second barrier
-exhaust drying, atmosphere detritiation, filtration, where
required

-ventilation + stack, where required
-isolation to limit releases, where required
-heat transfer and heat sink

-prevent hydrogen/air mixtures
-limit inventory of chemically reactive materials
-ensure heat removal to reduce reaction rates
-provide off-normal fusion power shutdown
-hydrogen recombination or removal

-structural support/resistance to deformations
-monitoring
-fast discharge of coils

-pressure suppression
-containment
-overpressure relief
-of safety functions
-of effluents and releases to the environment
-of radiation fields on-site

-electrical power
-instrument air
-service water

In addition, ITER safety margins were assessed by analyses of hypothetical event
sequences, which are accidents where several additional failures are postulated in
the analysis leading to typical frequencies that would be less than 10"6/a.
Analysis shows that the ITER design provides a high level of public protection
even for these hypothetical situations, and safety functions degrade gradually.
Safety margins are maintained for these hypothetical events because of:

• robust structural design of the facility;

• no catastrophic structural failures from internally generated forces (e.g.,
magnetic);

• inherent plasma termination processes;
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• multiple active and passive heat removal systems and processes;

• long time scales for component heat-up following events;

• components cannot reach melting even if all cooling systems fail;

• multiple layers and lines of defense to implement radioactive
confinement;

• design is tolerant of mitigation system failures.

A safety goal established in GSEDC [IDR95] 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 reasonable technical justification for not 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 [IAEA94] using average
weather conditions.

1.7 Low environmental impact during normal operation

The ITER design incorporates many features to ensure that radioactive releases
during normal operation will be low. A conservative set of limits for effluents
and emissions during normal operation was established in the GDRD and
GSEDC documents. These limits were established in accordance with
internationally accepted criteria and are so low that, if met, the principles of
ALARA can be considered to be met for releases. The sources of radioactive and
hazardous effluents and their release pathways were identified and estimated by
comparison with facility releases from similar technologies. Preliminary
estimates show that these releases are within established ITER limits and
provisions are identified in the design for added control, if necessary.

An analysis of ITER radioactive waste stream volumes and masses along with
detailed characterization of these wastes has been performed. The
characterization includes calculations of the amount of radioactivity, isotopes
involved, contact dose rates, contamination levels, and decay heat as functions of
time and ITER component. Most operational wastes are low level or neutron
activated plasma facing components. The facility includes provisions for initial
processing and packaging of wastes in the Hot Cell and short-term storage in the
Radioactive Waste Building. Long-term storage and ultimate disposal of
radioactive wastes are assumed to be the responsibility of the host country in
accordance with their specific national regulations. A possible preliminary
scenario for facility decommissioning has also been developed to show feasibility.

1.8 Operating personnel safety

The ITER occupational work force will be adequately protected during normal
operation. This conclusion is based on assessment of the ITER occupational
safety issues, the conservative exposure limits that have been established,
preliminary development of an ITER occupational safety program, and design
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features such as remote handling, water detritiation and coolant water chemistry
control that limit hazards to personnel.

The hazards to which the ITER operating personnel will be exposed have been
identified and internationally recognized limits and practices have been
established to ensure worker safety. The principal hazards are direct radiation,
radioactive contamination, beryllium dust, magnetic and RF fields, cryogenic
liquids, inert gases, high voltages, chemical spills, rotating equipment, and lifting
equipment.

A preliminary radiation protection program has been proposed consistent with
the recommendations of the IAEA [IAEA94]. As part of this, radiation levels in
the facility were calculated for several different operating and maintenance
scenarios, and a procedure for establishing radiation and contamination zones
was developed. A proposed classification of workers was also developed. Limits
for exposure to electromagnetic fields and beryllium were developed by
examination of the various national limits among the ITER parties and selection
of suitably conservative limits that would be acceptable at any of the potential
host countries. It was concluded that the normal industrial regulations of the
host country would provide an adequate basis for worker protection for the more
commonly-encountered industrial hazards.
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2.0 IMPACT FROM ACCIDENTS

Operation of ITER will result in no significant risk to the general public from
postulated accidents. To assess the risks the ITER project has established limits of
consequences based on accident frequency. These have been discussed with the
Home Team experts and agreed upon as acceptable as a common reference basis.

To assess any potential public radiation exposures and the effectiveness of
implementation of the safety requirements and functions in the ITER design, a
comprehensive analysis of 25 different Reference Accidents has been performed.
The analyses included conservative assumptions of initial facility operating and
accident conditions and examined possible ways for tritium and activated
corrosion products in coolants or neutron activated tokamak dust to be released
to the environment. The results showed that radioactive releases for all 25 of
these Reference Accidents are well below the conservative limits that have been
established for public exposure. In addition, ultimate safety margins of the
facility were examined by analysis of hypothetical event. Analysis shows that
safety margins degrade gradually, and that the ITER design provides a high level
of public protection even for these hypothetical events.

2.1 Safety analysis approach

ITER uses a classification of plant conditions which divides plant conditions into
categories in accordance with anticipated frequency of occurrence. The categories
are as follows:

Category I: Operational events
Category II: Likely sequences
Category III: Unlikely sequences
Category IV: Extremely unlikely sequences
Category V: Hypothetical events

Category I events and plant conditions are those planned and required for
normal operation, including some faults and events which can occur as a result
of the experimental nature of ITER. Category II events are not planned but are
likely to occur one or more times during the life of the plant but do not include
Category I (normal operations) events. They cover a typical annual expected
frequency of greater than 10"2/a. The aim of Category II event analysis is to show
that no significant radiation releases result from these events and no serious
consequential failures are expected. Category III event sequences are not likely to
occur during the life of the plant (typical frequency I(f2/a to KH/a). Category IV
event sequences are not likely to occur during the life of the plant with a very
large margin (typical frequency ICH/a to 10~6/a). Investment protection is not
included in this category. Category V sequences which typically have a frequency
below about 10"6/a are postulated to limit the associated risk. These are
considered using best estimate analysis tools to examine ultimate safety margins.

The basic principle in relating design requirements to each of the conditions is
that the most probable occurrences should yield the least radiation exposure to
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public and those extreme conditions having the potential for the greatest
exposure to the public shall be those least likely to occur.

Table 2.1-1 lists the release limits for tritium and activation products for
Categories I to IV which are the top level acceptance criteria used. Details on the
derivation of these are found in GSEDC [IDR95]. The project imposed restrictive
dose limits such that the design would not have to be significantly modified after
site selection. These limits were set taking into account international
recommendations and national regulations of countries in the Parties. They will
be reviewed after a site for ITER is chosen. Release limits were calculated using
conservative assumptions for weather, and the most restrictive release limits
were selected using two representative sets of dispersion parameters.

TABLE 2.1-1
Design Guideline of Atmospheric Releases

Event
Sequence
Category

Release Limit
for HTO
(tritiated
water) (b)

Release Limit
for Divertor-
First Wall
Activation

Products (d)

I
Operational

Events

1 g (tritium)/a
(c)

0.5 g (metal)/a
(e)

n
Likely Sequences

1 g (tritium)/event

(1 g (tritium)/a
integrated over all
Category II events)
0.5 g (metal) /event

(0.5 g (metal)/a
integrated over all
Category II events)

m
Unlikely
Sequences

50 g (tritium)

/event(0

25 g (metal)

/eventW

IV
Extremely
Unlikely

Sequences (a)

100 g (tritium)

/event(0

500 g (metal)

/eventW

(a) Beyond Category IV, some hypothetical Category V events with even lower frequency will
be assessed for compliance with the no-evacuation goal and for reducing the associated risk, if
necessary,
(b) These are release limits for design purposes, based on the dose limits in GSEDC, assuming
atmospheric, elevated release. For ground level release, use 1/10 of the values shown here. For
tritium in HT form, use 10 times the values shown here,
(c) This is a design guideline value of tritium release in routine operation, including
maintenance,
(d) These are release limits for design purposes for SS316LN, Cu-alloy, and W at the First
Wall or divertor, based on the dose limits in GSEDC, assuming atmospheric elevated release.
For ground level release, use 1/10 of the values shown here. For activated corrosion products
(ACP) use 10 times the value shown here,
(e) This is a design guideline value of release in routine operation, including maintenance, to be
confirmed.

(f) The release limits for different radiation species do not scale in the same way. For
example, the scaling of tritium and activation products from Category HI to Category IV differ
because the type of dose limit changes from Category III to IV.

Other acceptance criteria are:

• maximum pressure inside the vacuum vessel below 500 kPa (absolute);
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• maximum pressure inside cryostat 200 kPa (absolute);

• maximum heat transfer system vault pressure 240 kPa (absolute);

• flammable mixtures of hydrogen and air shall be avoided; the
following four acceptance criteria quantify this further:

- hydrogen production inside the vacuum vessel below 10 kg;

- maximum first wall beryllium temperature during plasma burn
(excluding disruption) 800 C to avoid hydrogen formation in case of
beryllium/steam reactions;

- maximum long term (one hour after shutdown) first wall beryllium
armor temperature 500°C to avoid hydrogen formation in case of
beryllium/steam reactions;

maximum vacuum vessel temperature below 300°C to avoid
hydrogen formation between dust and steam;

• maximum temperature of components in casks once outside the
vacuum vessel: 200°C to limit tritium outgassing;

• ozone formation in the cryostat below 50 g.

Accident initiators have been identified in a systematic way and then grouped
into Postulated Initiating Event (PIE) categories. A Failure Modes and Effects
Analysis (FMEA) of the ITER systems is a good tool for such systematic
identification of initiating events. With more design detail becoming available,
engineering FMEA or in some cases HAZOP (Hazard and Operability Analysis)
was performed on the major systems and components to complement the
Functional FMEA performed earlier. The sequences involving additional
failures that can develop from the PIE's have been determined, and a scoping
qualitative assessment of the consequences and of the likelihood of these
sequences was made. For some sequences, the qualitative analysis generated
enough information to demonstrate that the safety and environmental limits are
not exceeded and no further transient analysis was performed. For other
sequences, further transient analysis was required to clarify the issue. To limit
the number of detailed transient calculations, a limited set of reference sequences
(Reference Accidents) was determined for each PIE category on the basis of the
results of the qualitative analysis. These Reference Accidents are formulated so
as to provide an adequate envelope for each PIE category. The Reference
Accidents were further analyzed using detailed quantitative calculation and
simulation codes.

This process provides a graded approach to accident analysis. For example, if the
qualitative sequence analysis indicates that consequences will be small compared
to the safety and environmental criteria for that category even if mitigation
systems do not function, then additional analytical detail is not necessary.
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The frequency estimation of the sequences did not need to go into a lot of detail
since the purpose of the frequency evaluation is to be able to classify the
sequences in one of the broad categories. Conservative categorization was used,
particularly where significant uncertainty is involved.

The focus for the DDR safety assessment was to build on earlier studies of ITER
sequence analysis and enhance the depth of the accident analysis in performing a
comprehensive analysis of 25 Reference Accidents. These started with the
postulated initiating events (PIE's), adding all consequential failures and
postulated aggravating failures and assessed the entire sequence up to
environmental releases. Aggravating failures in safety relevant systems are
postulated to cover the whole event frequency spectrum down to typically lOVa
and to show robustness of the ITER design against failures in safety systems.
Table 2.1-2 shows the 25 different Reference Accidents that have been analyzed
in-depth with their respective categories. These span all the major systems and
initiator types as well as event categories.

Most events are grouped around the heat transfer systems which are a key
element to safety. The plasma behavior is addressed in a conservative way to
show the limited effects of loss of plasma control. Air ingress into the vacuum
vessel and cryostat under various non-normal plant conditions is investigated.
Magnet system structural integrity and arcs, the most important safety concerns,
are examined. Safety of the tritium plant with its significant inventory is
addressed in three reference accidents. Terms of reference for the analysis were
provided by:

• A set of rules and guidelines for safety analysis addressing how accident
sequences should be determined, classified and analyzed (Safety
Analysis Guidelines);

• A common source book for safety analysis data providing safety related
plant data and other parameters necessary to carry out transient
calculations and consequence analysis. This went through different
review steps with the JCT design groups and the Home Teams to make
sure that it was reflecting the current state of the ITER design and that it
contained all information needed by the analysts to perform their
analysis (Safety Analysis Data List);

• A set of specifications for the analysis of reference accidents and a
reporting format (Accident Analysis Specifications).

The Reference Accidents were further analyzed using detailed quantitative
calculation and simulation codes. The verification and validation status of some
of the codes are being improved by on-going R&D during the ITER EDA. Further
efforts are expected to be necessary beyond the ITER EDA. Figure 2.1-1 shows a
typical example of a schematic for modeling accident transients. Source terms for
tritium and activation corrosion products in coolants, tritium contained in
plasma-facing components and tokamak dust are included. Thermo-hydraulic
models of the various ITER cooling loops are an essential part of many transient
studies. Further, the structures of in-vessel components and the vacuum vessel
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TABLE 2.1-2
Reference Accidents

PIE Family

Plasma events

Loss of power
In-vessel coolant
leak

Ex-vessel coolant
leakage

Heat exchanger
leakage
Loss of flow

Loss of vacuum

Maintenance

Tritium system

Magnets

Cryostat

Category II

Loss of plasma
control

LOOP 1 hour
In-vessel FW pipe
leakage

DV pipe leakage

Heat exchanger
leakage
Pump trip DV

none

Air leakage into
W during
maintenance

Tritium process
line leakage

none

none

Category III

Plasma transients
causing in-vessel
coolant leak

none
see plasma event

Large VV coolant
pipe break

Large DV ex-
vessel coolant pipe
break

Heat exchanger
tube rupture
Pump trip DV
+AF: no active
plasma shutdown

none

none

none

Arcs in the magnet
system

Cryostat air
ingress

Category IV

none

Blackout for 1 hour
Multiple FW pipe break
+ AF: loss of pump inbackplate
+ LOOP-lh

In-vessel pipe break and W
penetration bypass
+ AF: 2nd confinement valve fail
+ LOOP-lh

Large ex-vessel FW coolant pipe
break
+ AF: pump trip in backplate
+ LOOP-lh

none

none

Failure of one VV penetration line
valve/window
+ 2nd window/valve breaks in same
line
+ LOOP-lh

Stuck DV cassette
and failure of container
+ AF: building ventilation
+ LOOP-lh

Isotope Separation System failure
+ AF: leak of 2nd confinement
+ LOOP-lh

Failure of fueling line
+ AF in 2nd containment
+ LOOP 1h
Challenges to coil structural
integrity
+ LOOP-1 h
Cryostat water and He ingress
+ LOOP-1 h

VV=vacuum vessel; FW=first wall; DV = divertor
LOOP = loss of off-site power; AF = aggravating failure

play an important role by providing thermal inertia, condensation surfaces and
the source of decay heat. The basic tokamak confinement volumes are the
vacuum vessel, cryostat and HTS vaults. The walls of these volumes and
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cryogenics structures are important elements in the modeling of condensation.
For confinement bypass studies, an additional "generic" room was included to
assess environmental releases. Coolant or air leaks of various sizes and locations
were investigated with such models.

2.2 Summary of analysis of reference accidents

This section summarizes the results of the analysis for each PIE family shown in
Table 2.1-2. For all reference events the releases are below the release limits; in
most cases by many orders of magnitude.

Figure 2.2-1 gives a summary of the margin against environmental release limits
for the Reference Accidents. There are no releases that are in excess of the release
limits established by the project. The largest releases in Category II and III come
from heat exchanger leaks in first wall/shield cooling loops, but the margin for
these accidents is about an order of magnitude. The accident with the largest
release in Category IV is a postulated bypass of the first and second confinement
boundaries in conjunction with a coolant leak inside the vacuum vessel. Even
for this extreme case, the environmental release is about a factor of four below
the Category IV release limits.

Considering the wide breadth and depth of the cases analyzed, the conclusion is
drawn that there would be no significant risk to the public from accidental
releases of radioactivity resulting from operation of ITER.

2.2.1 Plasma events

A basic principle of the ITER safety design is that the machine should have a
robust safety envelope with a minimal safety impact from plasma physics and
control systems.

The three basic parameters in the fusion product: density, energy confinement
time and temperature are varied to investigate possible fusion power transients.
Malfunction of the plasma control is postulated to increase fueling or cause a
sudden injection of all the auxiliary power into an ignited plasma. The first will
influence plasma density, the latter increases plasma temperature. An
unexpected doubling of the confinement time is postulated to demonstrate that
ITER safety is tolerant of uncertainties in plasma physics. Optimistic plasma
density limits and beta-limits are assumed to maximize fusion power during
such transients. Up to 3.3 GW of fusion power can be reached transiently, but no
damage to in-vessel components is expected from these transients.

Figure 2.2-2 shows some selected plasma parameters for a scenario in which the
plasma energy confinement time suddenly doubles due to unexpected plasma
physics behavior. The plasma temperature and fusion power increases. Finally,
the plasma exceeds the beta limit at about 3.6 seconds. At this time the fusion
power is about 3.3 GW. The plasma facing structures (first wall and divertor) are
designed to withstand such kind of short-term thermal transients. The plasma is
terminated by a disruption when a beta-limit is exceeded.
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A parametric study has been performed to investigate the maximum fusion
power transient due to increased fueling. For a large increase in the fueling rate
the plasma will cool down and disrupt upon reaching its density limit. The
maximum fusion power is reached if the fueling rate increases by a factor 1.8. In
this case, the fusion power reaches 2.7 GW. Eventually, increased temperatures
of the divertor plasma facing materials will cause evaporation of impurities,
which will terminate plasma burn. Using optimistic assumptions on the
impurity retention capability of the divertor plasma to maximize calculated
fusion power, a new steady state operational point will develop with doubled
thermal surface heat loads on the divertor (~ 10 MW/m2). If the cooling system
works normally, the maximum cooling tube temperature would reach 330°C.

In case of terminating the plasma fueling, the fusion power decreases on the
energy confinement time scale (~ 5 seconds).

Sudden injection of 100 MW auxiliary heating into an ignited plasma is also
assessed. The wall load on the divertor rapidly increases due to increasing
plasma heating. The maximum heat load reaches 15 MW/m2 in about five
seconds and continues for about ten seconds. The plasma confinement time
decreases due to the power dependence and as a result density also decreases.
The surface temperature on the divertor lower vertical target increases up to
2800°C. After that, the plasma deteriorates due to ingress of impurities (carbon).
Finally, the plasma transits into L-mode and extinguishes itself at about
17 seconds. During the entire transient, the copper cooling channel stays below
350°C.

In all the cases discussed above, the divertor structures are expected to stay intact
as long as the cooling function works normally. Further studies need to be
performed to confirm that the thermal stresses inside the divertor structures
under these transient conditions are acceptable.

Plasma disruptions are assigned to the normal operational regime. They will
occur frequently during the learning experience. In many accident scenarios a
disruption is also involved. The disruption energy load to the plasma facing
components was taken into account as heat load of 1.5 GJ to the first wall (1.6 GJ
to the divertor) surfaces. A peaking factor of three was added to account for the
non-uniform distribution of the energy load. The electromagnetic loads expected
from VDE's and disruptions are calculated and taken into account in the design
of ITER components. No machine damage will arise from Category I
disruptions.

It is one of the missions of the ITER experiment to study the behavior of plasma
transients. Therefore, it is not possible to completely predict how the plasma in
ITER will behave. Thus, uncertainties exist concerning the maximum possible
damage from a worst case disruption. One particular example is the production
of runaway electrons that could produce damage to plasma facing components
potentially leading to coolant tube melting and an in-vessel coolant leak. Taking
the misalignment of the first wall/shield modules into account, the worst
possible breach size from runaway electron impact is estimated to be ~ 0.1 m2. To
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demonstrate the robustness of the design to plasma events, a multiple failure of
first wall cooling tubes equivalent to 0.6 m2 was also analyzed. Such a break size
is equivalent to double-ended ruptures of all outboard and inboard first wall
cooling channels in a toroidal ring (see discussion of in-vessel coolant leaks
below). Pressurization of the vacuum vessel due to water ingress is reduced by a
very robust design of the vacuum vessel pressure suppression system which can
safely handle the maximum possible damage of plasma facing components.
Consequently, no environmental release of radioactivity is expected due to
plasma transients.

2.2.2 Loss of power

The consequences of a loss of off-site power for up to 32 hours were investigated.
Loss of off-site power does not create any off-site hazard, and the consequences
for the machine are very mild. After 30 seconds, the on-site emergency diesel
generators pickup the loads of the equipment that are connected to the safety
related Class III busbars. Termination of fueling will automatically occur within
a few seconds upon the loss of off-site power. The plasma terminates either from
loss of magnetic control or from interruption of fueling. The pumps of the
primary coolant loops and in the intermediate loops for the divertor are tripped
and coast down. When the Class III power established, small pumps are started
to maintain circulation in the first wall blanket, backplate and divertor primary
heat transfer system loops at about 10% of the nominal flow rate.

In addition, a loss of off-site power for one hour combined with loss of on-site
emergency generators was examined to demonstrate the high degree of tolerance
in the design. Although such a blackout is an extremely unlikely accident, the
design is such that there will be no off-site consequences.

Superconducting magnets remained cooled with helium circulation on Class III
power. The helium in the magnet coils provides substantial inertial cooling
capacity even if it is not circulated. The magnets can be discharged in case of
prolonged loss of external power. The breakers and instrumentation needed for
discharging operates on Class I electrical power (batteries). Slow discharge of the
helium is possible. In case fast discharge is necessary, the helium will be expelled
from the coils but captured in expansion tanks.

The cryogen cooled parts in the tritium plant also remain cold with vacuum
thermal insulation intact. If they heat up in a prolonged loss of off-site power,
their inventory would be sent to the respective expansion tanks.

The vacuum vessel heat transfer system is important to safety because it is the
major system that is intended to remove the decay heat. The flow control valves
in the vacuum vessel primary heat transfer system go to their fail safe position
(heat exchanger bypass valve closes and flow limiting valve opens fully) and
natural circulation in the vacuum vessel loops is established to remove the decay
heat. Figure 2.2-3 shows the temperature transient of the vacuum vessel coolant
under prolonged loss of power conditions. The natural circulation that is
established is effective in removing the decay heat. The coolant flow decreases,
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causing increased residence time of the water coolant inside the water/air heat
exchanger and a decrease in the inlet coolant temperature.

The divertor primary heat transfer system differs from the other in-vessel
primary heat transfer systems because of the high heat fluxes and because the
heat exchangers are located at a lower elevation than the divertor. In the
blackout analysis, after plasma termination the surface temperatures in the
plasma facing components relax very rapidly to values close to the coolant
temperature. Due to decay heat, localized boiling starts first in the divertor dome
and then in the wings after about 20 minutes. The wings and dome coolant
channels are voided completely after 60 minutes. The steam generation leads to a
small pressure increase in the loop (from 3.45 to 3.55 MPa) but no coolant is
expelled from the loop. The maximum temperature reached after one hour is
about 360°C at the dome.

2.2.3 In-vessel coolant leak

A large family of potential accidents are grouped around the ITER cooling
systems. Sequences starting with coolant pipe failures in various cooling loops
and locations have been investigated and show the high degree of robustness in
the design.

The thermal loads of a disruption of unexpectedly large magnitude can
potentially threaten the integrity of the first wall and divertor cooling channels.
Different first wall pipe break sizes are investigated ranging from a single first
wall coolant pipe break (~ 1.6 cm2) to multiple first wall pipe break sizes up to
0.6 m2. This is done to show that the ITER design can accommodate the worst
possible damage of in-vessel components caused by an unexpected disruption
with perfect alignment of the first wall/shield modules that could conceivably
lead to damage to a toroidal ring of modules.

For the worst-case 0.6 m2 break, the resulting water ingress into the vacuum
vessel is severe. Figure 2.2-4 shows the pressure transient inside the vacuum
vessel caused by this large coolant ingress. The vacuum vessel pressure reaches
200 kPa at 3 seconds, causing the (vacuum vessel pressure suppression system
rupture disks to open. The analyses show that the pressure suppression system
functions to suppress overpressures. At 17 seconds after the coolant ingress, the
vacuum vessel pressure peaks at 420 kPa, i.e., below the vacuum vessel design
pressure of 500 kPa. About one minute after the accident, the pressure
equilibrates between the vacuum vessel and the pressure suppression system at
230 kPa. In the long term, on-going cooling of the divertor system will cause
further steam condensation and return to subatmospheric conditions (< 100 kPa)
inside the vacuum vessel.

Figure 2.2-5 shows a combined plot of the short- and long-term thermal
transients of the first wall. During the first 52 seconds after the leak occurs, the
rapid reduction of first wall heat load following plasma termination by coolant
ingress and the cooling effect of the break flow cause the first wall surface
temperature to decrease from 230°C to 155°C. Then the temperature begins to
increase due to decay heat, reaching a peak of 450°C at two days, below the 500°C
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limit. Natural circulation in the vacuum vessel heat transfer system provided
the long-term means of heat removal during this accident analysis.

While the accident could cause substantial damage to components in the
vacuum vessel, the off-site dose consequences remain small. This is because
some of the tritium and most of the corrosion products and dust will enter into
the coolant leaked into the vacuum vessel and remain in the liquid pool in the
pressure suppression system. All releases remain more than three orders of
magnitude below the Category II, III and IV limits.

To assess the ultimate safety margin, multiple first wall header pipe breaks with a
net size 5 m2 were investigated. This size exceeds the maximum in-vessel
component damage and can occur only if all pipes crossing the vacuum vessel
would fail. Actuation of the pressure suppression system would limit the
maximum vacuum vessel pressure to 800 kPa. This maximum is reached
8 seconds after break occurrence and decays rapidly due to the operation of
pressure suppression system. This kind of pressure load stays within allowable
limits for "faulted" condition for the vacuum vessel and thus the damage would
be limited to local deformation.

To assess the ultimate safety margin in decay heat removal, a calculation was
performed with the very conservative assumption that all coolant is lost from
the in-vessel components and flow stagnation occurs in the vacuum vessel. Best
estimate decay heat values were used in this analysis. Figure 2.2-6 shows the
temperature transients for various in-vessel components under these extreme
conditions. Boiling of the vacuum vessel coolant will limit the vacuum vessel
temperature to 250°C for about ten days. Thereafter, air introduced inside the
cryostat will bridge the thermal gap between the vacuum vessel thermal shield
and the cold magnets. Conduction and convection will provide heat transfer at
1.2 W/m2K. The maximum first wall temperature of 460°C would be reached in
about two months. Even in a variation of the analysis, assuming no coolant and
thus no boiling inside the vacuum vessel, the first wall temperature stays below
500°C.

An extremely unlikely case of a first wall coolant tube failure combined with a
failure of a penetration line was analyzed. This event was selected as one of the
Category IV Reference Accidents because it combines a more realistic tube fault
with an unlikely breach of the first and second confinement boundaries in one of
the many hundred penetration lines. A size of 0.02 m2 was chosen as the open
cross section of a typical large penetration line. By including loss of off-site power
and assuming a large building leakage, the result demonstrates the robustness of
safety in the ITER design. In this event, a tube in one of the in-vessel cooling
systems breaks, and coolant water flows into the vacuum vessel. The vacuum
vessel is slow to pressurize (i.e., minutes versus seconds) because of the small
size of the break. Failures in a penetration line that bypasses both the vacuum
vessel confinement and the cryostat confinement barriers allow pressure in the
vacuum vessel to decrease such that the rupture disks to the vacuum vessel
pressure suppression system do not open, although bleed lines to the pressure
suppression system do open. In the case analyzed, the penetration line failures
connect the vacuum vessel to a standard room with a leak rate of 300%/day at
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300 Pa pressure differential, and the release is conservatively assumed as ground
level. A large amount of the radioactive inventory is carried through the bleed
lines to the suppression pool where it remains for the duration of the event. The
resulting environmental releases for tritium, corrosion products and activation
products for this extremely unlikely event is a factor of four below the
Category IV ground level release limits.

Parameter studies for this event were carried out to refine design requirements.
For a smaller penetration line breach, the releases are two orders of magnitude
below Category IV release limits. The same conclusion holds if the generic
bypass room is 'confined' volume, i.e., that it would have leak tightness of
20%/day at 100 Pa over-pressure and that its releases can be sent through filters
and the vent detritiation system. If releases are assumed to the discharged from
the stack, the releases would be a factor of 40 below Category IV release limits. As
the design progresses, this information will be fed back to designers to ensure
wide margins are available in the event of penetration line failures during
accidents, thus increasing the robustness of the confinement strategy.

This event was further analyzed by postulating larger coolant breaches or
confinement bypass sizes to investigate the ultimate safety margin for
confinement. The releases under these hypothetical circumstances stay below
the evacuation threshold of releases corresponding to 50 mSv for elevated
releases under any weather conditions, and for ground level releases under
average weather conditions.

2.2.4 Ex-vessel coolant leakage

A range of coolant leaks outside of the vacuum vessel were investigated to
ensure that releases from such events will be acceptably small. The most severe
case is discussed below. It is a postulated accident in the first wall cooling loop.

During plasma burn, a double-ended pipe rupture of the largest pipe (0.36 m2

flow area) is assumed to occur in the ex-vessel section of a Primary First Wall/
Inboard Baffle primary Heat Transfer System coolant loop. Coolant will be
discharged at a high rate into the heat transfer system vaults. For this
assessment, the earlier signal (~ 3 seconds) is ignored and the fusion shutdown
system will actuate on a signal from a pressure sensor in the vault and terminate
plasma burn in 60 seconds. Even if the plasma is terminated, there is a possibility
that the in-vessel cooling channels will undergo damage because of the fast
disruption that could be caused by the shutdown.

This event was selected as one of the Category IV Reference Accidents since it
envelopes all ex-vacuum vessel loss of coolant accidents (LOCAs) for the first
wall/shield coolant loop that can lead to elevated temperatures of the first
wall/shield.

With a slow plasma shutdown after 60 s, in-vessel tubing is conservatively
assumed to be damaged, and the failure leads to both an in-vessel and ex-vessel
loss of coolant. Only small amounts of hydrogen are generated by steam reacting
with the uncooled, high-temperature plasma facing components. In the short
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term, actuation of the fusion shutdown system terminates the plasma before the
off-normal temperature limit of 800°C is reached (it peaks at about 640°C).
Thereafter, the structures cool down due to thermal conduction to cold parts of
the machine and radiation to intact first wall/shield modules. In the long term,
the maximum first wall temperature always stays below the maximum allowable
long-term temperature of 500°C.

The bleed lines connecting the vacuum vessel pressure suppression system with
the vacuum vessel atmosphere open once the absolute pressure exceeds 110 kPa.
The presence of water causes most of the tritium, dusts, and corrosion products
to remain in the pool of water within the pressure suppression system. The
corrosion products and tritium released into the heat transfer system vaults also
tend to remain with the condensed steam on the vault floor. The off-site
consequences of this event are small. Release are more than two orders of
magnitude below Category IV release limits.

To assess the ultimate safety margins, a variant of the event has been analyzed
assuming complete failure of the fusion shutdown system. The first wall heats
up by continued plasma burn until the first wall tubes fail, and steam ingress or
Be/Cu evaporation from the hot first wall terminate plasma burn by a
disruption. The latter was investigated by several groups, showing that passive
plasma shutdown can be expected on very robust physics arguments once the
first wall temperature has reached 1100 to 1150°C. Postulating that the related
disruption will fail the affected first wall leads to ingress of steam and subsequent
chemical reactions between steam and hot beryllium. The temperature relaxes to
below 800°C in about ten minutes due to radiation to unaffected first wall/shield
modules and thermal conduction to cold parts of the affected module. Using best
estimate chemical reaction rates, < 10 kg of hydrogen would be generated by this
event which is near the deflagration limit for a hydrogen air mixture in the
vacuum vessel but below the detonation limit. Analysis of atmospheric
mixtures have found no explosive mixtures inside the vacuum vessel or heat
transfer system vault for this event.

2.2.5 Heat exchanger tube leakage

On-line detection methods of the tritium level in the circulating water system,
are available to measure heat exchanger leak rates. Based on experience in
CANDU reactors, a tritium level of ~ l(PBq/l can be detected with solid
scintillators. For the maximum expected tritium concentration of 0.1 g
(tritium)/m3 in the primary heat transfer system, a coolant leak larger than
12.5 //h can be measured on-line. In these cases the circulating water system will
be isolated in about 20 minutes following the leak, and releases will be
insignificant compared with the normal operational release limits. An ongoing
plasma pulse will be terminated normally.

Small leaks (less than or equal 12.5 //h) will be detected by taking regular test
samples of the circulating water system coolant. In case of such a small leakage,
the leak will be detected and the circulating water system isolated to stop
environmental releases ten hours following the leak. Decay heat is removed by
the backplate cooling and thermal radiation to cooler modules, and maximum
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temperatures stay below 200°C in the long term. Even with a conservative
assumption of ground-level release for the cooling tower, the releases are about
one order of magnitude below Category II release limits.

The unlikely event of a heat exchanger tube rupture will be detected by 5% loss of
primary coolant 100 seconds after its occurrence. Five minutes after the failure,
fusion shutdown, pump trips, and isolation of the circulating water system stop
environmental releases. Decay heat is removed by the backplate cooling and
thermal radiation to intact first wall/shield modules. The maximum in-vessel
temperatures stay below 200°C in the long term. Integrated releases are about one
order of magnitude below Category III limits.

2.2.6 Loss of flow

The design is very tolerant of anticipated failures such as loss of flow. To
demonstrate this, a pump trip in a cooling loop of the divertor primary heat
transfer system during plasma operation is analyzed in detail. The divertor
cooling loop was selected because large heat fluxes experienced by this
component makes it the most sensitive to loss of flow events. Operation of the
fast fusion shutdown system on a reduced coolant flow signal terminates the
heat load and no failures occur.

Consequences of a pump trip in a divertor primary cooling loop associated with
the failure of the fast fusion shutdown system have been investigated to show
that the design is tolerant to failures of this mitigating system. In case of a flow
blockage in the divertor cooling loop, the temperature of the divertor target
increases rapidly as shown in Figure 2.2-7. Copper heat sink temperatures above
1000°C can be reached in 20 seconds. The plasma will be inherently terminated
once the copper coolant channels are completely melted and coolant is released
into the vacuum vessel. In this case, hydrogen is produced by reaction of steam
with armor material of the divertor: carbon, beryllium or tungsten. The surface
is rapidly cooled because of the large temperature gradient and residual coolant.
Therefore the amount of produced hydrogen is less than 1 kg and there is no
safety concern. Another source of hydrogen production are reactions of steam
with dust particles on hot surfaces. The in-vessel dust inventory will be such
that the maximum hydrogen production from dust stays below 5 kg.

2.2.7 Loss of vacuum

Although all vacuum vessel penetrations are designed with care to provide two
confinement barriers, the large number of these penetration suggests that failure
of a penetration line should be investigated. A loss of vacuum event results
from this. The following event was selected to encompass all kinds of
Category IV loss of vacuum events: Failure of windows/valves in a vacuum
vessel penetration line (0.02 m2 cross-sectional area) leads to a rapid loss of the
vacuum vessel vacuum. The penetration line is assumed to be connected to a
room with air atmosphere. Air ingress into the plasma chamber terminates
plasma burn by a disruption. Loss of off-site power is assumed to coincide with
the initiating event and lasts one hour.

DDR-ITER Safety Assessment Chapter IV-Page 21



31 January 1997

The air in the vacuum vessel heats up. The vacuum vessel and room pressure
have equalized at a subatmospheric value at about ten minutes after event
initiation, persisting for many hours. Chemical reactions do not occur since the
plasma facing components cool down rapidly to the coolant temperature
(< 200°C). In-vessel tritium and dust are mobilized by the air ingress but they do
not blow into the room. This is caused by the on-going in-vessel cooling which
also cools down the atmosphere and thereby creating a slight negative pressure
relative to the room. The room ventilation is isolated within 30 s after event
initiation. After isolation, radioactivity is released to the environment only by
leakage from the room. The daily volume exchange between vacuum vessel and
room is conservatively set to 1%; and 100%/day of the room volume is assumed
to leak at ground level. After one hour it is assumed that operators will start
maintenance detritiation pumps to restore low pressure inside the vacuum
vessel. Continued operation of this system is necessary to control the post
accident situation until the leak is plugged. The vacuum vessel atmosphere is
cleaned up in a re-circulation mode. This yields environmental stack releases
that are about a factor of 20 below release limits for Category IV events. To
investigate ultimate safety margins, a loss of vacuum with a 1 m2 cross-sectional
area was postulated. Initially, the ingress of air suspends dust and continues
until pressure in the vacuum vessel equalizes about 3 seconds. Air begins to
flow out of the vacuum vessel after about 40 seconds transporting smaller
particles of dust and tritium. However, even in this hypothetical case, releases
are below the evacuation threshold for average weather conditions.

2.2.8 Maintenance

Since maintenance and changes to the in-vessel components are to be expected
for ITER, potential accidents in this state are considered. An assumed failure of
one of the lines, port openings or closure plates was investigated to examine the
robustness of confinement during maintenance. The worst postulated failure is
accidental opening of the temporary maintenance port cover. The failure can be,
at least partially corrected by operator intervention which is assumed to occur
only after about one hour. Since there is no driving pressure releases are about
two orders of magnitude below the project's restrictive Category II limits.

During the transfer operation of a divertor cassette to the hot cell, an accident
could be postulated to occur which would damage the transfer cask and release
some of its radioactive contents into the surrounding area. Decay heat will heat
the cassette up to about 200°C in a week without active cooling. The components
will be cleaned in-situ before removal from the torus which limits the
inventories at risk. However, assuming that in-situ removal was not possible for
a particular cassette, the amount of tritium that could be mobilized under contact
with air is conservatively estimated as 10 g for one divertor cassette. In the
gallery and the passages leading to the hot cell, no means are available to recover
tritium so any leakage from the cask will be released from the stack. Since the
HVAC systems for the areas where radioactive material is handled will include
particulate filters, most of the activated particulate will be captured. The total
environmental releases are about one order of magnitude below Category IV
limits.

DDR-ITER Safety Assessment Chapter IV-Page 22



31 January 1997

2.2.9 Tritium process pipe leakage

Failures of the tritium processing equipment have been investigated. In such an
event, process gas will be released to the secondary confinement if the primary-
system pressure is higher than the confinement pressure or confinement
atmosphere will equalize inside of the primary component if initial pressure is
lower. There would be no flammable hydrogen mixtures since the secondary
boundary will either contain an inert gas or be evacuated. The tritium release is
the total of tritium losses from the glovebox to the process room and the releases
through the glovebox atmosphere detritiation system in series with the vent
detritiation system. The expected tritium atmospheric release is significantly
below the daily normal effluents.

In the extremely unlikely event of failures in both the process and secondary
containment piping, tritium will leak into the area room. The room will be
isolated from normal ventilation and valved into the atmosphere detritiation
system. A time delay of 15 seconds between detection and isolation was assumed.
The total tritium content of the room is 16 g (tritium) at 15 seconds when the
header system is isolated from the pump and surge tank. The tritium inside the
room atmosphere is cleaned up in re-circulation mode by the atmosphere
detritiation system. Instrumentation and control systems are provided with un-
interruptible power and the room detritiation system is on emergency power that
should be available within 30 seconds after a loss of off-site power. The total
expected tritium loss is about 0.4 g-T. Essentially all of it is released during the
first 15 seconds before the process room is isolated. The 0.06 m3 volume of the
process gas mixture will not form a flammable mixture with air in the large
2,000 m3 room, since less than < 0.1% of the room air will reduce the hydrogen
concentration below the lower flammable limit of 4%.

Even failure of the cryogenic distillation column (CD50) in the isotope separation
system that has the highest tritium inventory (280 g (tritium)) into a glove box
with failures of isolation would lead to releases which are more than one order
of magnitude below Category IV limits. This is due to the continuously-
operating, redundant inert atmosphere detritiation system for glove boxes.
Failure of the isotope separation system into its surrounding cold box with
failure to isolate would lead to the same conclusion due to operation of the
ventilation detritiation system. Again, no flammable hydrogen-air mixtures
would be formed.

2.2.10 Magnets

Thermal damage can result from arcing external or internal to the magnet coils.
The potential for an external arc as well as the damage can be minimized by
design. Damage will be localized and potential consequences are discussed
under cryostat accidents. Additional analysis in this area is planned.

In the toroidal field (TF) and poloidal field (PF) coils, internal arcs are prevented
by design and monitoring of the cable insulation. In the TF coils this is achieved
by monitoring the radial plates that are connected to the conductors by resistors.
In the PF coils conducting screens around the superconducting cables are
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monitored for degradation of the redundant cable insulation. Internal arcs in the
central solenoid (CS) coils are limited by the winding configurations so that,
although local damage may be such as to make the coil unusable in future, there
is no safety hazard to nuclear components.

A large class of off-normal conditions is analyzed to investigate the potential for
structural damage to the magnets:

Exceptional CS or PF coil current can cause off-normal CS or PF coil forces. A
source of overcurrents in the CS and PF coils is a short circuit of the coil at its
normal conducting busbars outside the cryostat. Short circuits of
superconducting bus bars are avoided by design. To investigate the structural
effects of overcurrents due to shorted CS or PF coils, it is conservative to consider
the conditions where each individual coil is at its critical current (current at
which coil quenches) and the others have been discharged to zero current. In the
CS, some local yielding under hoop tension can occur in the inner conductors
but this does not lead to structural failure. Catastrophic crack propagation is
prevented by the distributed nature of the structural material in the individual
conductor. In the PF coils, there is a sufficient margin not to exceed the allowable
stresses for all conceivable faulted load cases. The PF coil supports will be
designed to preclude cracks that could lead to catastrophic failure, and they will
be monitored to detect signs of progressive failure.

Exceptional PF coil currents can cause off-normal, out-of-plane forces of the TF
coils. Overcurrent in individual PF coils, or exceptional combinations of
currents in sets of coils, can cause off-normal patterns in the out of plane forces
on the TF coils that can overload the support structure or the cases themselves.
Two sets of PF coil off-normal currents were used to bracket the off-normal
forces:

• Any individual PF coil carries its critical current (due to a short) and all
the other coil currents are zero. This surveys the possibility of a shorted
PF coil; and

• The PF coil currents can take any combination of values between the
positive and negative maximum operating current. This surveys the
various cases of off-normal current distributions from the power
supplies that are considered to bound the most severe credible
combinations.

A structural assessment has been made using a beam and shell finite element
model. From the point of view of the safety assessment, the stress levels are
above the allowable in several locations in the TF coil case, but below the yield
stress. There is also no contact between TF coils and vacuum vessel, even under
the worst faulted PF coil condition.

Since the TF coil case supports about 45% of the TF coil bursting force, fatigue
cracks can occur within the case due to pulsing of the PF coil. Initial inspection
ensures that any defects would be small; nonetheless, the consequences of a
failure of the TF case due to crack growth was investigated. In the case of a large
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failure of the complete case, complete structural failure of the coil cross-section
(plates and case) is not possible even in the case of a shorted TF coil.

Although TF shorts are avoided by design, the structural effects of a shorted TF
coil on the magnets and their structures was investigated to determine the
robustness of the magnet system. The deflections could shear local cryogen lines
on structures resulting in a release of helium into the cryostat. Helium entering
the cryostat would be limited to the inventory in the structural cooling system.
The radiation consequences of a helium release in the cryostat are discussed
below. The off-normal stresses and coil deformations are unlikely to cause
significant insulation cracking and secondary arcing.

2.2.11 Cryostat

The safety of cryostat was investigated by postulating air, water and helium
ingress into it. An air leak through a break size of 0.01 m2 was investigated.
During the first hour, the pressure hardly rises inside the cryostat due to effective
condensation of the air entering it. The accumulated weight of frozen air on
cryogenic surfaces is about 51. After about five hours, the cryostat reaches
atmospheric pressures, and after seven hours the maximum pressure reaches
105 kPa which is just above atmospheric pressure and causes air to flow back into
the room. For larger break sizes the basic phenomena stay the same.

Postulating damage to one of the primary heat transfer system cooling lines leads
to rapid coolant ingress into the cryostat. Condensation on the cryogenic surfaces
causes moderate pressurization to 8 kPa. Thus, subatmospheric conditions are
preserved and no environmental release of radioactivity inside the primary
coolant occurs for this event.

A combined leak of helium and primary coolant into the cryostat might be
caused by an arc in the magnet system. The cryostat pressure reaches a
maximum value of 170 kPa in three minutes. After this time the pressure drops
slowly due to condensation of steam. Subsequent heating of helium rises the
pressure again to a second maximum of 160 kPa after four hours. Pumping of
the cryostat volumes restores subatmospheric conditions in 32 hours. The
condensed mass on cryogenic surfaces amount to 20 t. Due to this condensation,
environmental releases are more than four orders of magnitude below release
limits Category IV events.

2.3 Seismic safety assessment

In addition to the 25 Reference Accidents that envelope the safety consequences
of internal failures, an assessment has been made to show that the ITER facility is
adequately designed against site hazards consistent with the ITER site
requirements and site design assumptions, specifically earthquakes. An
assessment of site-specific natural and man-made external hazards will be carried
out following site selection to confirm required safety function capability.

An infrequent, severe earthquake (SL-2) which, although unlikely to occur
during the lifetime of the facility, is assessed to demonstrate adequate public
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protection. This earthquake is assumed to have a peak ground acceleration of
0.2 g with a return period of 10,000 years. The design requirement is to ensure
that required safety functions are provided and releases from the facility do not
exceed Category IV release limits.

A time history was developed and analysis (including seismic and disruption
loads) shows stresses in the tokamak structures are below allowable values
without excessive mutual displacements between the magnet and the vessel.
More detailed analysis is planned to show that stresses and displacements will
not impair the confinement barriers.

Designated, seismically-qualified systems will survive, and their safety function
will not be impaired. In particular, there will be no primary heat transfer system
pipe ruptures (although some increased leakage may occur). Adequate
radioactive confinement barriers will remain intact although some releases may
occur from non-seismically qualified, smaller inventory systems. Sufficient
heating, ventilation and air conditioning systems are qualified to ensure an
elevated release.

It is concluded that ITER can be designed such that postulated earthquakes would
not cause releases exceeding project release limits.

2.4 Ultimate safety margins

ITER safety is characterized by the self-limiting nature of the fusion energy
reaction, modest radioactive inventories, multiple layers of confinement, and
passive means for decay heat removal. However, the inventories are large
enough to warrant assessment of energy control and radioactivity source terms
for postulated hypothetical events (Category V). ITER has intrinsic multiplicity
for control of radioactive and hazardous materials. One, most activation
products are in solid materials that are difficult or impossible to mobilize; gross
structured melting is not possible, and mobilization by oxidation-volatility is
limited. Two, most tritium is either implanted into solid plasma-facing
materials or in relatively conventional tritium plant components. Three, the
largest residual inventories "at risk" - tokamak dust and co-deposited tritium -
are measured and kept below limits. Table 2.4-1 shows the confinement release
fractions necessary so as not to exceed the evacuation threshold of 50 mSv early
dose [IAEA94] for average weather conditions which has been adopted as a goal
for safety design [IDR95].
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TABLE 2.4-1
Confinement Release Fractions for No Evacuation

(not to exceed 50 mSv early dose for average weather conditions)

Tritium as HTO from a Single
Plant System
Tritium Plant Circulating
Inventory

Tritium as HTO from In-Vessel

Metal from Steel/Water
Corrosion Products

Metal from Plasma-Facing
Surfaces Via Dust

Metal from Plasma-Facing
Surfaces via oxidation

Maximum
Mobilize

Inventory

350 g (tritium)

700 g (tritium)

1.5 kg (tritium)

100 kg/loop

100 kg W (with
some steel Cu)

100 kg Be
200 kg C

small due to
limited

temperatures

Confinement Release Fraction
Release Height

Elevated

100%

100%

100%

100%

100%

100%

Ground Level

100%

70%

30%

100%

50% (*)

100%

* - depends on fluence and dust composition. For W, steel or Cu @ 1.0 MWa/m2: 20%

Safety margins are maintained for hypothetical event sequences because of the
following:

• Adequate structural margins in the design of the vacuum vessel to
maintain integrity for the range of potential in-vessel coolant leaks
from one cooling channel to a hypothetical break of all in-vessel pipes;

• The robust structure such that there will be no catastrophic structural
failure due to plasma or magnetic forces;

• Inherent passive shutdown of the plasma when the first wall reaches
800°C - 1150°C due to impurity ingress or beryllium evaporation, and
intrinsic fail safe termination of the plasma in case of in-vessel water or
air leaks;

• No structural melting of the vacuum vessel due to fusion power
because fusion reactions are physically impossible under such accident
conditions;

• Multiple lines of defense for radioactive confinement, including filters
and detritiation so that a degraded confinement function is provided
even if some systems fail;

• Releases from the vessel even in the case of an in-vessel coolant leak
with a bypass of the vacuum vessel and cryostat confinement barriers
do not significantly depend on coolant breach size and vacuum vessel
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bypass size. This is due to the limited in-vessel inventories and
operation of the vacuum vessel pressure suppression system;

• Multiple active and passive heat removal systems and processes. The
vacuum vessel can remove entirely the decay heat of ITER in natural
circulation mode.

• Low decay heat density that cannot melt the structure even if all the
heat transfer systems are hypothetically assumed to no longer function.
The long term temperatures in such a case are below 500°C for the first
wall/baffle/limiter and below 600°C for the divertor (covered with
tungsten);

• The design is tolerant of degradation of mitigating systems, such as
leaks in the vacuum vessel pressure suppression system and failure of
the fast fusion power shutdown system.

Hypothetical event sequences is analyzed to show the ultimate safety margins in
protecting the public. Some of the analysis of Category V events challenging the
safety functions of confinement, decay heat removal and fusion power shutdown
have been discussed in Section 2.2. Best estimate data and codes were applied in
these analyses. These safety functions degrade gradually as more failures are
considered and consequences are bounded. The required confinement capability
shown in Table 2.4-1 is available and the releases are below the evacuation
threshold corresponding to 50 mSv for average weather conditions.
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3.0 ENVIRONMENTAL IMPACTS FROM NORMAL
OPERATION

3.1 Effluent control

The ITER design incorporates many features to ensure that environmental
impacts will be low. The hazards are known and the control technologies are
well established. According to analyses performed for the Detailed Design, the
facility can be operated to stay below the conservative safety and environmental
limits that have been established for ITER. Further application of the process to
implement the ALARA principle is expected to maintain the estimated normal
effluents at this low level.

This section discusses effluents that may be expected during normal operation.
The primary materials of concern are tritium, activated materials, and beryllium.
In addition, the facility will produce very limited direct radiation and will reject
thermal energy. Normal operations include operation of all facility systems
required to produce and control the plasma, as well as maintenance, hot cell
operation, and waste management operations.

For ITER to be site-able by any of the Four Parties with a minimum of site-specific
changes, its design, construction, operation, and decommissioning must meet
limits set by the International Commission on Radiological Protection (ICRP)
and the International Atomic Energy Agency (IAEA), as well as prospective Host
Countries. For operational effluents, criteria vary by country from 0.1 to
5 mSv/a. The ITER Project has chosen to use 0.1 mSv/a as a conservative design
limit [IDR95]. Release limits were established to guide the design and are set to
meet the stringent dose limit with additional reductions to implement ALARA.

The ITER beryllium release limits for public protection are based on reviews of
existing beryllium regulatory limits, official investigations and other
publications. A restrictive limit of 10 g (Be)/day based on U.S. regulations
[EPA93] has been used by the ITER Project as a conservative design limit.

In addition to meeting prescribed limits, the ALARA principle is recommended
by international nuclear safety experts and incorporated in national regulations
of many countries. The International Basic Safety Standards [IAEA94] explains
ALARA as the objective to keep all exposures to values such that further
expenditures for design, construction, and operation would not be warranted by
the corresponding reduction in radiation exposure.

Sources of potential effluents for the Basic Performance Phase (BPP) have been
identified, release pathways determined, and design features and active effluent
control systems assessed. Effluent pathways are controlled and monitored
through the exhaust stack, liquid discharge pathways, and the heat rejection
system. Table 3.1-1 provides a summary of estimated average annual effluents
and compares these to the project guidelines from the GDRD [GDR96].

There is some uncertainty in these estimates that will only be resolved when
ITER begins operation: estimates for the Extended Performance Phase (EPP)
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effluents are less certain since the systems and operations have not been defined
in detail. However, any radioactive effluents will increase slowly over the
project lifetime, so there is adequate time to upgrade effluent control systems if
needed to maintain effluents at low levels. The preliminary estimates of
effluents and flexibility in the design to add additional control measures provide
confidence that the design can meet the project guidelines.

TABLE 3.1-1
Summary of Preliminary Estimates of BPP Average Annual

Effluents for Comparison to Project Guidance

Preliminary Estimate of Effluent

Tritium - Routine effluent

Activated corrosion products

Activated dust

Activated gases
Skyshine

Beryllium (not activated)

Thermal releases

Cryogen release

-0.3g/a

- l g / a

<0.4g/a

insignificant
insignificant

~10g/a

1300 MW ave
5t/a

Project Guidance

lg /a
<5g/a

(to be confirmed)

< 0.5 g/a
(to be confirmed)

-
-

lOg/day
-

-

The basic approach of sound design and confinement is used to limit potential
effluents from ITER. In addition, a variety of active effluent control systems
have been included in the ITER design to reduce releases that could result in
public exposure and/or environmental impacts. These effluent control systems
are discussed below.

3.1.1 Water detritiation system

Tritium contaminated water will also be produced by decontamination
operations and atmosphere detritiation systems (ADS). A water detritiation
system (WDS) will be available to recover most of this tritium, reducing
discharge of tritium in water. Initial operation of ITER will not lead to tritium
contamination of water systems until after a few years of tritium operation when
permeation into the water coolants is expected to begin for some components.
Heat transfer system components are designed to minimize the leakage during
normal operation, but some leakage can be expected. The WDS can be upgraded
for recovery of tritium from these coolants, thus reducing potential tritium
releases.

3.1.2 Atmosphere detritiation systems

A secondary confinement system is employed to recover tritium and minimize
loss to the environment where significant leakage or outgassing is expected
during operations. The secondary enclosures include secondary piping, valve
boxes, glove boxes, or vaults. These enclosures are serviced by an atmosphere
detritiation system (ADS). The hot cell also contains vaults equipped with ADS
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systems. ADS maintain low levels of tritium in air and thus reduce the potential
for tritium releases to the environment. A fraction of the ADS output is
diverted to the stack to maintain negative pressure in the room. If this stream
has significant tritium, it will be also processed by the vent detritiation system
(VDS) before release, thereby further reducing the quantity of tritium in the
effluent.

3.1.3 Chemical and volume control system

Treatment of the heat transfer systems' coolant during operation is performed by
the associated chemical and volume control system (CVCS) to maintain low
levels of corrosion products. Activated material may be present in the primary
heat transfer system coolant due to corrosion of the activated cooling channels of
in-vessel components. The isotopes entering the coolant depend on the material
at the water interface. The ten loops of the PFW/IBB PHTS and the four loops of
the L/OBB PHTS have SS316LN at the water interface and are expected to have
low corrosion product levels. The vacuum vessel PHTS also has a steel/water
interface, but the neutron fluence is significantly lower, and hence its activated
corrosion product levels will be very low. The four divertor PHTS loops and the
neutral beam injector PHTS loops have copper at the interface. The corrosion
rate and solubility is strongly affected by the water chemistry and the extent of the
water treatment during operation. The CVCSs employ chemical control,
filtering, and ion exchange to remove activated corrosion products, thereby
reducing potential environmental releases of radioactivity from the cooling
systems.

3.1.4 Particulate filters

Particulate filters are provided, including HEPA filters where appropriate, to
reduce the amount of radioactivity that could be released through the stack from
locations in the facility where there is a relatively high potential for radioactivity
to be released.

3.2 Tritium release

The health hazard of tritium, part of the deuterium-tritium (D-T) fuel, is
relatively low when compared to other radionuclides. Tritium emits a low-
energy beta particle with a maximum energy of 18 keV (average of 5.7 keV). This
energy level is too low to penetrate the dead skin layer and is therefore not a
hazard unless absorbed into the body (which can happen through skin
absorption, inhalation, or ingestion). If tritium is absorbed, the body naturally
flushes it with an effective half-life of about ten days. This means that the body
will receive dose from tritium only for a limited time. This is in contrast to
other radionuclides which can concentrate in body organs for much longer time
periods and which may remain there until they undergo radioactive decay.

The major sources of tritium effluents for all ITER systems and facilities have
been identified. For each of these sources, effluents for normal operation,
maintenance, and expected events have been assessed. For each system with
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operational effluents, an overview of the major sources of leakage are discussed
in the following.

Table 3.2-1 provides a summary of the preliminary estimates of tritium effluents
for the BPP which provides confidence that the project release limit of
1 g (tritium)/a can be met. This is achieved through use of the ADS and WDS.

TABLE 3.2-1
Summary of Preliminary Estimates of BPP Tritium Effluents

for Comparison with Project Limits

Source

Tritium permeation
into the primary heat
transfer system
coolant

Tritium in pumping,
fueling, and tritium
processing

Outgassing from
plasma facing

component materials

Total

Pathway
Leakage through heat exchanger to the cooling tower of
the Heat Rejection System (airborne)
Losses not captured by dryers during water handling
operations (airborne)
Discharges and leakage from Water Detritiation
System (waterborne)
Operational spills (waterborne)
Water Detritiation System chronic leakage (airborne)
Leakage into vault and discharged from Atmosphere
and Vent Detritiation Systems (airborne)
Losses during maintenance (airborne)
Discharged from Isotope Separation System with waste
protium (airborne)
Discharged from fuel impurity cleanup system
(airborne)
Discharge from remote handling and maintenance
operations on torus systems, diagnostics, etc. (airborne)

Discharge from hot cell maintenance rooms (airborne)
Discharge from ADS/VDS during storage and processing
in hot cell (airborne)
Discharge from waste storage (airborne)
Waste water from decontamination operations
(waterborne)
Discharge from ADS/VDS during in-vessel maintenance
(airborne)
Airborne (rounded)
Waterborne (rounded)

Total operating releases (rounded)

TBq/a
20

16

5

4

2

<1

16

« 1

« 1

17

12

12

1
1

< 1

100
10

~110(~0.3g/a
<lg/a)

3.2.1 Heat transfer and water detritiation systems

Tritium from the plasma will be implanted in plasma facing components and
eventually permeate into their heat transfer systems in about the sixth year of
operation. The rates near the end of the BPP reflect operation to achieve a
neutron fluence of 0.2 MW-a/m2 in the last four years of BPP operation. The
resultant water tritium concentrations with the WDS in operation are given in
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Table 3.2-2 and are within limits established in GDRD. There is uncertainty in
present permeation rate estimates; hence, conservative values have been used
for these assessments. Figure 3.2-1 illustrates the relevant tritium release
pathways.

TABLE 3.2-2
Expected Water Tritium Concentrations with Operation of WDS at End of BPP

Heat Transport
System

Divertor

Limiter and Outboard Baffle

First Wall and Inboard Baffle

Backplate

Vacuum Vessel

Permeation
(g/a)

20

25

15

-n i l

-n i l

Water Tritium
Concentration

(g/m3)

0.11

0.07

0.03

<io-5

<10"7

GDRDIGDR96]
Limit

(g/m3)

0.2

0.1

0.1

0.1

10"*

Airborne effluents from the heat rejection system cooling tower arising from
heat exchanger leakage are the largest estimated source of tritium effluents from
the facility, 20 TBq/a (~ 0.05 g/a). A water leakage value at the design limit of
100 kg/a for each heat exchanger has been conservatively assumed. Tritium
escape through the heat exchanger will occur primarily for the PFW/IBB PHTS
and L/OBB PHTS loops since they do not have an intermediate loop. The
following features are used to reduce loss from these systems:

• water detritiation system to reduce tritium contamination levels;

• heat exchangers designed for low leakage;

• detection and shutdown systems to limit losses from possible heat
exchanger tube leaks.

The leakage rates from cooling systems were estimated by extrapolation of
CANDU experience that is considered to be relevant to ITER due to similar
tritiated water handling concerns. Scaling for these estimates for the high
pressure components takes into account the differences in temperature,
differential pressure, pipe wall thickness, and number of loops. About 15500 kg/a
of heat transfer system water is estimated to leak into the heat transfer system
vaults where it is recovered by dryers so tritium effluents are small, < 1 TBq/a.
Experience at CANDU reactors has shown that a major source of water escape
results from operations where the escaping water is not captured by dryers, for
example, due to cross ventilation and water management operations outside
dried areas. For ITER this is estimated to be about 800 kg/a leading to a loss of
16 TBq/a (-0.04 g/a).

3.2.2 Tritium fueling and processing system

Maintenance is expected to be the largest cause of tritium releases from the
fueling and tritium processing systems. Maintenance of smaller components
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will be performed in gloveboxes and will not lead to any significant tritium
release (< 1 TBq/a), but larger components may need to be serviced outside of the
glove boxes in an area served by an ADS. While releases during such
maintenance will be small (< 1 TBq/a), there will be a gradual release of tritium
from surfaces in the room in the longer term after it is not practical to operate the
ADS. Some components may need to be maintained in-situ using temporary
enclosures. Experience at existing facilities suggests a release on the order of
1 TBq for such major maintenance. Assuming yearly maintenance for 16 large
components leads to an estimated loss of 16 TBq/a (- 0.04 g/a).

Discharges also occur from the impurity processing system and from the isotope
separation system (ISS); however, these are very small ( « 1 TBq/a) because of
the high detritiation factors in the design of these systems.

All tritium systems include the following features that lead to very low releases:

• welded joints;

• tritium compatible materials;

• low leakage valves; and

• metal bellows pumps.

In addition, all tritium components have a secondary confinement system that
will recover any tritium leakage. These enclosures consist of double piping,
valve boxes, glove boxes, or vacuum jackets.

3.2.3 Maintenance at the torus and extensions

Maintenance in the torus and on connected systems/components is expected to
lead to a tritium release of about 17 TBq/a. This includes in-vessel remote
handling operations for the cryopumps, divertor, first wall and shield modules,
test blanket modules and other in-vessel components, neutral beam injectors,
and diagnostics. During maintenance interventions, the vacuum vessel is filled
with an inert gas and maintained leak tight with seals at all times during remote
handling cask docking operations. The torus ADS system detritiates the gas for
recirculation, venting only the small in-leakage to the VDS to maintain the
negative pressure. Maintenance of the divertor and other in-vessel components
requires removal of large structures. Since these components are activated,
subsequent storage or maintenance must be done in the hot cell. The transfer is
done by attaching a transfer cask to the penetration with seals. While the cask is
present, a confinement boundary will always be maintained. Docking and
undocking is done by double-seal doors to limit contamination spread into the
buildings. The preparation or closure work is expected to lead to tritium releases
of about 1 TBq each time.

3.2.4 Hot cell

The hot cell storage vault has the capacity to store a set of sixty divertor cassettes
together with limited amounts of additional components. Cassettes will be
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partially cleaned and baked before placement in the storage vault. For a complete
set of sixty cassettes in storage, the outgassing rate from the beryllium over a
period of a few months will average about 20 TBq/h. During the refurbishing of
the cassettes, the plasma facing material will be removed. Measurements made
during material testing of beryllium indicate that about 5xlO~* of the tritium
could be mobilized. If extensive fracturing is required to remove the plasma
facing material, on the order of 1 g (tritium) could be mobilized. All areas are
serviced with an ADS to recover tritium from the atmosphere and to maintain
negative pressure, a fraction of the ADS output is diverted to the VDS and then
to the stack. Tritium that has been mobilized will be recovered by the ADS and
releases are estimated to be about 12 TBq/a. Maintenance rooms in the hot cell
are purged with normal ventilation prior to access which also leads to periodic
releases. This purging and gradual release from contaminated surfaces leads to a
tritium release of about 12 TBq/a (~ 0.03 g/a).

3.2.5 Waste storage

Activated and tritiated waste will be stored on site prior to shipment off-site for
disposal. Tritiated waste with the potential for outgassing will be stored in
welded containers or decontaminated before being placed in storage. Only the
residual tritium remaining in the walls of these components would be mobilized
during storage and will not exceed 1 TBq/a (~ 0.003 g/a).

3.2.6 Contaminated water

The sources of contaminated water are the result of atmospheric detritiation of
rooms with contamination, washing of contaminated surfaces, spills during
maintenance and leakage from contaminated cooling systems. When
concentrations are significantly above 30 MBq/kg, the water will be processed by
the WDS to recover tritium. Only water with very low concentration will be
discharged. This water will be monitored to assure it meets concentration limits.
Assuming 20,000 m3/a is discharged at 60 MBq/m^ results in effluent stream with
1 TBq/a (-0.003 g/a).

3.3 Activation products

A relatively small portion of the total activation product inventory is available
for release during normal operation. The large majority are tightly bound in
metallic structures. The primary contributors to operational effluents with
activation products are the following:

• corrosion products from primary heat transfer systems;

• activated dust from the torus; and

• activated gases:

3.3.1 Activated corrosion products from coolants

As noted earlier, the chemical and volume control systems are used to maintain
activated corrosion product levels in the primary heat transfer coolant at low
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levels. Calculation of activated corrosion product inventories for a specified
water chemistry, piping materials, and neutron activation is based on calculating
relevant ion solubilities in water using a computer code developed and validated
for light water reactors. There are uncertainties in the present calculations for
the low temperature regime relevant to ITER, and experiments are in progress to
refine the estimates. Estimates for the divertor copper systems are also uncertain,
since erosion/corrosion of copper at ITER relevant temperatures is uncertain.
Table 3.3-1 shows the concentrations for the most significant isotopes for the
L/OBB PHTS which has the highest activity.

TABLE 3.3-1
Release of Key Isotopes from ITER SS316LN Coolant Systems

316LSS

L/OBB activity
in coolant
(GBq/t)

Fe-55

0.08

Mn-54

0.06

Mn-56

4.0

Co-58

0.17

Co-60

0.006

Cr-51

0.0002

Ni-57

0.03

Co-57

0.08

Total

4.7

Since the primary pathways for loss is by leakage from the primary to the heat
rejection systems and from leakage from components into the vaults
(Figure 3.2-1), the primary concern is the portion of activated corrosion products
in the water. Primary pathways for effluents include the following:

• leakage through the heat exchangers and loss to the cooling tower or
HVAC;

• water leakage into vaults and release in the HVAC system; and

• discharged water.

Leakage from the heat exchangers for the ten PFW/IBB PHTS and the four
L/OBB PHTS loops with SS316LN corrosion products is into the heat rejection
system cooling water. Release from the divertor PHTS does not occur because of
the divertor secondary heat transfer system (SHTS). Since the ITER baseline
considers the heat rejection to occur with a cooling tower, the release is
considered to be airborne. Expected release is shown in Table 3.3-2. The average
annual heat exchanger leak rates at the design limit of 100 kg/a for each loop for
this assessment.

TABLE 3.3-2
Preliminary Estimate of Releases of Activated Corrosion Products

from the Heat Exchangers for Comparison with Project Limits

Parameter

Mass of activated corrosion products per ton of coolant (g/t)

Heat exchanger water loss per year (t/a)

Activated corrosion product lost per year (g/a)
Total release (g/a)

PFW/IBB
PHTS

0.12
1

0.12

L/OBB
PHTS

0.13

0.4

0.05
0.17
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Operational releases directly from the PHTS components not including heat
exchanger leakage are primarily through the HTS vault atmospheric control
systems or from releases not captured by dryers or filters. During operation, the
airflow in the vaults is continuously circulated through air filters with only a
small stream extracted to maintain negative pressure. The resulting
decontamination efficiency is very high so losses will not be significant compared
to those associated with heat exchanger leakage. During maintenance operations
in the HTS vaults when worker doses are an important consideration, air flow
may be increased by directing flows directly to the stack filters. This is similar to
PWR operations where effluents are on the order of 10 GBq/a which is
equivalent to a mass release rate of 0.37 g/a. In addition, about 800 kg of coolant
releases may completely bypass the dryer (see discussion in tritium section).
Assuming this also bypasses filters, the release would be 2.5 GBq/a or 0.1 g/a. The
combined release from these two source terms is 12.5 GBq/a or 0.47 g/a.

The primary source of liquid effluent will occur from waste streams that
originate from the PHTSs. Waste streams and decontamination will closely
follow that for PWRs. For PWR systems, yearly contaminated water release rates
are about 6.6 m3/day or about 2000 ton/a. Wastes are filtered before release and a
decontamination factor of 103 is assumed. Based on the coolant concentrations
shown in Table 4.1-2, the annual release of activated corrosion products in
discharged water would be 0.2 g/a.

3.3.2 Activated dust

The effluent pathway for dust from the torus includes these three steps:

• Dust carried outside torus - For movement of the in-vessel
components, it is likely that on the order of one liter or one kilogram of
dust will remain in crevices of the component after cleanup for each
port opening. During the cutting and rewelding required for divertor
removal, some activated particulates could enter the contamination
control areas;

• Dust lofted into air - A significant fraction of the dust is of small
particle size (< one micron). A few percent could potentially be lofted
into the air during maintenance and cleanup operations lasting of the
order of one week;

• Dust transported through HEPA filters - During the maintenance
operations, contamination control barriers will be in place with air
filtration. In addition, any dust by-passing these barriers would be in
controlled areas served by the stack HEPA filters. Dust removal by
HEPA filters is a function of particle size. Removal efficiency is
expected to exceed 99.9%.

During the lifetime of ITER, about two hundred port openings would occur that
have a potential for dust contamination. Based on these considerations, the dust
effluent would be on the order of a few tenths of a gram (< 0.3 g/a).
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In-vessel components are brought into the hot cell for refurbishing that could
produce significant dust. For each divertor replacement, on the order of eight
tonnes of plasma facing material could be processed, and the yearly amount of
dust produced would be several tens-of-kilograms. Since all operations are done
in the hot cell that is continually vented to maintain a negative pressure, the
primary pathway for release is the ventilation system. This gas flow is filtered
twice, first on entering the hot cell ADS and then on entering the VDS. During
cutting operations, the dust produced would be captured by high-flow air cleaners
and filtered with multiple banks of HEPA filters. Larger dust particles would be
easily recovered by conventional cleaning. Thus, conservatively assuming two
percent of the dust is lofted into the air ventilation streams and 0.1% of this is
lost during the ventilation, the dust effluent from the hot cell would be less than
one tenth of a gram (< 0.1 g/a).

3.3.3 Activated gases

Analyses have been performed to evaluate the consequences of release of various
activated gases that may be produced during ITER operation. The gases
evaluated were:

• Activated air between the cryostat and bioshield. Isotopes of concern
from this source include Ar37, Ar41, and C14;

• Activated divertor gases. Noble gases argon, neon, krypton, and xenon
may be pumped into the divertor to produce line radiation;

• Activated cryogenic nitrogen. This could produce C14 and N13.

Production rates, releases, and site boundary doses were calculated for the above
activated gas sources. The results showed that only the release of Xe125 (1.47 day
half life) would result in any significant public dose. If this gas were used, a
special holdup tank could be used to delay release and reduce the dose to
insignificant levels.

3.4 Non-nuclear effluents and emissions

3.4.1 Beryllium releases

Beryllium is under consideration for use as a plasma facing material, primarily
for the first wall but also for parts of the divertor. Non-activated beryllium
effluents would primarily come from installation of plasma facing component in
the torus and refurbishing the divertor cassettes in the hot cell. After the
machine is activated, installation would be done in circulating gas that is
maintained within the torus. HEPA filters are expected to have an efficiency of
better than 99.9%, so the losses would not exceed a few tens-of-grams per year. It
is estimated that a few tens-of kg of beryllium dust would be produced from
refurbishment of divertor cassettes in the hot cell. Filter systems are considered
adequate to limit stack release to ten grams annually of un-irradiated beryllium
from this source. Annual losses will be dependent on activities in the hot cell
and frequency of refurbishment.
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3.4.2 Thermal releases

The heat rejected from ITER operations originates from nuclear heating
(primarily during pulsing with only a small amount of decay heat after pulsing)
and non-nuclear systems (during pulsing, the dwell between pulses, and periods
between pulsing scenarios). The non-nuclear systems include additional heating
systems, component cooling, and chill water. The heat loads are about
1300MW(th) average (2800MW(th) peak) during operation and 250 MW(th)
during shutdown. The thermal release will be primarily from the cooling
towers; however, there will be some direct losses to ambient from heat loss.
Selection of an appropriate ITER site should allow dissipation of these heat loads
without adverse environmental impact.

3.4.3 Cryogen releases

Cryogenic systems are required by ITER to cool the super conducting magnets and
operate cryopumps for hydrogen pumping. A large cryoplant will be on-site to
provide refrigeration and storage of cryogenic helium. Losses of cryogenic
helium will minimized for economic reasons. Based on performance of large
cryogenic systems employing helium, a yearly loss rate is estimated on the order
of five tonnes. The environmental impact of these releases should be minimal.

3.5 Waste management and decommissioning

3.5.1 Waste management strategy

An important objective of ITER is to demonstrate the environmental
attractiveness of fusion over its entire life cycle including construction, operation
and decommissioning. Thus, the ITER Project is focusing on the following
issues:

• minimizing the quantity of relatively highly activated waste that will
need long-term storage;

• designing for safe handling of waste during maintenance and
decommissioning;

• exploring "on-site" waste treatment to prepare the ITER waste for
further waste treatment by a separate waste management organization;
and

• providing the Host Country with detailed data concerning ITER waste.

The design of ITER has taken into account that operation and decommissioning
of ITER will generate radioactive, chemical and miscellaneous other wastes that
will require handling, treatment, packaging, storage and disposal. The ITER
waste management strategy (shown in schematically in Figure 3.5-1) provides
safe handling and treatment of potentially activated, tritium bearing and
beryllium bearing wastes. It is assumed that the ITER Project will provide initial
treatment and short-term storage of wastes on the ITER site. Longer-term storage
and ultimate disposal is assumed to be accomplished by a separate waste
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management organization in accordance with specific national regulations,
standards and practices.

A key objective for HER waste management is to minimize the quantity of
relatively highly activated waste that needs long-term storage. The following
options for reducing the waste mass/volume of relatively highly activated waste
during treatment on ITER site are being considered:

• cutting/segmenting with sorting;

• removing surface contamination; and/or

• reuse and repair of components such as the divertor cassette, divertor
structure and blanket module.

For example, Figure 3.5-2 shows that the contact dose is peaked near the surface
of the first wall/shield module. The benefit of segmenting the copper/stainless
steel front part of the module from the main body arises from the fact that the
mass of the front part is only about one tenth the mass of the body, but it has an
order of magnitude higher contact dose.

3.5.2 General characteristics of ITER waste

As part of the EDA, the ITER Project has developed detailed data on waste
volumes, masses, and radioactive characteristics (component specific activity,
contact dose, decay heat, dominant isotope etc.). ITER wastes have characteristics
unique to ITER, including:

• A major portion of the wastes is from neutron induced activation of
corrosion resistant metals, including structural material, such as
stainless steel, plasma facing components such as tungsten and heat
sink material such as copper. These activated metals emit gamma
and /or beta radiation. The radiation characteristics, including specific
activities, energy of radiation, and half lives, depend strongly on the
material selection;

• The wastes from plasma facing components of ITER will contain some
with tritium. Treatment is foreseen to recover this tritium, for
example, by baking the tritium-bearing beryllium wastes up to 700°C i n
the hot cell, about 90% of tritium can be recovered. The residual
tritium is relatively immobile in this state and difficult to recover;

• Use of chemically toxic beryllium as the first wall material can result i n
radioactive and chemically hazardous "mixed" waste.

Table 3.5-1 shows the cumulative waste stream for in-vessel components, which
will be the most activated waste, from BPP. The amounts of wastes depend on
replacement frequency of the machine components. Only the high heat flux
components of the divertor cassette are to be replaced; here, two times in the BPP
is assumed. Another waste stream is from the first wall/blanket modules. Here,
conservative replacement frequencies are assumed: 10 modules out of 520
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primary first wall/blanket modules total during the BPP, 15 out of 120 for limiter
modules; 10/15 out of 40/60 modules for inboard/outboard baffle modules. This
table does not include activated wastes from unexpected failures. Components
are designed for the life of ITER; flaws may arise in early operation before
significant activation. It is not possible to accurately predict the operational waste
stream during the EPP, since the design and operational plans cannot be
formulated until the results of the BPP are available. Given the expected gains in
knowledge about plasma behavior and control, the waste stream volume may be
similar for the EPP as the BPP.

TABLE 3.5-1
Estimated BPP Waste Stream Summary

(cumulative over 10 years of BPP)

Component

Primary first wall/shield module (average)

Regular divertor cassette

Diagnostic divertor cassette

Total - In vessel components

Mass, t

230

410
30

670

Unpackaged
Volume, m3

50
- 5 0
~ 4
110

Table 3.5-2 provides a summary of waste stream data for in-vessel components
for the transition period when the machine will be significantly reconfigured for
the EPP. In this operation, it is assumed that all the primary first wall, limiter,
in-board and outboard baffle modules used in the BPP are replaced with breeding
modules. These are the major sources of high activity waste streams for this
activity. There may also be some additional waste depending upon the plans
developed for the EPP that cannot be predicted at this time.

TABLE 3.5-2
Estimated Transition Period Waste Stream Summary

Component

First wall/shield module (average)

Test blanket modules

Total - In vessel components

Mass, t

2730
50

-2780

Unpackaged
Volume, m3

560

- 1 0
-570

Figure 3.5-3 shows a time decay of specific activity in representative in-vessel
components from the BPP. The specific activity (and similarly, contact dose and
decay heat) of the waste decreases with time after removal. The initial activity
level depends on the neutron flux level for short-lived isotopes and on the
neutron fluence level for longer lived isotopes, as well as nuclear cross sections.
As a general trend, a few orders of magnitude reduction is expected in the first
year, followed by an additional few orders of magnitude decrease in the next ten
years. The isotopes produced are very often from impurities and minor alloying
elements. There are not many dominating isotopes for these decay
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characteristics, indicating a possibility of future material tailoring, either by
reducing or substituting troublesome impurities and minor alloying elements.

The status of the development of low-activation materials is such that all of
fusion's potential safety advantages cannot be fully realized in the ITER design.
In particular, near-plasma components will use stainless steel and copper alloys
that have not yet been optimized for use in fusion. This leads to production of
activation products with higher decay powers and longer half lives than would
be desirable for the implementation of a commercial fusion power plant.
However, material development activities are underway in parallel with the
ITER project that will provide the needed low activation materials for
commercial fusion.

Figure 3.5-4 shows dominating nuclides for contact dose as a function of time for
in-vessel components. These are isotopes of cobalt and manganese, depending
on the time after shutdown. A contact dose rate in an order of tens of mSv/h is
achieved after about 100 years for in-vessel components.

The contamination of components with corrosion products and tritium increases
low level waste streams in that it may contaminate otherwise non-radioactive
components, such as the primary heat transfer system components.

Maintenance of nuclear facilities of the size of ITER typically generate solid low-
level waste such as protective clothing, textile, plastic film, tools, parts from
processing equipment in the order of 300 m3/a. Since ITER is an experimental
machine, it will likely generate an additional modest amount of discarded
scientific components.

3.5.3 Decommissioning

As stated in the ITER site requirements and assumptions, it is anticipated that the
ITER site will be turned over to a separate organization for decommissioning one
year after termination of ITER operation. Prior to initiation of the first
decommissioning phase, detritiation and activated dust removal would be
accomplished by the ITER operating organization using normal procedures and
equipment installed for that purpose. A decommissioning scenario has been
considered as an example to show feasibility:

3.5.3.1 Phase 1

During Phase I decommissioning, in-vessel components that are still highly
radioactive can be removed using existing remote handling equipment. The
modular design of in-vessel components facilitates this. An estimate of waste
from Phase I is given in Table 3.5-4.
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TABLE 3.5-4
Estimated Phase I Decommissioning Waste Stream Summary

Component

primary first wall/breeding module
shield plug
filler shield

manifold
regular divertor cassette

diagnostic divertor cassette

pellet injector

breeding blanket module

LiPb test blanket module

LiV test blanket module
ceramic/He test blanket module

ceramic/H2O test blanket module

cryogenic pump
ICH modules
ECH blanket port module
ECH mirror shield block

ECH window block assembly

NB injector source

Total

Mass, t

937

140
130

196

3055
271

35

4

24

12

6
6

56
160
31

50

0.6

28

-5150

Characteristics
at 1 year

Contact dose:
l~10Sv/h

Decay heat:

10~1000W/m3

3.5.3.2 Phase 2

A period of time would be allowed for radioactive decay of components until
manned access and disassembly is practical. As shown in Figure 3.5-5, after a
month or two, the contact dose for the vacuum vessel rear wall, magnet
structures and the cryostat will be reduced down to < 1 mSv/h level, which is a
practical level of hands-on work in high radiation field subject to appropriate
controls. The vacuum vessel front wall and backplate reach levels of
~ 100 mSv/h after 30 years. This rather high value is due to the reduced
shielding capability of the breeding blanket used for the calculations. An
estimate of waste from Phase II is given in Table 3.5-5. Ex-vessel heat transfer
systems waste in Table 3.5-5 differs in that it is contaminated (activated corrosion
products and tritium) but not activated. Depending on the time after shutdown
and decontamination techniques applied, some waste in Table 3.5-5 may be
exempt depending upon de minimus criteria used.

3.5.3.3 Phase 3

In this phase, disassembly and decommissioning of the ITER facility would be
complete, and the facility put into the condition desired by the Host Country, e.g.,
ready for reuse or returned to "green field" status.
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TABLE 3.5-5
Estimated Phase II Decommissioning Waste Stream Summary

Component

Vacuum vessel

Back plate segments

Thermal shield (sections)

Total- In-Vessel

Mass, t

9500

888

940

~11328

Characteristics
at 30 year

Contact dose:

100 mSv/h ~ 1 uSv/h

Decay heat:

< 1 W/m 3

Component

Magnet: toroidal field coils
Magnet: outer poloidal field coils

Magnet: central solenoid
Magnet: preload structure

Magnet: upper & lower crowns

Magnet: gravity support

Vacuum vessel supports

Total - Magnet System
Cryostat

Mass, t

14805
5473
1521
710

1000

1875

110
~ 25494

3740

Characteristics
at 30 year

Contact dose:
<100 uSv/h

Contact dose: < 10 uSv/h

Component

PFW/IBB PHTS
L/OBB PHTS

Divertor PHTS

Vacuum vessel PHTS
Chemical and volume control system

Mass, t

2218

1496

1230

n/avail

946

Characteristics
at 30 year

Contact dose:

< 1 nSv/h

Tritium contaminated.
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4.0 OCCUPATIONAL SAFETY

ITER will be an experimental fusion machine and will require maintenance,
in-service inspection, and installation of experimental equipment that are
inherent to any experimental facility. The hazards to personnel are well known,
and the techniques for ensuring safety well established. Industrial hazards from
beryllium, electromagnetic, and cryogenic and inert gas exposures are assessed to
the extent possible at this stage of the ITER design. Other hazards that are likely
to be present at the ITER facility are also considered, but are deemed to be best
treated on the basis of Host Country standards for industrial safety after site
selection.

To achieve the desired goals for worker protection, radiation protection and
industrial safety programs are being developed. Generally, measures to maintain
worker exposure at acceptable levels include:

• establishing administrative limits for radiation and industrial hazards
exposures, with the ALARA principle being taken into account;

• definition of hazard zones;

• monitoring and control of hazard sources; and

• administrative control of the hazard impact on workers (e.g., by means
of dosimetry and human access control at the facility, etc.).

4.1 Occupational radiation safety

A radiation protection plan is being developed during the EDA to ensure that
occupational radiation safety issues are addressed in a consistent and
comprehensive manner. Radiation protection principles are being based on
ICRP and IAEA recommendations, but after site selection, ITER will follow the
laws and regulations of the Host Country.

The objectives of a radiation protection program are to:

• prevent acute over-exposures;

• prevent occupational doses over legal limits;

• maintain personnel doses As Low As Reasonably Achievable
(ALARA);

• minimize spread of contamination;

• minimize release of radioactivity to the environment; and

• maintain public exposure ALARA.

Based on the radiation zoning criteria, information on the predicted distribution
of dose rate at the ITER facility for different operational states, and on the design
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and administrative measures to protect workers, adequate radiation protection of
ITER personnel can be assured. Preliminary occupational radiation exposure
estimates will be undertaken as part of the process to implement ALARA.

4.2 Radiation access zoning and access control

The use of radiation access zones in a nuclear facility serves the following
important functions: contamination control, dose control, and prevention of
unplanned exposures and acute over-exposures. Zoning will be maintained
during both operation and maintenance phases, but the zone designation for
some areas will change as the hazards change. Tables 4.2-1 and 4.2-2 discuss
proposed area classification and radiation access zones depending on the
radiation hazards. This is a change from the IDR [IDR95] radiation and airborne
contamination zoning levels, representing the increased attention to this topic
since the Interim Design Report.

TABLE 4.2-1
Area Classifications and Radiation Access Zones

Area and Zones

Non-Supervised

A

Supervised

B

Controlled

C

Controlled/
Restricted

D

Access Limitations

An area with free access for all site personnel. No radiation
protective equipment requirements or restrictions. No
significant radiation fields and no airborne or surface
contamination hazards. No special monitoring required. No
radiation work plan required.

Unregulated access for RW-I and RW-II. An area with very
low radiation hazards so radiation workers have access
without special planning. No radiation work plan required.
Special permission required for NRW or non-site personnel
(Can be done through radiation work plan).

Access for all personnel requires appropriate radiation
protection and exposure planning. Radiation work plan with
appropriate level of approval for the class of personnel
requiring access.
The level of approval will vary depending on the
classification of the personnel requesting access.

These are restricted areas. Entry is by exception and occurs
only under a radiation work plan with a high level of
approval from both an operational and a radiation safety
view. This means that, given the radiation hazards, the
performance of the task is justified (operational approval)
and that adequate safety precautions have been taken
(radiation safety approval).

RW: Radiation Worker; NRW: Non-Radiation Worker
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TABLE 4.2-2
Conditions for Radiation Access Zones

Surface Contamination

CONDITION:
beta-gamma (p-Y) and
tritium surface contamination
(TSC) values in [Bq/cm2]

WHITE:
[no detectable contamination]

GREEN:
may have cross
contamination
[< 4 P-Y & < 8 TSC]

YELLOW:
Identified and controlled
contamination
[<40p-y&<1500TSC]

RED:
High general contamination.
[>40p-yor>1500TSC]

Exposure Conditions

1
no airborne,
and external

dose rate
< 0.3 uSv/h

A

B

C

D

2
exceeding

condition 1 and:
total dose rate

(int. + ext.)
<3.0uSv/h

B

B

C

D

2
exceeding

condition 2 &:
< 75 MPCa

and
< 750 uSv/h

C

C

c

D

4
> 75 MPCa

or
>750 jiSv/h

D

D

D

D

NOTES: int. = internal dose rate, defined in maximum permissible concentration in air (MPCa)
where, 1 MPCa = 10 uSv/h when working without respiratory protection

ext. = external dose rate, hazard defined in uSv/h

The classification of rooms depends on the expected exposure and contamination
conditions. Requirements for access will depend on the hazards, but also on the
type of worker and associated permissible dose limits. For example, the effective
dose equivalent dose limit for Radiation Worker Class I (RW-I) is 20 mSv/a and
for RW-II, 6 mSv/a, whereas for a Non-Radiation Worker (NRW) it is 1 mSv/a.
Access control can be achieved using procedural and/or physical barriers. The
requirement for a work permit for access to higher Radiation Access Zone levels
is the first procedural barrier to accessing areas with higher radiation hazards.
Rooms that are designated as Radiation Access Zone D have physical as well as
procedural barriers to prevent unintentional entry. Some areas are under only
physical access control during certain modes of operation. A formal change
control process will be developed prior to operation. The areas subject to physical
barriers are shown in Table 4.2-3.

4.3 Shielding

Operation of ITER will result in the production of fast neutrons through the
fusing of tritium and deuterium ions, the production of N16, producing high
energy gamma rays as a result of decay, and N17 which produces fast neutrons as
well as gamma radiation while decaying. Key shielding features to reduce
occupational exposure are noted below.
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TABLE 4.2-3
Areas Under Physical Access Control

Operating State

At All Times (including normal
maintenance mode)

Pulse Operation

During In-Vessel Component
Transfer

Area

Cryostat, HTS Vaults (Upper and Lower), Hot Cells,
component transfer tunnel

All rooms of the Tokamak Building that are below
ground (including the Pit and Gallery) + all areas
identified under "At All Times"

AH rooms of the Tokamak Building that are below
ground (including the Pit and Gallery), Lid Laydown
Area, Personnel Building + all areas identified under "At
All Times."

4.3.1 Shielding blanket, vacuum vessel, magnets, cryostat

The shielding blanket, vacuum vessel, magnets and cryostat provide initial
layers of shielding to reduce the overall radiation levels in the facility; however,
because of penetrations and circulating inventories in the coolant streams (e.g.,
corrosion products, N16) significant additional, distributed shielding is necessary
to permit manned access to the near-Tokamak area.

4.3.2 Bioshield

Shielding has been incorporated in the design for the neutron and gamma fields
during pulse operation. This bioshield allows hands-on maintenance of
components that are external to the cryostat, reduces the neutron activation on
the accessible side, and attenuates the gamma radiation coming from activated
components on the in-vessel side. Radiation streaming through penetrations in
the bioshield will be addressed.

4.3.3 Port design and port plugs

Ports have been designed to allow interventions for maintenance, repair and
replacement of in-vessel components. Much of the work is performed with
remote handling equipment; however, there is sometimes the requirement for
limited hands-on work. The port design allows the maximization of shielding
for access in these ports during maintenance periods.

4.4 Zoning map and dose rates

Figure 4.4-1 shows a typical zoning map of dose distribution in the tokamak area.
These maps provide a guideline for shielding design, ventilation system design,
ADS design, remote maintenance design, building and access control design, as
well as for individual equipment design for maintenance. Also, from the safety
point of view, these maps provide a starting point for looking into occupational
safety implementation. Some of the more challenging aspects of occupational
radiation protection are the following.
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4.4.1 Dose rate in the equatorial ports

Hands-on operation is envisaged for the removal of the cryostat closure plug.
The dose rate in the equatorial port area is of concern. The dose rate in the
equatorial area will change greatly depending upon the operational mode,
especially when the bioshield plug is open and the blanket shield plug is
extracted into the cask. During this operation, calculated dose rates are
approximately 103 Sv/h. This dose level is of serious safety concern and calls for
strict access control during the unshielded cask transfer operation.

4.4.2 Dose rate in the divertor pit area

Due to the relatively good shielding performance of the divertor cassette body,
the doses associated with the hands-on maintenance in the divertor port area are
less than in the equatorial port region. The dose rate in the divertor port area
will change greatly depending upon operational mode, especially when the
bioshield plug is open and the cassette body is extracted into the cask. Dose rates
during this operation are calculated to be several hundred Sv/h. This dose level
calls for strict access control during the unshielded cask transfer.

4.4.3 Dose rate due to water activation

The O16 (natural abundance, 99.759%) in natural water will be strongly activated
with fast neutrons (above ~ 11 MeV), generating N16 which emits a 6.13 MeV
gamma (69%) and 7.12 MeV gamma (5%) with a half life T1/2 = 7.13 s. The
magnitude of this issue is specific to fusion. The expected dose rate from N1 6

photons is ~ 300-600 Sv/h in the cryostat and HTS vaults during the pulse, which
by far dominates all other radiation sources. It is planned to provide 2.4 meters
shielding at the floor of the tokamak hall area to reduce the dose rate down in
this area to about the 100 ^Sv/h level during the pulse.

Water activation also induces N17 which emits neutrons. The current
estimation of the specific activity is about 1.5 MBq/cm3, and a fast neutron
emission of about lxlO7 n/cm2-s. The dose rate in the HTS vaults due to the
induced activation is of the order of about 100 |iSv/h after a day, which is not a
prohibitively high level, but needs to be taken into account for radiation
protection.

4.5 Occupational non-radiation safety

4.5.1 Beryllium safety

Beryllium safety at ITER is based on the best practice of beryllium handling
facilities. Limits for beryllium safety have been established for beryllium
operation in order to properly protect ITER workers. These limits are in
compliance with the national regulations of the Parties and take into account JET
experience. Three beryllium zones to control hazards have been proposed and
are listed in Table 4.5-1.
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TABLE 4.5-1
Beryllium Zoning

Zone Name

Uncontrolled Zone

Controlled Zone

Respiratory
Protection Zone

Hazard Level

Airborne

< 0.01ug/m3

0.01 ug/m3

to
0.2 ug/m3

> 0.2 ng/m3

Surface

< 10 ug/m2

10 ug/m2

to
50ug/m2

> 50 |ig/m2

Access and Control Conditions

Time unlimited access areas with no
protective or monitoring devices (e.g., control
rooms, ordinary offices)

Access time determined by the particular
program and operation with Be-bearing
equipment and if Be could appear in the air.
Light protective equipment worn: light
respirators, clothes, gloves, shoes, etc. Be-
monitoring during all periods of work. These
zones will be identified by a warning notice at
the entrance (e.g., Be-contaminated areas,
maintenance cells)

Be present in these work areas under normal
operating conditions. Time limited entry
permitted under special circumstances
following specific instructions and using
protective equipment that isolates the
worker from the room atmosphere e.g., bubble
suit (e.g., torus, hot cell vaults)

4.5.2 Electromagnetic field exposure

Conservative design guidance is proposed for electromagnetic fields to ensure
worker safety shown in Table 4.5-2. These limits would satisfy all of the
participating countries' regulatory requirements. They are consistent with
investigations which have shown there is no noticeable effect on human health
for long term electromagnetic (EM) exposure up to 15 mT.

TABLE 4.5-2
Magnetic Field Exposure Guidance for ITER

Whole Body (mT)

10 mT
FromlOmTtolOOmT

More than 100 mT

Exposure Time

unlimited working time
half working day/shift

limited/restricted entry time

Comments

when magnetic field x time
£ 60 mT • h

a few minutes per working day/shift

The predicted electromagnetic fields from the charged ITER poloidal field coils
have been calculated and are presented in Figure 4.5-1. Based on the proposed
exposure guidelines, the following three electromagnetic zones and conditions
for worker entry are proposed:

• Prohibited Zone: pit - no entry during tokamak operation; Tokamak
floor - no entry during tokamak operation;
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• Controlled Zone: Galleries adjacent to the pit - limited access during
tokamak operation (no more than one half work day);

• Uncontrolled Zone: All other work areas beyond galleries adjacent to
the pit.

The other potential electromagnetic hazard at ITER is the use of radio-
frequencies (RF) for plasma heating in the IC frequency range (40-90 MHz) and
the EC frequency range (170 GHz). Radio-frequency radiation can be considerably
attenuated by adding simple shielding in places where the leak occurs.

4.5.3 Other hazards

Along with the above hazards, there will be other industrial hazards to workers
present in the ITER facility including:

• cryogenic gases;

• inert gases;

• high voltage hazards;

• chemical hazards;

• mechanical hazards;

rotating machinery;

- lifting equipment (cranes).

Each country has its own safety regulations for mitigating such industrial
hazards, and worker safety can be assured by implementation of the Host
Country industrial safety regulations.
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FIGURE 2.1-1
Schematics of MELCOR Modeling of in-vessel structures, vacuum vessel, and
their cooling systems, vacuum vessel pressure suppression system, cryostat, heat
transport system vaults and rooms around the tokamak.
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FIGURE 2.2-2

Plasma Parameters for Doubling of Confinement Time. Fusion power increases,
but transient is terminated when plasma beta limit is exceeded. (SOL: scrape off
layer, BR: Borrass Limit, GR: Greenwald Limit)

DDR-ITER Safety Assessment Chapter IV-Page 54



31 January 1997

140 -E
??13O-|

VV inlet

- - W outlet

16 24 32 40
Time (hours)

48 56 64

FIGURE 2.2-3
Vacuum vessel coolant temperature transient with VV PHTS operating in natural
circulation mode without any other in-vessel cooling. The heat load due to decay
heat of all in-vessel components is transferred through the water-air heat
exchanger limiting the vacuum vessel and in-vessel component temperatures.
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FIGURE 2.2-4
Vacuum Vessel Pressurization after multiple first wall pipe break. The break
size is 0.6 m2, the vacuum vessel pressure suppression system (VVPSS) opens at
200 kPa. Pressure in the vacuum vessel remains below is design pressure of
500 kPa.

DDR-ITER Safety Assessment Chapter IV-Page 56



31 January 1997

o,
I-

500 -

450 -

400 -

350 -

300 -

250 -

200 -

150 -

100 -

— - — F\N-ft
FW-

r-x^ i

j
s
—

/IELCOR
CHEMCOI

>

J
1t

#

•

J

§
f

« :
\

% •

\

102
time [s]

104 106

HGURE 2.2-5
Combined MELCOR/CHEMCON first wall temperature transient for the
Category IV multiple first wall coolant leak into the vacuum vessel. No in-vessel
cooling is assumed, i.e., the only heat sink is the vacuum vessel PHTS operating
in natural circulation mode. The initial cooldown is caused by the reduction of
heat load following plasma shutdown; the later heat up is caused by decay heat
Primary first wall temperatures remain below the 500°C limit
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FIGURE 2.2-6
Decay heat driven temperature transient with no in-vessel cooling and no natural
circulation of the vacuum vessel. Coolant boiling inside vacuum vessel is taken
into account. Further credit is taken from air convection inside the cryostat.
Maximum primary first wall temperatures are reached after about 2 months and
remain below the 500°C limit. (FW-o.b.: primary first wall/outboard baffle, VV:
vacuum vessel)
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FIGURE 2.2-7
Temperature transient for the divertor wing structure during coolant flow
blockage event. The plasma heating is stopped when the copper structure in front
of the coolant is completely melted. The thermal load due to a disruption at
plasma shutdown was included in the analysis. The surface is rapidly cooled
limiting chemical reactions.
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FIGURE 3.2-1
Pathways for Tritium Effluents from the Heat Transfer Systems
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FIGURE 3.5-1
ITER Waste Management Strategy on the ITER Site
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Contact Dose vs. Distance for FW/Shield Module (BPP)

at 10 y after shutdown
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FIGURE 3.5-2
Contact Dose Characteristics of the First Wall Module. Contact Dose is strongly
peaked near the front surface.
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FIGURE 3.5-3
Specific Activity of Representative In-Vessel Components from BPP (for
0.3 MW.a/m2 fluence) Showing the Decay as a Function of Time After Shutdown.
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Dominating Nuclides in Wastes (SA1; FENDL/A-2)
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FIGURE 3.5-4
Dominating Nuclei for Contact Dose for SS316LN in First Wall/Shield as a
Function of Time.
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Contact Dose for outboard component, Sv/h
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FIGURE 3.5-5
Contact Dose as a Function of Time After Shutdown for Phase II
Decommissioning Wastes. Cryostat, Magnet Structures and the Vacuum Vessel
(W) Rear Wall Reach Levels <1 mSv/h after One to Two Months. The Back Plate
Reaches Levels < 100 mSv/h after Thirty Years. (TFC: Toroidal Field Coil)
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IN-VESSEL
VIEWING
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LOWER
PHTS

Zoning Map 2 - Maintenance with Bioshield Plugs Closed

FIGURE 4.4-l(a)
Zoning map in tokamak area with bioshield plugs closed and no plasma
operation. Zone A: Non-supervised; Zone B: Supervised; Zone C: Controlled;
Zone D: Controlled/Restricted.
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Zoning Map 4 - In-vessel Component Transport
- Cask Loaded; Pit/Gallery Shielding Door Closed -

FIGURE 4.4-l(b)
Zoning map in tokamak area with in-vessel component transport cask loaded and
the pit/gallery shielding door closed. Zone A: Non-supervised; Zone B:
Supervised; Zone C: Controlled; Zone D: Controlled/Restricted.
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FIGURE 4.5-1
Distribution of Peak Magnetic Field Outside of the Bioshield
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1.0 INTRODUCTION

The ITER cost estimates presented in the IDR have been updated to take account
of the design changes that have occurred and of new costing information that has
become available, using the same methods and basic costing elements such as
unit cost data and thus ending with a JCT-evaluated cost estimate expressed in
IUA. The cost update is thus a limited exercise and represents a tentative
adjustment of the IDR figures, pending further revision as the design changes
are subjected to the full cycle ofreview and refinement under the "design to cost"
approach. No new estimates have been made for engineering, operation and
decommissioning costs.

Over half of the Work Breakdown Structure elements have been affected to
some degree by the design evolution since the IDR, with consequent possible
effects on costs. The cost estimates have been adjusted only for those parts of
each system that have changed; in most cases this represents a relatively small
proportion of system costs. Moreover, the design changes that have led to cost
adjustments have yet to be subject to review under the design to cost approach.

The cost estimate update is presented at the level of detail which is
commensurate with the present state of design. This means that not all cost
areas can be addressed at the same level of detail. As the design progresses
during the EDA the level of detail will become more uniform.

The cost estimate update is consistent with the design presented in the Detailed
Design Report. The present design is described in summary fashion in the ITER
Plant Description Document (TPDD), with individual systems being described in
detail in their individual Design Description Documents (DDDs). For details of
the design the reader is referred to those documents.

A complete re-estimation of the costs will be presented in the Final Design
Report, relying on new Industry inputs according to detailed design and to
already experienced manufacturing processes.
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2.0 COST ESTIMATE APPROACH

The cost estimate in the IDR comprised five major parts:

• Manpower and R&D during the EDA period and a pre-construction
period after the end of EDA during which all engineering is completed
except for engineering activities by the vendors or in support of
construction. This phase may overlap or be fully contained within the
construction phase.

• Construction costs (both direct and indirect);

• Siting and regulatory costs associated with permission to construct the
facility;

• Operation costs; and

• Decommissioning costs.

Only the second of these - construction costs - has been updated for the DDR,
with the same assumptions for procurement limits and conditions as for the
IDR. Moreover, the "other costs to be borne during construction", which include
construction management, engineering support of construction, R/D resources
needed during the construction and initial commissioning period, have not been
updated and thus remain the same as in the IDR cost reports, and have been
updated and thus remain the same as in the IDR rcost report.

Construction costs have been updated in those instances for which the design has
experienced a significant change or where new costing data have become
available. The JCT has either evaluated the updated costs provided by the Home
Teams, or has developed an updated cost estimate internally. The method used
to update the costs is the same as that employed in the IDR Cost Estimate. Costs
for items whose design has not changed have been retained at the IDR values.
Furthermore, the estimates for the changes in costs have been mostly developed
internally using unit costs derived from the IDR, and applied to the changed
element only.

The evaluated updated estimate is given as a value within a range. The final cost
of ITER is fully expected to remain within this range. Via the WBS, all
component, systems, and activities have been considered. For the IDR costs
estimate, the Parties submitted estimates for 70% of the total WBS items,
comprising over 70% of the total cost of the ITER facility and nearly 100% of the
tokamak costs.

About half of the WBS elements have been affected to some degree by the design
evolution since IDR, with consequent effects on costs. The cost estimates have
been adjusted only for those parts of each system that have changed; in most
cases this represents a relatively small proportion of system costs. Since several
of these design changes are still part way through the cycle of review under the
design to cost policy, cost differences from the IDR must be considered as interim
rather than final costs. As the costs have been updated, the ranges of uncertainty
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of the costs have also been modified to reflect the present knowledge. Because of
the costing methodology, the uncertainty to be applied to the JCT evaluated
estimate can be either positive or negative.

Whether the estimated value will grow towards the high side of the range or
reduce to the lower cost depends on many factors, the most important of which
are listed below:

• Control of vendor costs, and actual cost reductions can nevertheless be
expected by judicious vendor responsibilities limitations adopted by the
project and construction management organization that will
eventually be responsible for ITER.

• A "design-to-cost" approach, whereby design changes are made to
maintain costs within the budgeted amount, to ensure that the range is
not exceeded.

• Depending on the conditions of procurement agreed by the Parties, the
cost may vary significantly. Will or will there not be competition
between the Parties, or the vendors within a Party, and will the
competition be efficient? This means that cost reduction expected from
the "stimulus of commercial competition" may be balanced by the
increase in cost due to the actual conditions of procurement.

The design to cost approach has already had a positive effect in the design
evolution but its full effects will be felt only after the review cycle for the changes
has been completed.

Items for which no separate estimate is yet possible are included in a cost element
defined as an "allowance for indeterminates (AFI)". The AFI is a positive value,
i.e., additive to the estimated cost of the facility. It will eventually be reduced
well below the maximum quoted, when the indeterminates' costs are included
explicitly.

No contingency (or reserve) has been applied to the estimate. For instance the
range in costs does not include schedule slippage from causes outside the control
of management. Examples of these could be provisions of JCT and HT resources
which are considerably less than planned during the EDA, resulting in delay in
the deliverables documents for procurement; unforeseen regulatory delays; etc.
Management has been able to offset the deficiencies in EDA resources requested
at IDR time, so that no significant schedule slippage is expected, with
concomitant cost increase. However, the closer the project gets to procurement
of elements, the lesser will be the ability of management to cope with insufficient
resources. At some point in time, failure to provide the requested resource will
inevitably result in schedule slippage and increase in cost.
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3.0 COST ESTIMATE UPDATES

3.1 Summary of overall estimates

The ITER Cost Estimate in the IDR, including Allowance for Indeterminates and
its range of uncertainty is shown in Table 3.1 with its present interim update
compared with those presented for CDA and TAC 4.

TABLE 3.1-1
Construction Costs (klUAs)

Construction Costs
Including AFI & Cost
Uncertainty
AFI

Cost Uncertainty

CDA

4900

-

+700

TAC 4

5600

-
+933

IDR Estimate

5050-6620
5850

Point Value

270

(+770/-800)

DDR Estimate*

5100-6670
6000

Point Value
240

(+670/-900)
'Values are rounded off from the values of Table 3.3-1.

The updating has in fact led to adjustments up and down in the cost estimates
resulting from the design developments as they now stand. In addition, some
previously indeterminate items are now explicitly costed; the allowance for
indeterminates has decreased accordingly. Overall, no change of significance to
the estimated total presented in the IDR is apparent. This result provides
confidence in the resilience of the overall costs estimate.

3.2 Construction estimates

The construction estimates are presented at the WBS Level 3 (two digits) in
Table 3.2, where the IDR estimate is compared to the provisional updates arising
from design evolutions. In Section 4, major differences between the present
estimates and the IDR estimates are explained.

Bearing in mind the interim stage of the design review process under the design
to cost approach, these variations from IDR values are not considered to have a
material effect on the overall ITER cost estimate.

3.2.1 AFI, allowance for indeterminates

Because more elements are now well-defined, the AFI has decreased to 240 klUA
from the level 270 klUA shown in the DDR.

3.2.2 Uncertainty range

The allowance for indeterminates does not cover the uncertainty in the cost of
what has been estimated. Since the cost updates in this report are derived from
HT or JCT estimates in the IDR uncertainty to be applied to this estimate must be
considered in places to be negative as well as positive, as it was in the IDR.
However, since the costs have been updated to reflect the current status of design,
the uncertainty in the costs have also been updated as necessary.
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As the design develops further during the EDA and beyond, it is further expected
that the range of cost uncertainty quoted will reduce considerably, but the global
cost will still remain within the range quoted today. For example the cost and
range of uncertainty in this update has remained essentially the same as that
given in the IDR. At the time of approval for construction, therefore, it should
only be necessary to provide the possibility in emergency to access a reserve to
cover failures, unrecoverable losses, possible regulatory delays etc. This reserve
would not be accessible to the ITER project management, and release of any
funds would require the approval of supervisory bodies of the Parties.

3.2.3 Exclusions

Excluded items are the same as those of the IDR, namely:

i. Items to be provided by the Party hosting ITER (see Section 5 of IDR).

ii. Items to be provided by the Parties themselves, for example the test
blankets and their services (although sufficient space for their services
is included in the building costs).

iii. Items not needed for the Basic Performance of the Machine, e.g.,
diagnostics not needed for basic control and investigation.

iv. Items not needed for the Basic Performance Phase, probably needed for
the Enhanced Performance Phase, but for which there is presently no
design, e.g., the breeding blanket.

v. Transport of hardware from the nearest port of exit to the actual ITER
site. These costs depend strongly on the site selection, as well as the
distribution of manufacturing contracts among the Parties, and cannot
be estimated today.
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4.0 VARIATION IN CONSTRUCTION COSTS FROM THE
IDR ESTIMATE

The main cost variations provisionally indicated as a result of the design
evolution since IDR are as follows:

4.1 Magnets

4.1.1 TF coils

The intercoil connectors and intercoil structures have been significantly
redesigned to provide, amongst other things an improved design for the magnet
gravity supports. The redesign currently involves in a substantial weight
increase (3100 tonnes), which would lead to a cost increase of approximately
70 klUA. However, the present design has not yet been optimized, and result of
the optimization is expected to trim the increase substantially. The cost of testing
at the factory is now included in the estimate. This cost replaces the cost of
testing at the site, which had been included in the IDR cost estimate under
WBS 6.2 and 6.7. The DDR cost column now also explicitly includes 27 klUA
from the IDR Allowance for Indeterminate (AFI) of 33 klUA. This movement of
cost from AFI to known cost is justified since the leads (feeders), terminal boxes
and cooling lines (the reasons for the original AFI) have been internally
estimated by the JCT in sufficient detail from a developed design by the JCT. A
DDR AFI of 6 klUA is retained for the TF Coils since there are still some portions
of the TF Coil Interface Components that have not been precisely estimated.

4.1.2 PF coils

The cost of the PF Coils conductor has decreased because the conductor for PF2 is
reduced by lA (Coil size reduced by lA). This reduction is somewhat offset by the
addition of the correction coils conductor.

The PF Coils cost has increased because of the following: (1) the cost of the
correction coils and the interface components for the correction coils (because
these current costs which has been estimated by the JCT from a very pre-
conceptual design, this current cost is included as AFI); and (2) factory cold testing
of the PF2/7 coils. The cost increase is partially offset by (1) the PF 2 coil has been
reduced in size with a corresponding decrease in cost; and (2) the IDR AFI cost for
the PF Coil Interface Components (leads, terminal boxes, etc.) has been moved to
the explicit cost column, because it is now based on an internal JCT estimate
using the design of those components.

4.1.3 CS coil

The cost of the CS coil has experienced an increase due to the following: (1) the
pre-load structure, which mistakenly had not been estimated in the IDR; (2) the
coil structure itself has been redesigned and this has resulted in an increase in
current cost. However the design is still being optimized and it is expected that
the increase will be reduced; (3) cold testing at the factory for the coil. The IDR
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AFI for the interface components has been moved to the explicit cost column,
since there is now an estimate performed by the JCT based on a design.

4.1.4 Mechanical structure and gravity supports

The cost of the mechanical structure and gravity supports has increased primarily
as a result of the significant increase in the cost of the PF coil supports. The
mechanical structure has experienced an apparent cost decrease because the
intercoil connectors have been included in the cost of the TF coils. On the other
hand the gravity support, and the vacuum vessel supports are now much
heavier than those of the design originally estimated in the IDR report. The IDR
design was quite different, so that a one on one comparison cannot be made.
3.4 klUA of AFI have been transferred from the 6 estimated in the IDR to the
explicit cost column, because now the mechanical structure and gravity supports
interface components have been explicitly estimated by the JCT. As is the case
with the TF Coils, the present design is still not optimized and is undergoing
review. It is expected that some of the increases in weight will be reduced upon
optimization, leading to a corresponding decrease in the cost as currently
estimated.

4.2 Remote maintenance

The costs of remote maintenance have increased because the present design
requires that a central, second, and radial cassette carriers be employed at each of
the four Divertor maintenance ports. The additional carriers cost approximately
20 klUA.

4.3 Cryostat

The design of the cryostat has changed significantly from that of the IDR. The
present design has a considerably different top and bottom head configuration,
and requires more steel to be built. This extra material has caused a cost increase
of24.6kIUA.

4.4 Heat transfer systems (PHTS, SHTS, CVCS)

The cost increase in the Primary Heat Transfer system reflects the change in
configuration from the four loops of the IDR to the ten loops of the DDR for the
blanket cooling system.

The cost of the Secondary Heat Transfer System (SHTS) has been considerably
reduced because of the elimination of all secondary heat transfer systems except
for the Divertor SHTS.

The size of the Chemical and Volume Control Systems (CVCS) has been reduced
to account for the reduction in the SHTS.

4.5 Additional heating and current drives power supplies

There are two reasons for an increase in cost of the power supplies:
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(1) The neutral beam power supplies had been underestimated in the IDR
cost report. When the NBI devices were reduced from four at
12.5 MW each to three at 17MW each, the power supplies cost was
erroneously multiplied by 3/4. This error is now corrected. The design
is based on three power supply units, each one with an installed power
of about 65 MVA.

(2) Both IDR and DDR ICRF and ECRF power supply units have been
redesigned, and both have experienced a current cost increase. The
design is under review.

4.6 Heating and current drives devices

The only device that has been re-estimated in this report is the Neutral Beam
Injector. The design has not changed. However, in the IDR it was assumed that
the cost of three 17 MW units would be similar to the cost of three 12.5 MW
units. The potential difference had been placed in AFI as 20 klUA. The AFI has
been removed, since the cost is now explicitly considered. The increased NBI cost
results in an increase in cost of this element, which combines all possible pairs of
sources to arrive at a weighted cost.

4.7 Buildings

The design of the buildings has progressed from those of the IDR, with several
buildings being eliminated, and other experiencing considerable re-design,
notably the tokamak and hot cell buildings. The DDR cost of the buildings has
remained about the same as that of the IDR. This results from offsetting
increases and decreases due to the redesign of some buildings and to the
elimination of some buildings. Specifically it is due to:

• the re-design of the Tokamak buildings and Hot Cell Building;

• the elimination of the NBI Power Supply, Magnet Coil Test, Assembly
Laydown Storage, and Remote Handling Mock-up Buildings.

In the process of re-estimating the cost of the redesigned buildings, it has been
noted that the unit rates (unit costs) used in the IDR were quite conservative
with respect to rates/costs achieved in real projects, and for the future Final
Design Report it is planned to use revised, less conservative, yet realistically
achievable unit rates/costs for placement of material. A comparison of the
building costs estimated using the IDR unit rates/costs, and the more realistic
unit rates points to a significant decrease in costs. The difference, which is
approximately 170 klUA has been included as negative uncertainty in the DDR
cost estimate. Not all this uncertainty will be realized in the FDR because of the
complexity of construction of certain portions of some buildings.

Design changes to the Tokamak Buildings result in a significant increase in
footprint and volume of concrete. New galleries adjacent to the pit, which also
serve for the transportation of the remote maintenance equipment are the main
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contributors to this increase. Other changes in the Tokamak Buildings include
the reduction in size of the Assembly Hall and Laydown Hall.

The Hot Cell Building design is still undergoing optimization. At present it is
larger (roughly double the footprint, but fewer floors) than the building
estimated in the IDR. It is expected therefore that its ultimate cost will be higher
than that of the IDR. Because the design is still under review, the current cost of
the Hot Cell building should be considered as an interim estimate to be finalized.

The deletion of the NBI Power Supply, Magnet Coil Test, Assembly Laydown
Storage, and Remote Handling Mock-up Buildings reduced the building costs by
71 klUA.
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ANNEX 1

DE-ESCALATION INDICES AND CONVERSION
FACTORS FOR VARIOUS COUNTRIES

The following de-escalation factors and conversion factors between currencies
have been utilized in converting the costs of the various estimates into klUAs,
utilizing the following general method.

The cost in one Party currency in Year X is converted to that party currency in
January 1989 using de-escalation factors given below. Inside the European Union,
cost estimated in a national currency is first converted to ECU, utilizing the
following exchange rates, and then de-escalated to January 1989 ECU.

1ECU =

96

95
94

93
89

DM

1.901
1.87

1.926
1.927

2.07

FF

. . .

6.55

6.58
6.47
6.92

BF

39.16

38.63
39.7

40.76

42.59

Liras

1947.1

2138.1
1907.8

1841.9
1517.6

$ (if used
by a Party)

1.251

1.239
1.12

1.218
1.1418

De-escalation factors for Party currencies from Year X to January 1989.

Year/Currency

96
95
94

93

$

1.2940
1.2415
1.224

1.193

Y

1.1259
1.1254

1.1265
1.1181

ECU

1.342
1.291
1.268
1.224

The cost in the Party currency in January 1989 is converted directly to IUA using
the following factors.

IUA = 1000$ = 875.8 ECU = 127,510 Y
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1.0 PURPOSE

Article 2 of the ITER EDA Agreement states, in part, that the Parties shall conduct
jointly the following Engineering Design Activities:

(a) to establish the engineering design of ITER including

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

The Plan for Supply, Construction/Assembly and Commissioning of ITER
(hereinafter referred to as the Plan) is addressed herein. The corresponding plan
for human and financial resources requirements is addressed in the Cost
Estimate Update which is also part of the Detailed Design Report (Chapter V).

This document:

(1) describes the process and assumptions used in the development of the
Plan and,

(2) discusses the activities contained in the Plan.

The Plan contained herein represents an update from that contained in the
Interim Design Report. It has been developed from the lowest level of the Work
Breakdown Structure, that is bottom-up, and will be maintained current as the
design progresses and as decisions reached by the Parties confirm or alter the
assumptions that have led to its present status.
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2.0 PROCESS

2.1 Methodology

The process to develop the procurement (supply), construction/assembly and
commissioning plan is an iterative one in order to match, by optimization three
different activities schedules, each with their own constraints:

• an engineering/design schedule (ED)

• a procurement schedule (P) with deliveries from many different
industrial manufacturers

• a construction schedule (C) of the construction of the buildings,
assembly on-site of the machine and auxiliaries, and commissioning of
the whole ITER machine and facilities. Commissioning is a subset of
the overall construction schedule.

The Engineering/Design (ED) schedule was developed starting from the one
available from the IDR, by detailed re-planning of all activities, including R&D,
needed to produce the specific information required for procurement and
construction/assembly of every system/component and structure/building in the
ITER Facility. The detailed activities and the JCT, HT Design and R&D resources
necessary to accomplish them were defined in Activity Planning Packages by the
JCT Task Officers, and were rescheduled as necessary to reflect the resources that
are currently available and will remain committed during the EDA. Some
iterations were necessary to achieve a balance of resource availability and need as
related to the priorities dictated by the construction and procurement schedule.

Duration of procurement activities and lead times for the various components/
commodities/materials (as initially estimated by the JCT, and later modified to
reflect the specific input received from Industrial estimates for the major
components in the Interim Design Report) were reconfirmed or modified as
appropriate from revised input received from Home Team industries. These
durations represent the current best estimates of how long procurement will
take. They will be revisited again as more precise, industry quality information
becomes available from the various Home Teams at the time of the Final Design
Report. The procurement schedule (P) bridges the ED and C schedules.

Activity durations for the construction activities, as initially developed in the
IDR, were refined based on more accurately estimated time steps for the detailed
assembly processes, more precise material quantities established for the current
design, and also utilizing data provided by Industry. The sequence and durations
reflect the plan for how the construction of the buildings and the installation,
assembly and integration of the components/systems will be done. Furthermore
a commissioning schedule was prepared. This schedule was developed by
determining all necessary integrated tests leading to first plasma, with their
duration estimated from experience in present tokamaks. The start of the
integrated testing was then inter-tied with the completion of all tests necessary to
commission the individual systems of the facility, which support the integrated
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testing. In turn, the individual systems commissioning was scheduled by
estimating the duration of construction completion tests (also called pre-requisite
tests) from past relevant experience, turnover to operation, and functional tests
of the completed system by the operational organization. The start of a
system/subsystem/component prerequisite testing was of course tied to the
completion of construction of that system/subsystem/component.

Iteration of the three schedules (engineering, procurement, construction
including commissioning) was performed until an optimal balance was achieved
between the needs of construction/commissioning and what design/engineering
and procurement could support considering the available project resources. The
resulting total project schedule until first plasma is dependent on several
assumptions which are listed below, and reflects the plan for how the facility will
be constructed. The resource loaded detailed Engineering schedule is the sum of
the Work Programme of the EDA, and the work programme for a period of time
following the EDA during which all engineering needed to support procurement
is completed. It is provided in a separate document (the Work Plan), which is
the compendium of the individual work plans for each Level 3 WBS element,
which comprise the individual Activity Planning Packages. The summary
procurement and construction schedule is provided by this document, together
with a summary of the individual schedules for each Level 3 WBS, and the
detailed critical path schedule to first plasma. Detailed procurement and
construction schedules are available, but as they consist of thousands of activities
logically tied together they are not amenable for inclusion in this report.

2.2 Assumptions

The following are the assumptions utilized in developing the construction
plan/schedule:

• Procurement of equipment/material for the longest lead items (the
conductors) begins at the conclusion of the EDA period. Specifications,
including QA procedures and procedures for acceptance tests, for the
conductor will be available at the beginning of the fourth calendar
quarter of 1997 in order to be ready for a start of manufacturing on the
production lines for the conductor by October, 1998. Specifications for
TF coils and magnets structure, the cryostat and the vacuum vessel
pressure suppression system will be ready within six months from the
end of the EDA. Specifications for the vacuum vessel and in-vessel
components, and certain buildings will be ready within a year after the
end of EDA.

• According to the Site Requirements, the site access enables off site
fabrication of the Toroidal Field (TF) Coils, smaller Poloidal Field (PF)
Coils (if they remain made with Nb3Sn) and the Central Solenoid (CS).

• The decision for the site location is made by July, 1998 to permit soil
borings and analyses required to complete civil design.
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• Site work can begin by no later than November, 1999. It is assumed
that the initiation of site work and construction will be restrained by
the requirement for a regulatory review. This assumption means that
such regulatory review should be sufficiently complete by that time to
permit limited work on site. This would also lead to:

- Excavation for the first "Nuclear" building beginning November,
1999.

- First "Nuclear" concrete will be poured October, 2000.

2.3 Construction approaches

The following are approaches to construction which have a direct impact on the
sequences and duration of the construction activities and overall schedule.

• Construction of buildings will be phased to support manufacturing or
preparatory activities, which have to be done on site.

• The large PF coils will be fabricated and as necessary tested on site in a
constructed PF Coil Fabrication Buildings.

• The TF coils and CS, if necessary, will be tested off site, at the factory
where they are made.

• The Cryostat is fabricated off-site in large transportable segments, and
erected by assembly of the segments.

• The assembly of the TF coils with Vacuum Vessel sections and the
preparation of Blanket modules/backplate segments require a
controlled environment. This requires that the Tokamak Building be
closed-in and available for assembly of the Tokamak by September,
2003.

2.4 Tools

The schedule has been developed as a computerized model utilizing the critical
path method of scheduling. A commercially available planning and scheduling
tool, PRIMAVERA, is used for development of the schedule.

2.5 Future changes

Some adjustments to the construction schedule activities durations will be
necessary as the design progresses and fabrication processes become better
defined, and a site location is finalized. Since the plan in this document provides
the logical ties between all activities, from engineering though final
commissioning and the resources for the activities are known, it will serve to
assist management in its decision making process by permitting assessment of
the impact on schedule and resources when different options are being
considered.
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3.0 SCHEDULE

3.1 Summary schedules

The summary schedule provided in Figure 3.1-1 represents a notional scenario of
the procurement, construction, assembly and commissioning of ITER. This
scenario corresponds to the realistic compressed schedule that can be expected
consistent with the above assumptions, with the specific constraints that
procurement cannot be started before the end of EDA, and site work and
construction are restrained by the regulatory review. The critical path runs
through the nuclear buildings, and tokamak assembly cannot start early (because
the buildings are not available). In this notional scenario the construction would
not be complete until early in 2007, with first plasma not occurring until the end
of 2008. Past experience shows that this schedule is achievable. It should be
recognized that the specific procurement approach and construction organization
that will be agreed by the Parties can have a profound effect. It is expected
therefore that the Parties will strive to set up a procurement approach and
construction organization which will facilitate achievement of the schedule
shown in Figure 3.1-1. At the time of the Final Design Report, when it is
expected that more precise knowledge of the procurement approach and
construction organization will be available, the schedule will be revisited and a
higher confidence level on the overall schedule can be obtained.

The summary schedule has been derived from detailed schedules of each major
activity related to systems, and components, including: procurement, delivery,
testing before assembly (if necessary) fabrication on site, construction/assembly,
pre-operational (prerequisite) testing, commissioning of individual systems, and
integrated system testing. At a higher level of detail, the summary schedules for
the individual WBS Level 3 elements are presented in the Section 3.2.

3.2 Detailed schedule

The detailed critical path that results in first plasma at the end of 2008 is
presented in Enclosures 1 and 2. These enclosures depict the overall project
critical path (along with several major ancillary paths which are required to
support the assembly of the machine) in two different manners: by sequence of
activities and by WBS activities. They provide the same information. The path
includes: the excavation and construction of the facilities that will house the
Tokamak machine; the assembly process; the activity for integrated startup
testing once the machine is assembled and the vacuum vessel and cryostat are
leak tested; and commissioning to "First Plasma".

This critical path is derived from an overall integrated schedule that contains
over 15,000 activities (at this time). The overall schedule contains activities for
engineering/design, R&D, procurement as well as construction. Enclosure 4
provides somewhat more details by showing summary schedules for those WBS
Level 4 elements which appear on the critical path.
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4.0 PLAN

4.1 Buildings construction plan

Following site investigation, construction of the buildings will be staged to
support the needs of the assembly of the Tokamak. Thus the PF fabrication
building will be built in parallel with the tokamak building, since it is needed to
fabricate the PF coils which are installed in the early sequence of tokamak
assembly. This building is constructed on a concrete mat (slab) using
conventional techniques.

The critical portion of the tokamak building is the Tokamak Pit. Since the site
characteristics are not known, it is assumed that it is a soil site, and it is planned
to form the pit wall by first utilizing a slurry wall/cofferdam technique to form a
cylindrical reinforced concrete curtain wall extending below the elevation of the
intended bottom of the pit. Following excavation of the soil within the curtain
wall, a thick reinforced concrete mat will be placed at the bottom and the outer
wall, which will surround the cryostat and its attached systems (which is the
outer structural wall of the pit), will be erected by a technique known as slip
forming. Should seismic considerations so dictate, the pit floor slab and the
outer structural wall foundation can set on seismic isolator mounted on a
bottom slab spanning the excavated area within the curtain wall. In addition, the
annular space between the slip-formed outer wall and the curtain wall is also
available for employment of seismic isolation techniques. The remainder of the
tokamak building will be completed by using conventional techniques. As the
above grade columns and walls of the tokamak building are built, the structural
walls of the tritium and the electrical termination buildings, will also be built,
since these serve as buttress supports to the tokamak building. Once the
structural walls of the tokamak building are completed the main cranes are
delivered and installed, the building is closed, and services (i.e., power, lighting,
HVAC, etc.) are installed to the extent needed to support the tokamak assembly.
The latter is on the critical path, is briefly described in Section 4.2 below, and its
detailed schedule is presented in Enclosure 3.

The remainder of the construction is sequenced so that the buildings are ready
for equipment which is delivered "just-in-time". The buildings layout and the
sequence of construction consider the spatial relationship of the various
buildings to ensure that adequate access is available for the construction
equipment.

4.2 Assembly plan

The assembly procedure is described in detail in the Design Description
Document 2.2 and will not be repeated here. The basic assembly steps can be
summarized as follows: --

• Assemble large assembly tools.

• Construct cryostat support.
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• Install the vacuum vessel pressure suppression system tanks.

• Install bottom head of cryostat.

• Install tokamak inboard supports, lower crown, place lower PF coils in
temporary locations, and install tokamak outboard support assemblies.

• Install cryostat lower cylinder and weld to the cryostat bottom head.

• Subassemble one TF coil and two halves of one VV sector with its
internal shielding and thermal shield in preassembly area, transport to
pit and lower into location.

• Repeat the preassembly and installation sequences for adjacent TF/VV
subassemblies. Weld and leak test the two halves of a VV sector.

• Weld and leak test adjacent W sectors.

• Join the intercoil structures between the TF coils.

• While doing the TF/VV preassembly, also pre-assemble backplate
sectors by welding them in the preassembly area, and installing the first
wall/shield modules except for those located at both ends and the baffle
and limiter modules. Lower into the pit and introduce by toroidal
rotation in the already welded and tested W portion.

• Repeat the backplate/modules operations for other sets of backplates.
Before completion of the last VV sectors, store the final backplates
inside the partially assembled vessel.

• Install and weld the last T F / W sectors and weld the VV.

• Complete the final backplate installation inside the vacuum vessel.
Install remaining modules using the middle and lower ports to
introduce them in the vessel.

• Install the upper crown.

• Install the CS coil.

• Attach the lower PF coils to the TF coils, and install the upper PF coils.

• Position and weld port extensions and pipes in lower level of machine.

• Install cryostat upper cylindrical section.

• Weld divertor rails inside the vessel, and install divertor cassettes
through the lower ports.

• Continue welding the external Heat Transfer Systems (cooling pipes) to
the W and in-vessel components and install all magnet leads, cooling
lines, instrumentation, etc.
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• Install equipment attached in and outside of the ports.

• Install upper cryostat lid and bioshield.

The detailed schedule for the assembly plan is provided as Enclosure 3, in both
bar-chart and time-logic representation.

4.3 Critical path

The critical path is the longest chain of activities, from start to finish, that
controls the overall project schedule. For ITER the critical path begins with the
design of the TF Coils and ends with the milestone that the machine is "Ready
for First Plasma".

The ITER critical path covers an approximate fourteen (14) year time period,
beginning in January, 1995, and includes:

• the design of the TF and intercoils structures, and in parallel the design
of the lower PF coils;

• procurement of the conductor and coil material;

• the preparation of the tools required to manufacture the coils;

• the manufacturing of the coils and their shipment to the site;

• the construction of the PF fabrication building;

• the excavation, and subsequent erection of the Tokamak building;

• the assembly process described above in 4.2;

• the testing of all individual components/systems as far as it can be
done without their interaction with other components/systems
(prerequisite testing and individual systems/subsystems
commissioning);

• the startup of the CODAC system as a required integrated test;

• the completion of the integrated startup testing of the Tokamak and its
support systems and ultimately the declaration that the unit is "Ready
for First Plasma" which is at the end of 2008.

Although the primary project critical path runs through the assembly of the first
machine module of one TF coil and associated VV sector, it is not dependent o n
the first coil delivery. The shipment of the first ten TF coils, with the first coil
estimated to be shipped in January, 2002, will be stored on site while waiting for
the Tokamak building availability and lower Cryostat erection, to initiate
assembly. After the assembly of the seventeenth coil the assembly process is
restrained by the manufacturing and shipment of the last coils.
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Because the delivery rate of the TF coils is either on the critical or near critical
path, acceleration of the TF coil production and shipment rate to one every 5.5
weeks would produce the maximum benefit, as this rate would match the
achievable tokamak assembly rate. To achieve this schedule involves the
placement of multiple purchase orders to obtain additional production capacity
for the coils (presently two such orders are envisioned). This is a practical
solution providing there is sufficient conductor available to support the overall
fabrication process. The concern with the conductor availability is explained in
the Work Programme.

Enclosures 1 and 2 are two versions of the project critical path. The critical path
is the longest sequence of activities from start to finish. Enclosure 1 depicts the
project critical path sorted by the activity start date. The activity with the earliest
start date is shown first, ending on the last page with the last activity in the
critical path chain: First Plasma. While this depiction of the critical path is easier
to visualize, in reality it not as helpful in defining the critical path as the time
logic charts, because this representation does not show whether the path runs
through the beginning, end or both of an activity. Enclosure 2 is the critical path
shown in time logic fashion. It is sorted by the Work Breakdown Structure
(WBS) sequence beginning with WBS number 1.1, the Toroidal Field (TF) Coils
System and ending with activities for Integrated Testing, which of course lead to
First Plasma.

The time logic charts are more complex and more difficult to follow. However
they how quite clearly that certain activities in the sequence must complete
before the subsequent one begins, and others must reach a certain stage of
completion before a subsequent activity can begin. This is indicated by the arrow
relationship connecting the activities. An arrow shown at the beginning of the
activity would indicate a start type relationship. For example, the successor
activity could begin either at the same time as the predecessor activity or a certain
amount of time after the predecessor activity starts. One can derive the lag in
start time by the position of the two schedule activity bars. Other activities in the
schedule have a finish relationship where the successor can only start or finish
after the predecessor activity completes. This is indicated by an arrow shown at
the end of the predecessor activity connecting to the start or finish of the
successor activity. By following the arrows, the reader can determine the precise
critical path.
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Enclosure 1
Critical Path Schedule-Bar Chart
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Enclosure 2
Critical Path Schedule-Time Logic Chart
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c n :> i
1/1 MOCKUP TEST -EV
TF COIL HANDLING I

CN22A1O26O 0

WTO SURVEYED*
MATED WITH

- S I :' I I I .
CN22A0B215

•- O H 111 I
ASSEMBLY
BP14II I

CO

STEP 10 VV/TF10 WELD VV9/10 BP 5-8

M 0260

W 1 0 SURVEYED &
MATED WITH TF10

STEP 11 VV/TF11 WELD BP1-4/5-8, INSTL BKLT COMp'f

CN22AO8235

POSITION I I
W1/2/3/4&W5/6/7/8.ADJ.&WELD&DVTR EXT

PT

203

CN22A1128O 0 CN22A10265
M l i I I I Ii-C §' ' 3 I I
W11 SURVEYED & TF/W ASMBLY 10 PLACED!
MATE0WITHTF11ATE0WITHTF

UCN22A1128'
31 I I I I

IN PITOPOSIT'N W/DVTR EXT

TF/W ASMBLY 11 PLACED
IN PITS>POSIT'N W/DVTR EXT

I I 11 i I i
-8.

CN22A09245 119 CN22AOB22O1—D) III I II I I I l—eR 31 I
' TF/W ASMBLY 9 PLACED IN JOIN BP13/14 ON

PIT®POSITION W/DVTR EXT RAIL FRAME WEU)
n I 11 i I
CN22A1026S 119

-•D II I I II I
TF/W ASMBLY 10 PLACED
INP|T8>P0SIT'N W/DVTR EXT

CN22A10270 I 119
Dl II i II I I I
POSITION W 9 & W10.ADJUST
& WELD&DVTR EXT.
II I il ) II i i I

CN22A1129O 172
Dll I II I I I
BP 1-4 ROTATED -9deg &
ADJUST . WELD TO BP 5-8

Plot Date SNOV9S
DauOata 310EC9S
Ptowct Start 1JUN92
Project Finish 31JAN14

(c) Primavefa Systems. Inc.

ITER - JOINT CENTRAL TEAMS
ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim

Run Dir for PreassemWy. Xfr to PH. Welds VWTF

Date. Revislcn .Checked Apcroved



S 0 N J F M A M| J J )F 1M A O N D M A M J F Ml A M J M A M J | J

PGT6B0O9OO

STEP 12 VVfTFI 2 WELD VV11 /12 & VV11 -12/9-10

I
CN22A11295 172
• i ] Ml ) I
INSTALL BLANKET
COMPONENTS ON BP 1-8

183 CN1 I3OOCN22A12325
D II ' M l I _
ROTATE BP 1-8 I I PRESSURES
GROUP TO MID W 8 LEAK TEST

PN11BO0924

SHIPTF
COIL 12

STEP 13 VV/TF13 BP9-12

STEP 12 VV/TF12 WELD VV11 /12 & VV11 -12/9-10
I I

CN22A1O27O

CN22A1234O 183
Lk) n M I i I i

SET BP9-12 GROUP
IN PIT ON RAILS
CN22A123OO

- m ii i i
W 1 2 SURVEYED &
MATED WITH TF12

CN22A12305
LHh I I I
TF/W ASMBLY 12 PLACED
IN PIT#POSIT'N W/DVTR EXT

POSITION W 9 a W10.ADJUST
& WELD&DVTR EXT.

POSITION W 1 1 & W12.A0JUST
& WELD&DVTR EXT.

CN22A12315 81
Di II I I I I
SURVEY W10/W11
INTERFACE IS SURVEYED

CN22A12320 81
D II I I
POSITION W 1 V 1 2 &
W10/9.ADJUST & WELD&DVTR EXT

Plot Date
Data Date
Project Start
Project Finish

8NOV96
31DEC95
1JUN92

31JAN14

(c) Primavafa Systems, inc.

ITER - JOINT CENTRAL TEAMS

ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim

Rvn OM for Pr«B5«nbly. Xfr to Pit. Welds VWTf

Date Checked Approved



2002
J j | A | S | 0 | N | D F M A M J

2003
A S O N D M A M J

TF/W ASMBLY 13 PLACED
IN PIT3>POS1T'N W/DVTR EXT

A S
2007

J IF I Ml Al Ml J |J | A| S

STEP 14 VV/TF14 WELD VV13/14 & BP 1-8/9-12

STEP 13 VV/TF13 BP9-12

STEP 14 VV/TF14 WELD VV13/14 & BP 1-8/9-12

CN22A143S5 42
- 0 II I 1 I I I

TF/W ASMBLY 14 PLACED
IN PITOPOSIT'N W/DVTR EXT

rmi l l i l I I I I I
CN22A13345 110

M-OH m m i i i i I
1 PARTIAL REMOVAL OF

INTERNAL BRACING W 9
' • .1 T l I.I .1 i i '

CN22A13425 87
l| IIMil II I

"ROTATE BP 1-12
GROUP TO W 7 -4

STEP 15 VV/TF15 ROTATE BP 1-12

CN22A1443O 87
,011 mm H I i i .
RE-INSTALL INTERNAL
BRACING W 7/8/9

J II in in ii i i i
CN22A14435 87
DI n u n II i l I
| SURVEY W 9 / W 8 I
INTERFACE IS SURVEYED

' tl tl I I I ! il I j I

N22A1444O 87
CN2

1—• II i
POSI

Itf
IT1ON W1-8 & W9-16.ADJUST

PN11BOO934

SHIP TF
COIL 15

& WELD&DVTR EXT.
II! Ill II I I I I

CN22A1444S 87
Ol i l l l II I I I I
REMOVE INTERNAL
BRACING W7/8/9/10

III i
0 I

| I i
CN22A15375

I III I I I I
VV15 SURVEYED*
MATED WITH TF15

h ^ i l f!l i I I
CN22A15380
0 I I

I I
CN22A16400

POSITION W 1 5 & W 6.ADJUST
& WELD&DVTR EX'

TF/W ASMBLY 15 PLACED
IN PITOPOSITN W/DVTR EXT

Plot Pate
Data Date
Project Start
Project Finish

8NOV96
31DEC95
1JUN92

31JAN14

(c) Primavera Systems, inc.

ITER - JOINT CENTRAL TEAMS
ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim

«m Dvr for PreassemWy. Xfr to Pit, Welds W/TF



2003 2004
M A M J J M A M J

STEP 12 VV/TF12 WELD VV11 /12 & VV11 -12/9-10

STEP 14 VV/TF14 WELD VV13/14 & BP 1-8/9-12

STEP 16 VV/TF16

BACKPLATE ASSEMBLY BP 1 THRU 16
[

CN22A153B5 87
o ' ii r ii i
ROTATE BP 1-12 GROUP
TO MID W 9 *18deg

—; r"" 1 1 ! i i
CN22A12365 70
DM I HI I I
BP 9-12 ROTATED +9deg &
ADJUST. WELD TO BP 1-8

V I I I i i | > I

CN22A12370 80
~ : i m i i
INSTALL BLANKET
COMPONENTS ON BP 9-12
CN22A1436O 44
QU i in i i
POSITION W13 & W14.ADJUST
& WEID&DVTR EXT.

>n I I il i i i i
CN22A16450 78
D !' i I II I I I I
ROTATE BP 1-12 GROUP
T0MIDW11 *81deg

I I II I I I
CN22A1E45S 78
0 I I il I I I
SET BP13-14 GROUP
IN PIT.ROTATE.WELD

~I—i i l l ] i i I i
CN22A1646O 78
0 II III I I I I
INSTL BLKT COMPONENTS ON
BP 13/14.ROTATE *36deg
I l l h
CN22A0B225

-i l l I I I II I
ASSEMBLY
BP1S II |

r V I I I I H I
CN22A0B23S

4-0111MI i
JOIN BP15/16 ON
RAIL FRAME WELD
II ,' I II i i

CN22A0B230
Lffl II I II I

ASSEMBLY
BP16

70

70

70

Plot Date
Data Date
Project Start
Project Finish

8NOV96
31DEC95
1JUN92

31JAN14

(c) Primavefa Systems. Inc.

ITER - JOINT CENTRAL TEAMS

ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim

Rvn Dur for Preassembly. Xfr to Pit Welds W/TF

Checked



STEP 16 VV/TF16
VV16 SURVEYED &
MAI 1:0 WITH TF16

TF/W ASMBLY 16 PLACED
IN PIKSPOSIT'N W/DVTR EXT

STEP 17 VV/TF17 WELD VV15/16&13/16 & CN22A17480 0
l I

VV17 SURVEYED*
MATED WITH I I I 7

CN22A16400
11

POSITION W l 5 & W16.ADJUST
& WELD&DVTR EXT.

STEP 16 VV/TF16

CN22A16405
0-H I I
SURVEY W14 /W15
INTERFACE IS SURVEYED

CN22A16410 0
i i

POSITION W16/15 &
W14/13.ADJUST&WELDS.DVIR EXT

l I
1S41 0

SITION W16-13&
W l 2-1.ADJUST 8, WF. D&DVTR F.XT

STEP 17 VV/TF17 WELD VV15/16&13/16 &

STEP 18 WHT18 BP13/14SETVVrTF17

II ' I I! I !
EMOVE INTERNAL

BRACING W 1 1 -16

I I CN22A1846
i I I

SET 8P16-16 GROUP
IN PIT.ROTATE.WELD

CN22A18470 33

i i I
INSTL BLKT COMPONENTS ON
BP 15/16, ROTATE H-18deg
i I I i f

TF/W ASMBLY 15 PLACED
IN PITSPOSITN W/DVTR EX

T f / W ASMBLY 17 PLACED
IN PIT®POSITN W/DVTR EXT

Rvn Dur for Preassembly, xfr to Pit, Welds W/TF
ITER - JOINT CENTRAL TEAMS

ITER PROJECT MASTER SCHEDULE
Tokamak Assembly Plan 11.1.96 Prelim

(c) Primavera Systems, Inc



O NJD M A MJJ

STEP 19 VV/TF19 WELD VV17/18 & 1 -16/17-18

STEP 21 VV/TF20 WELD VV19/18-1 BP19/20NEST

I
STEP 1.9 VV/TF19 WELQ VV17/18 & 1 -16/1 7.-1.8

M AJM J AJS M A M J

-

STEP2OBP17 & BP18
i

CN22A18475 50
401 I I I

RE-INSTALL INTERNAL
BRACING W 1 6 | |
CN22A1949O

I I
W 1 8 SURVEYED &
MATED WITH TF18

PN11B00938 CN2i

SHIP TF
COIL 19

1 I I
8

2006
ATS

CN22A19S00
O H I I I
POSITION W 1 7 & W18.ADJUST
8, WELD&DVTR EXT.

CN22A195O5 8
D-i I I II I I
SURVEY W 1 6 / W 1 7
INTERFACE IS SURVEYED

22A2154O

W 1 9 SURVEYED &
MATED WITH TF19

CN22A19495 8
•on 1 in 1 11 1
TF/W ASMBLY 18 PLACED
IN PIT@POSIT'N W/DVTR EXT
-JJ HI 1 i| ' I

CN22A1951O 0

ASSEMBLY OUTSIDE VESSEL
BLANKET BACKPLATE| |[ |

CN22A19490

I I

W 1 8 SURVEYED*
MATED WITH TF18

POSITION W18M7
W1;16.AD.)UST & WEI..D&DVTR EXT

j|cN22A2OS1S 0
'•HIM I II I I I

! REMOVE INTERNAL BRAC NG
IW16/17&PART.18
- Hi i il i i

CN22A2O52O 0
— II
SET BP1 7 GROUP IN PIT .ROTATE
BPI-jl 6(18)OEG. WELD

1 CN2'2A2O52S ' io'
" " ' I I ' I I
iNSTL BLKT COMPONENTS
ON BP 17.R0TATE *36deg
1 H it 1 • 3

CN22A1949S

TFA/V ASMBLY 18 PLACED
IN PITSPOSIT'N W/DVTR EXT

Plot Date
Data Date
Project Start
Project Finish

8NOV96
310EC95
1JUN92

31J AN! 4

tc) Primavera Systems. Inc.

ITER - JOINT CENTRAL TEAMS
ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim

Rvn Dix lor Preassembly. Xfr to Pit. Welds VWTF

RBVTSioo Chedted



STEP 21 VWTF20 WELD W19/18-1 BP19/20 NEST
SET BP18 GROUP IN PIT. ROTATE
BP117(1B)DEG.WELD

CN22A21S33
Hi 11 . I I
PREPARE BP 19
& 20 FOR LIFT

CN22A2256S
C 1ft 3-i I
RE-INSTALL INTERNAL
BRACING IN PART. W 1

CN22A21S35 5
D ! ' I I I I I
INSTL BLKT COMPONENTS
ONBP 18.R0TATE + 36deg

DELIVER: I/V
BLKT COOLW

T F / W ASMBLY 10 PLAC1LD
IN PITSPPOSIT'N W/DVTR EXT

~ It

13

I POSITION W 1 8 & W 9,ADJUST
& WELD&DVTR EXT.

DELIVER: BLKT
ASSEM & MAINT SV

STEP 22 WELD BP19 & 20 LEAK TEST

TF/W ASMBLY 20 PLACED
IN PITiSPOSITN W/DVTR EXT

22A2258O 17

nun II i i i
TIONW19/204W1-20

ADJ.&TACK WELD&DVTR EXT

DELIVER: BLANKET
BACKPLAT^ | |

CN22A22S85 17
L~ainu ii i I

SURVEY W18A/V19 W1/20
INTERFACE IS SURVEYED

DELIVER: SUPPORT
STRUCTURE

Di Ii II
REMOVE INTERNAL
BRACING W18&PART.19

ICN22A22S60 13
iB-Hi II II I I

CNIIBOOSpO

TF COILS I
PLACE IN PIT

B
! ROTATE BP 1-19 GROUP

iT0MIDW19 +18(ieg

Rvn Dix for PreassemUy. Xfr to Pit, Wekfa W/TF
ITER - JOINT CENTRAL TEAMS

ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim
(s) Primavera Syatems. Inc.



CN22A22565
OH II II i
RE-INSTALL INTERNAL

jBRACINGINPART. W 1

CN22A2257S

TFAA/ ASMBLY 20 PLACED
IN PIT@POSIT'N W/DVTR EXT

CONNECT I
BLANKET LINES

DELIVER: CRYOSTAT
THERMAL SHIELD

SET CRYOSTAT TO EL-8(INCLUDES
WPS LINES) Barrel I I I I I

POSITION W18/10 &
W 1 -20.ADJUST & WRD&DVTR EXT BLANKETS SENSORS

QN22A0O450

nrr~^i i n i i
CONNECT COOLING LINES
TO VACUUM VESSEL

160000
I I

COMPLETE TF COIL
SETTING & W WELD OUT

Deliver-AT 5 Tods
for TF coil Assembly

PG16C00900 CN22A22595

TRITIUM
BUILDING:TERMINATIONS

REMOVE INTERNAL BRACING
& INSTALL NESTED BLANKS! FEEDTHROUGHS -DVT i 1

A00415 CN99T1X215

COMP INTEGRATED
START-UP TESTING
i I il

INSTALL SECTORS SET & ALIGN
ANTENNAS

SET CS, ATTACH PPG

BP19 & 20 8, WELD -SENSORS

ASSEMBLY - AFTER TF's ! CN22AO0220I 0 .. _ _ .
HOD

LAST DACKPL. INST1 III CRYOSTAT
LAST BAFFLE & LIMITER LEAK TEST

CN27B0O1OO
I II I

CRYOSTAT BARREL THERMAL
SHIELD IN WELD JOINTS I

I I D i l l i I
CN24A2C20O 0

WELD DIVERTOR
RAILS & GRINDDIVERTORS-DIVERTOR 1

CN22AS04:

INSTALL
MAGNET LEADS

DIVERTOR
COOLING LINES

NOT : BLANK
BACKPLATE

RtMOVE BLANKET
INSTALLATION RAILS

CNT6G00200
C ft I I
INSTALL IN VESSEL:
BLANKET BACKPLAt

SYSTEM COMMISSIONING
•COIL POWER SUPPLY

PRESSURE & LEAK TES
DIVERTOR CONNECTION P1W

CN22A0O303
C 3 E Z 3 I I
INSTALL DIVERTOR BELLOWS
BET EXT.-CRYOSTAT PORT I

CN16A00200I CN22A00305 6

PRESSURE TEST &
LEAK CHECK BLANKETS

INSTALL DIVERTOR CASSETTES
THRU LOWER PORTS

CN24A2C190

RECONFIGURE UPPER LID FOR
CRYOSTAT LID INSTALL'!*

PN11B8S000
r ft TI
TF COILS MACHINE
ASSEMBUY

CN22AOO23OII 0
I

INSTALL UPPER CROWr
& TIGHTEN WEDGES

PUMPDOWN &
COOLDOWf

Plot Date
Data Date
Project S u t
Project Finish

8NOV96
31DEC95
1JUN92

31JAN14

Rvn Dur for PreassemMy. Xlr to Pit. Welds W/TF
ITER - JOINT CENTRAL TEAMS

ITER PROJECT MASTER SCHEDULE
Tokamak Assembly Plan 11.1.96 Prelim

(c) Pnmavera Systems, Inc.



M A M J A S

CN2M0O235 0
• i i i i :
PERFORM FINAL SURVEY
Of TT COILS IN PLACt

i I i i HI I I
CN22AOO240 0
•-HI I i| 11 I
REMOVE CENTRAL
MEASURING FIXTURE

CN13B0X32 neN2i

CN24A2C140

SET CRYOSTAT TO EL-8(JNCLUDES
W P S LINES) Barrel

IN22A00245
_ I II
INSTALL CS COILS W TORSION
CYLINDER BOLT UP

CONNECT IV EQUIPMENT
I n/C. MAG DIAGN. ETC.

i — M H > n n I I I i
CN22AOO268 0
^ H - H II I I i l l
INSTALL 8. MACHINE OUTSIDF
JOINT SHEAR KFYS (OIS)

O N

I II I I I I I I
REMOVE TF COIl
OUTER BRACING
L J I I I I I I I
CN22AOO255

I I
JACK UP LOWER PF COILS
& ATTACH TO T f COILS

2 CN22A226OS
Mi II II II I
I JACKING PF INTO POSITION

& ATTACHING SUPPORTS
I I II

CN27AOO2OO

VACUUM VESSEL THERMAL
SHIELD (SHROUDSSGBSJSHLD)

CN22A0026O I 0 I f l
H I M i l ! M i l

LOWER PF 4 TO POSITION
& ATTACHED TO TF COILS

CN22AOO2651 0
I l l I

CS & TORSION CYLINDER
-MACHINE ASSEMBLY]

CN12B2X52O

INSTALL UPPER PF COILS
& ATTACH TO TF COILS

Rm 0<r for PraassonMy. Xfr to Pit, Wekfe W/TFPlot Oats
Data Date
Project Start
Protect Finish

SNOV96
31DEC95
1JUN92

31JAN14

(c) Primavara Systems. Inc.

ITER - JOINT CENTRAL TEAMS
ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim



2002 2003
J J A S 0 N I D J F

|

I

M A

I

IV

i

I
I

Plot Date 8NOV96

Pi
PI

<c

oject SUrt 1JUN92
oject Finish 31JAN14 •

I Primavera Systems. Inc.

J J A

i

S N D
2004

J F M A

MMIlllBlThU Till »„

M j j A S 0 N D
2005

J F M A Ml J J A S 0 N D
2006

J F

CN52AOO5O0
C~T5 3 I I
INSTALLATION

A

-TUBE & MAGNETS

CN26JO02OO

w J

PN

J

:7E

A

00

s

901

0

)

N

DEUVER: CRYOST
THERMAL SHIELD

I I
INSTALLATION:DRN/RFL&
DRY ||

CN24A2C140
C ft > H

CN12B6S409

PF COIL -FAB-PF

D

AT

CORRECTION COIL!

CN15B002001

PORTl | 1
INSTALLATION

1
1

!
SET CRYOSTAT TO EL-8(INCLUDES
W P S LINES)J3arrel

;N22A0O325
1

PRESSURE & LEAK TEST

2007
J

1

DIVERTOR CONNECTION PIPG

CN31EOO550

Testing of
Vacuum Systet

CN23B07370

INTEGRATED
TEST -PORT HDLG

r

IS

|CN24A2C200

ncSYOSTATLID
1 INSTALLATION

CN62^C250

SET COLD BOXES &
EQUIPMENT -PHASE 2

CNMS180000
•C~0"^ "3—i1 1
PULL VACUUM ON
VACUUM VESSEL

CN55A00550 I
- c ft :>

INSTALL 1 1SENSORS IN VSL

PN24D00900

DELIVERY:

W A

CN278

M J J

30150

A £

0

CRYOSTAT LOWER
HD THERMAL SHIEL

CN22A
i 1 oophi
INSTALL MID PLANE
PORTS EXTENSION

CN24B00100

0

J

INSTALL & WELD-OUT
PENETATIONS (Barrel)

|CN22A00303 29

(4 H. II II 1

N D J

INSTALL DIVERTOR BELLOW;

J BE
c
D
C

r EXT.-CRYOSTAT PORT

N22A00310] pa

IVERTOR IT
OOLING LINE

2ZAO040O

5

?
PREP W VACUUM'LEAK TEST
1 MACH.PORT STUBS 4 SEAL

•
, L

1 CN15AO03OO 1 C^
l—<TT5 DM 1 1 1—O-

PRESSURE & PR
LEAK TEST

CN55A00530
C t > ^ 1

IIIINSTALL SECTORS
•SENSORS

CRYOSTAT INTL PPG

LCN24A2C2OO
C T S 3 1
CRYOSTAT LID
INST;\LLAT

CHBO S»M IB 0* 1»

ITER - JOINT CENTRAL TEAMS
ITER PROJECT MASTER SCHEDULE

Tokamak Assembly Plan 11.1.96 Prelim

4

1

TE

N22AOO44O 0

STALL CRYOGENIC
NES TO MAGNETIC.

22A00'
•hli
ESSURE
S T W

05 18

l |cN22Ad0410
O
vt
TE

PG16H00900 I C

DELIVER: I/V C
BLKT COOLINO T

PG15BOO9OO

DELIVER: PORT
iSSEN BL fcS

| c

r IN
A

hi II
kCUUM LEAK

?TVV|j
N22A00450

i

R

18

ONNECT COOLING 1
0 VACUUM VESSEL

N22A00420 19

u-, I

NES

STALL PORT DUCT &
LLP0R1 MT1)EC Ul >Mfc Nl

ft*n Dur for Ptesssembty. XIV to Pit. Welds VWTF

Date Revisior Clwekec Approved



2002
J | j I A | S | 0

2003

s

111
Plot Date
Data Date
Project Start
Project Finish

I

SN0V96
310EC95
1JUN92

31JAN14

(c) Primavera Systems. Inc.
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Tokamak Assembly Plan 11.1.96 Prelim

CN51A0O7OO

INSTALLATION
-ANTENNA ARRAYS
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Enclosure 3
Assembly Schedule
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Acttvty

D

ES6I90OI6O

ES61B0CCOO

ES61O00100

ES61D00250

ES61DOOC60

ES61D00300

ES61DHT300

PS61AOC100

PS61A0C200

PS61AOC300

PS61AOC400

PS61A0CS00

PS61A0C80O

PS61A0C700

CNB1A1C100

PSSIAOCBOO

CN61A1C106

CN62AKM0O

CN62A1O110

CN62AI0120

CNMSO4O00O

CN62A1O130

CN62A1O14Q

CN62A1017S

CN62A10220

CNSZA10230

CN62A1O24O

CNB2A10MO

CN62A16100

CN62A J0300

CN62A104O0

CNS2A10610

PS22B12900

CN62A10600

PS22B07900

PS22B14M0

CN62AI6200

PS22B048GO

PS22BO990O

PS22B11900

CNB2A10G60

CN62A1067O

CN24A2C130

t N 1461X1*0

CN12B0X100

CN22AOO100

CN22A00103

CN22AOO105

PN12B8SO0O

CXUAQXUO

CN1BAOO1SO

CN22AO0115

CN22A00130

CN22A01100

PN11B8S0QO

CN1«AOOtOO

CN16O00100

CN22AQ211O

CN11B00600

CN22A0S125

CN1SA0O200

CN16Q00200

ProJtCtFW*

not D M

Early

start

OIJAMM

01JAN8S

O1APR00

01APR06

OlAPROe

O1JULBS

O1JUL06

Q1OCT9B

oiD€cee
01JAN09

O1F99S

01MAR99

03MAYM

01JUL9S*

O1JULW

02AUQW

OINOVW

O3JANO0

01FEBOO

O2FEBOO

01AUQ00

16D6C00

1BJULO1

13SEP01

I1OCT01

25OCT01

27NOV01

12DECO1

29DEC01

ISAPftOS

28JUN02

i3sepoa
28OCTQZ

08NOV02

06NOV02

SflNOVOZ

Q6OEC02

060CC02

06DEC0E

20JANO3

ZBfEBO3

16JUN03

0TJUL03

11AUQ03

11AUG03*

11AUGO3*

2SAUOCO*

25AUQO3

06SEP03

oesEPor
oesfPw
06SEPO3

06SEP03

16SEP03

1SSEPO3

17OCT03

29OCT03

26NOV03

11OECO3

110EC03

Earrf

tfrfsh

3IOECV7

30JUNM

30JUNH

3OJUN98

30JUNS8

30JUNA0

30SEPW

30NOVW

aiDEcae
29JAMW

26FEB99

3DAPRM

31MAYW

3OAJNM

30SEPM

30JULW

29OCTW

3tOeC90

31JAN00

31JUUX)

I7JUUJ1

isoecoo
tSFGBOl

12S6P01

10OCT01

26OEO01

2SOGCO1

13JUN03

set-axe

26JULO2

27JAN03
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06SEP03
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22AUO03
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16FEBO7
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110ECW

OSNOVM
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: M EVALUATION: CLEAR » ORUB
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WOSSJZATIOKeLEARaaHUI

TdOCAV*™TOK*MUtAtSStr*L*«MWW SLDO TO B.-1 f J M
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VlACt CRSMMO * SWTL JACKS FOR LOWER Pf COLS

talVCY PADS » ADJUST
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CN22A04135

CN22A061SS

CN22A06180
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CN22A08206
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110ECOO

06JAN04

13FEBW

26MAR04

04MAYM

14JUNM
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01SEPO4

23&EP04
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19NOVO4

2ODECO4

08FEBOS

18MAB06

28APR0S

07JUN06

14JUL06

01AUG06

22AUQ0S

2SAUQOS

0GSEP06

13OCT06

21NOV06

12DEO06

18DECO6

3OOECO6
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1995

1.1

1.1.8

1.2.B

1.3.B

1.4 .A

1.4.B

1.5

1.5.A

1.5.B

1.6

1.6.A

1995

1996 | 1997 j 1998 | 1999 | 2000

OROIDAL FIELD (TF) COILS SYSTEM

TF COILS

PF COILS

:ENTRAL

MECHANK

GRAVITY S

/ACUUM V

MAIN VES

VACUUM >

LANKET S

BLANKET

1996

OLENOID C

ALSTRUC

UPPORT

ESSEL

>El

ESSEL POI

STEM

YSTEMS E

1997

OIL

ruRE

T ASSEMB

UGINEERINI

1998

IES

1999 2000

2001 2002

CN24A2C13O

SETLOWER 1
CRYOSTAT • EL-4

2001 2002

2003 2004 2005

SU77BOO17O

2006

GLOW DISCHARGE
(GDC) |

CN11B00500 637.0

Tf COILS PLACE IN PIT

PN11B8SO00

1 TF COILS MAC
1 ASSEMBLY

CN12B0X100

702.0

HINE

10,0

[PLACE Pf COILS
I 7 IN CRYOSTAT

PN12B8SOOO

Pf COIL

2007

SU77B00160

Toms* Crvostat
C00LDOW(J

SU77BOO2

Test EC fcx

20

2006 | 2009

SU778O018O

2010

10,0

I TF" excitation test < 50%w/l
[ temp(Conflrm align't)

SU77B00190| 20.0

Tf+CS+PF Excitation
test<S>50%w/hi temp

SU77B00200 20,0

TT + CS + PF Excitation
test> 50%w/hl temp

plasma
Initiation, EC-DCHG Cleaning

SU77BO0230 1

Test for Additional
Heating System(53*51or5

CN22i22575

Z)

TF/W ASMBLY 20 PLACED
IN PIT®POSIT'N VWDVTR EXT

910,0

MACHINE ASSEMBLY

CN14A0X110

SET s, ALIGN
LOW CROWN

1 1
PN13B8S000 248.0

CS Si TORSION CYLINDER
•MACHIMASSEMBIY]

15,0

CN14B1X140 25.0

INSTALL GBS
LEGS IN CRYOSTAT

SU77BO0040

I
|

CN14A1X210 15,0

SET 8. ALIGN I
UPPER CROWN

LEAK CHECK TEST.
PRESSURE TtST PREP

CN15AOO15O

CM

SEMELYOF

667.0

20 SECTO

CN15BO02O0

?S

CN22AOO23O

INSTALL UPPER CROWN
& TIGHTEN WEDGES

NATION

5U77B00060

Diagnostics Calibr
at atmosphere

671.0

PORT INSTALLATION

16A00100 625.0

ASSEMBLY OUTSIDE
Of

2003

VESSEL I
CN16AO02OO 669.0

NSTALL IN VESSEL

2004 2005

CN22A22570

SU77BOOO5O 10.0

Vessel & Cryostat

SU77BOO070 10,0

Vacuum Vessel Pumpdown
[ (Pumping speed test-air)

I SU77BOOO90 5
^ I I I

Vacuum Vessel
Leak Test I

[SL)77BQ0080

0

ation PHIS hydraulic test
with tokamak system

SU77BOOU

PHfS Pipe i

0

LsakTest |

[SU77BOO110 20,0

Align Umiter&TF w/Weak
rieJds-movi! W w/lmtr/8P

||sU776001

W 2 0 SURVEYED & JcJyostaT
MATED WITH TF20 jPumpdowt

CN22A21533 CN22A226OO

PREPARE 8P 19 INSTALL IN PIT
& 20 FOR LIFT SP19&

2006 2007 2008

?)&WEL(

2009

20

2010

HMDM. WOVM
M M 1UXCM ITER - SAN DIEGO JOINT CENTRAL TEAM

ITER PROJECT MASTER SCHEDULE
Critical Path



1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 200B 2009 2010

BACKPLATE (BLKT MOD STR SUPPORT)

ASSEMBLY PLAN

TFA/V ASMBLY 20 PLACED
IN PIT«POSIT'N W/DVTR EXT

Oetfver-AT 9 W
Assembly tools

PS22BO4SOO

D«*iver-AT 4 TF/W/Thermal
shld subasmbly tools

Deliver-ATIl Tools for
Portl Piping Installatio

ASSEMBLY OUTSIDE VESSEL:
.ANKET BACKPLATE |

INSTALL & MACHINE OUTSIDE
JOINT SHEAR KEYS (OIS|

19.0 CN2gA226OO

INSTALL IN PIT INSTALL CRYOGENIC
!. 20 J, WELDLINES TO MAGNETICS

PF 4 TO POSITION Baking
ATTACHED TO TF COILS Test f

II I I I I
CN22AOO1O0 10,0 CN22A00268
•• • • '• D l 111(mi i i I
PLACE CRIBBING & INSTL
JACKS FOR LOWER PF COILS
-+-U-I—1 II I

I2AOO1O5 5.0

CN22A00103L HH- ' I
SURVEY PADS
& ADJUST

CN

FUELING TEST,
PUMPING SPEED TEST

43,0

I INSTALL & MACHINE OUTSIDE
JOINT SHEAR KEYS (OIS)
|| I I I I I I I

[|CN22A00270 10,0

pEMOVE TF COIL

CN22A22590

CN22AOO115

INSTALL LOWEL
CRV.WEDGES RETRACTEO
( I || '
CN22A00130

START ASMBt W SECTOR/INNER
SHLD/TSlD VlfTF COIL '

D M |i . . .
POSITION W18/19 &
W 1 -20.ADJUST & WELD&DVTR EXT

' fi | | i i j j j

I CN22A22595

IL REMOVE INTER

CN22AO11OO} 32,C

W 1 SURVEYED &
MATED WITH TF1

CarN22AO2HO 32.0

W 2 SURVEYED 1
MATED WITH TF2

i-* I II I
CN22A0312S 32.0

W 3 SURVEYEO &
MATED WITH TF3

CN22AO4135
I—Q II

W 4 SURVEYEO &
MATED WITH TF4

32.0

INSTALL UPPER CROWN
«. TIGHTEN WEDGES

Delivw-AT 6 CS
l l

CN22AOO24O

REMOVE CENTRAL
MEASURING FIXTURE

32.iCN22A06180

W 6 SURVEYED &
MATED WITH TF6

JACKING PF INTO POSITION
& ATTACHING SUPPORTS

CN22A05165 32,0
O II I
W 5 SURVEYED 8.
MATED WITH TF5

20 SECTORS j

),0

.Y OF CRYOSTAT LOWER
' HD THERMAL SHIELD

57,0
-1 I III

CN22A0O22O, a.,,
• II I I I Ml
LAST BACKPL INSTL
LAST BAFFLE 1 LIMITED

r" IH I I I I I
CN22A0O223 35.0

1 — D ) • I F I i l l
REMOVE BLANKET
INSTALLATION RAILS

CN22AOO225 I 2f
D n I I I I I T
ADJUST BLANKET
./ -3MM

I22A071S5

SURVEYEI

[CN22AO82O5 32.0

W 8 SURVEYEO t,
MATED WITH TF8

rcN22AO9240 32,0

PERFORM FINAL SURVEY INSTALL
OF TF COILS IN PLACE MAGNET LEADS

'II [ I I N |
:N22AO0245 15.1

. I I I I I I f
INSTALL CS COILS MWTORSION
CYLINDER BOLT UPl I

CN22A0O2S5 10.0

JACK UP LOWER PF COILS
&ATTACH TO TF COILS

CN22AOO265 10.0

| CN22AO040O 6^0

PREP W VACUUM LEAK TEST
MACH.TORT STUBS & SEAL

1995 1996 1597 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

ITER - SAN DIEGO JOINT CENTRAL TEAM
ITER PROJECT MASTER SCHEDULE
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2005 I 2006

CN22A1O26O

W 1 0 SURVEYED*.
MATED WITHTF10

r CN22A11280

CN22A123OO 32,0
- Q I

W 1 2 SURVEYED &
MATED WITH TF12

PcN22A1333O 32,0

W l 3 SURVEYED 8t
MATED WITH TF13

!10 | CN22A14350 32,o'

itAK TEST W l 4 SURVEYED *
CRYOSTATl MATED WITH TF14

CN22A15375
-a i

VV15 SURVEYED &
MATED WITH TF15

CN22A16390 32.0

F0X210

START-UP
TESTING

CN22AOOSOO 56,0

PUMPDOWN A
J COOLDOWN

CN41EOO80O

SYSTEM COMMISSIONING
•COIL POWER SUPPLY

CN22A16410 12,0
0—i I . I
POSITION W l 6 / 1 5 *
W14/13.ADJUST8<WHLO8(OVTR EXT.
.—' I I I
CN22A16415 1S.0
0—i I I I
POSITION W l 6-13 &
W 1 2 1 A D J U S T & WELD&

CN22A18465 10.0
I I I I
SET BP15-16 GROUP
IN PIT.ROTATE.WELO

I2A17480 32.0

CN22A184SS j 1 , 0

T F / W ASMBIY 17 PLACED
IN PIT«POSIT'N W/DVTR EXT

CN22A1951O 15.0
EH-> I
POSITION W 1 8 / 1 7 &
W1-16,ADJUST & WELD&DVTR E

CN22A20515 5,0

REMOVE INTERNAL BRACING
Wl6/17fcPART.10

CN22A20520 20,0

SET BP17 GROUP IN P T.ROTATE
BP1-16<i8)D£G,WElD

CN22A21540 32,0

CNS2A21530 15.0

SET BP18 GROUP IN PIT.ROTATE
BP1-17(18)DEG,W€LD

1996 1997 1999 I 2000 I 2001 I 2002 I 2003 I 2004 I 2005 I 2006 I 2007 I 2008 I 2OO9 I 2010

ITER • S A N DIEGO JOINT CENTRAL T E A M
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ASSEMBLY OUTSIDE
OF VESSEL I

PREPARE BP 19
& 20 FOR LIFT

TFWV ASMBLY 19 PLACED
IN PITCPOSITN W/DVTR EXT

W 2 0 SURVEYED &
MATED WITH TF20

TF/W ASMBLY 20 PLACED
IN P1T<3>POSITN W/DVTR EXT

REMOVE INTERNAL BRACING
& INSTALL NESTED BLANKET

NDT: BLANKET
BACKPLATE BP19 8.20 & WELD

14A1X21O CN22A0O23Q 15.0CN22A00225

ADJUST BLANKET
+ /-3MM I

INSTALL UPPER CROWN
& TIGHTEN WEDGES

PERFORM FINAL SURVEY
OF TF COILS IN PLACE

REMOVE CENTRAL
MEASURING FIXTURE

CN22A22605

JACKING PF INTO POSITION
& ATTACHING SUPPORTS

CN22A00260
0—i i " I
LOWER PF 4 TO POSITION
& ATTACHED TO TF COILS

PREP W VACUUM LEAK TEST-
MACH.PORT STUBS fc SEAL

PS22BO6900 196,0 CN22A00235

Delww-AT 12 Cryostat
lifting tool{EP/DID)

•AT 7PF
coil assemWy tools

PS22B1490O 196.0

W1-20.ADJUST & WELD&DV

Delrver-AT 14
Standard tool(DID)

900 196,0

INSTALL CS COILS W/TORSION
CYLINDER BOLT UP

Ivef-AT A TF/W/Therma
shld subasmbly tools

22B09900 196.0 CN22A0O1O0

INSTALL UPPER PF COILS
& ATTACH TO TF COILS

PLACE CRIBBING & tNSTL
JACKS FOR LOWER PF COIL!

PS22B11900 196.0 C:N|2AOO1 30

Deliver-AT 11 Toob for] START ASMBL W SECTOR/INNER
Port* Piping tnstallatiol SHLDATSID W^TF COIL

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

ITER - SAN DIEGO JOINT CENTRAL TEAM
ITER PROJECT MASTER SCHEDULE

Critical Path



1995

2.4

2.4A

2.4. B

2.6

27.B

3.1

3.4

4.1

4.1 .E

4.6

1995

1996

KYOSTAT

MAIN CRY

CRYOSTA1

•RIMARY k

CRYOSTAT

ACUUMP

JiYOPLAN

OILPOWE

CPS&D SYS

NTERLOCK

1998

1997

)STAT CH

PINETRA

IATTRAN

THERMAL

MPING SY

AND CRY

R SUPPLY*

TEM INTEC

AND GEN

1697

1998

MBER

ONS

FER SYS (t

SHIELD

STEMS

DDISTRIBU"

DISTRIB'N

.RATION

ERAL ALAR

1998

1999

•HTSs)

ION

CPS&D)

MS (I&GA)

1999

2000 2001

CN62A16200

ASSEMBLE & C
OVERHEAD CR,

2000 2001

2002

3MMISSI0
ANES

2002

2003 2004

j CN24A2C13O

1 f s E T LOWER
J CRYOSTAT « EL

2005

SU77B1

2006

0110

2007

Align Limiter&TF w/Weak
flefcls-move W w/untr/BP

SU77BOOO5O

1 Pressure Test Vacuum
| Vessel 8. Cryostat

5.0

-41

INSTALL GBS
LEGS IN CRYOSTAT

2003

SU77BOOO7O

Vacuum
JPumping

CN22A00265

INSTALL
& ATTAC

CN22AO0

La12

CRY
INS1

1

/essel Pumpdown
speed test-air)

2008

SU7

2009

BOOt 20

Cryostat
Pumpdown

4A2C

OSTA
ALLA

SU77BOO16O

Tools & Cryost
COOL DO Vm

ZOO

TLID
TION

CN24A2C21O

LEAK TEST
CRYOSTAT

CN24BO0200

4 I.O

21.0

43.0

INSTALL & WELD-OUT
PENETATIONS ^ I D )

[SU77B0009O

Vacuum Vesse
leak Test

UPP8R PF C01S
M TO TF COILS

400 | |

PREP W VACUUM LEAK TEST-
MACH.POKT STUBS <. SEAL

M04

SL

U
PR

S

1!

7780

AKO
ESSU

2010

i.O

20,0

It

3040 5.0

-IECK TEST.
« TEST PREPARATIOI

.1177600060 10,0

HTS hydraulk: test
Ah tok&mak system

>U77BOO1OO 10,0

HfTSPipe
eakTast

CN87B00150 ,44.0,

CRY
HD1

u
OSTAT LO
FHERMAL
u-v I |
CN27B0O

WER I
SHIELD

200 22.0

CRYOSTAT LID THERMAL
SHIELD IN WELD JOINTS

| | S U 7

J

7B00140

Baking
Test f

10,0

SU77B00130 15,0

Crysotat.Cryoline& Pemt'n
Double Wall Leak Test

77B0O030 10,0

TEST ELECTRICAL
ISOLATION 8. GROU

SU77BOO21O

NDING

50.0

DISCHARGE CONTROl TES
IAGNET1C FIELD MEASURE-

CN2JAOO5OO CN41E00800 I 218 0

PUMPOOWNt, SYSTEM COMMISSIONING
COOLDOWN -COIL POWER SUPPLY

CN99T1X215

I COMP INTEGRATED
START-UP TESTING

|_SU77BOO11O

Allan LMter&TF wAVeak
flekls-move W w/Lmtr/BP

[^sy77igoi8o
TFeKC
tempK

2005

Itatlonust.
.onnfmm.gr

2006

50%W/lrl
t)

2007

P CN41E00850 197,0

INTEGR TESTING & COMPL
COMMISSIONING -COIL PS

SU77BOO240 5,0

1 Final Interlocks ft
Safety Functional Testin

SU77BOO150

FUE
PUW

LING
PING

2006

FE
S

ST.
>EE ) E!

20O9

T

2010

f M M a MOVM
OKI Ma 11DECM
M O K M 1JUN9I
l^clFtaMi J1MNI4 •

fC]MMMriS!rUn«.MC.

ITER - SAN DIEGO JOINT CENTRAL TEAM

ITER PROJECT MASTER SCHEDULE

Critical Path

10 31.IW H H W I aoeeU f



SITE GENERAL LAYOUT

SITE SELECTION REQUIREMENTS

ES61BOO15O 523.0

•OLOIDAL FIELD CONTROL

3N CYCLOTRON HTG&CURR.ORNE0CHB.CO

NEUTRAL BEAM INJECTION

61A1C100

MOBILIZATION

CLEARS.
GRUB SITE

I II '

SITE CHARACTERIZA'

£561BOO200 129 0

PREPARE FOR SITE!
SELECTtON SUPPOflT

PS61A0C600 21.0

ES61C00100 65,0

—a i i IT u .
PREPARE SITE INVESTIGATION
SPECIFICATIONS

PS61AOC100
• i I I I . .
PREP CONTRACT I
PKG: CLEAR & GRUB

I
PS61A0C2O0 23.0
D I I I II
PKG REVIEW:
CLEAR & GRUB& G

I I
21,0PS61A0C300

04-> I I U
BID INQUIRY:
CLEAR & GRUB

— H M i l l
PS61AOC400 20,0

S1AOC500 45
-•MM

_ _ EVALUATION:
CiEAR & GRUB

ISU77B00070

Vacuum Vessel Pumpdown
(Pumping speed test-air)

) 5.0
Prepare for
1st Plasma

C-i-i—i I
SU77BO026O O.Q
O I
First
Plasma

| SU77BOO170 15,0

FUELING TEST, I GLOW DISCHARGE
PUMPING SPEED TEST (GDC;

I77B00220 10,0

+ CS + PF Excitation
test> 50%w/hl temp

SU77B0O050

Test EC for plasma
Initiation, EC-DCHG Cleanin

7BOO23O 10.0

Pressure Test Vacuum
Vessel & Cryostat

Test for Additional
Heating System (53 + 51 or52

SU77B0OO60 10,0

Diagnostics Calibration
at atmosphere

1995 1996 1997 1 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

PWOtU (NOVBS
DM*D«« X0CCW
PldKllUI 1JUN9I

ITER • SAN DIEGO JOINT CENTRAL TEAM
ITER PROJECT MASTER SCHEDULE

Critical Path



65,0
I—3 I

ES61D00260
- O — ' I i|

PREPARE CALL FOR I
TENDER DOCUMENTS

TOKAMAK HALL ft P T I CN62A10100 45.0
L - a — . i

EXCAVATE TOKAMAK.ASSBLY&LAY0OWN
BLDGTOEL-11,5m

1999

PS61A(
1—0 I I i

A0C70O 22.0

PREP FOR MOB-
CLEAR ft GRUB

PS61A0C800
o—* n
MOBILIZATION:
CLEAR & GRUB

1.0

W/HOST COUNT
MOSILIZ'N CONTR's

ES61DHT300

CLEARING & GRADING
ACTIVITY. AS NEEDED

11 I I H
ES61D00250 65.0

PREPARE SITE MOBILIZATION

CN62A10110 21,0

ESTABLISH I
GROUNDWATER CONTROL
CM52A,10120 130.0

CN62A10560 66.0

f ERECT INTERIOR
[ STEEL-TAL

DRJU ft PLACE PtT COFFER
WALL TO BELOW EL-54m

EXCAVATE TOKAMAK
PIT TO EL-54m I

W62A10140 43.0

INSTALL GROUNDING GRID.
BUILDING WATERPROOFING

CN62A10175
D i 1
JUMP OUTER I
WALLT0EL-31m

20,0,
1
CN62A10220
D I II
ADJUST OUTER FORMS
FOR EL-31 TO EL-9m

CN62A10230 55.f

JUMP OUTERl
WALL TO EL-9m

[JCN62A10240 4

JUMP BIO-SHIELD I
WALL TO EL-9m

£ CN62A10250 23.0

ERECT STEEL ft I
FREP SLAB EL-24m

CN62A1030O 43.0
D I I I
FREP TOKAMAK HALL1
FROM EL-9m TO GRADE

1995 I 1996 I 1997 \ 1998 \ 1999 I 2000 I 2001 I 2002 I 2003 I 2004 I 200S I 2O06 I 2007 I 2008 [ 2009

sasr ITER • SAN DIEGO JOINT CENTRAL TEAM
ITER PROJECT MASTER SCHEDULE

Critical Path



2005

CN62A1031O 33,0

ERECT TOKAMAK HALL STEEL
1.FREP SLAB AT GRADE

[CN62AIO«OO 75J0

ERECT TOKAMAK HALL COL.&FREP
EXT.WALLS TO EL53m

I — — J I I I
[CM82A10510 152,0

ERECT CRANE RAILS

CMS2A105O0 88.0

ERECT ROOF TRUSSES
1 BRACING -TAL

CN62A10570 66,0

INSTALL MECHANICAL
(ROLLING) OOORS

INSTALL 4. COMMISSION
MECH * ELECT SERVICES

.16200 142.0

. 1SSEMBLE & COMMISSION SET LOWER
OVERHEAD CRANES | | CRYOSTAT «• EL-41

START STR CONCRETE THRU
TO 1ST NUCLEAR CONCRETE

CNZ2AqO5OO CN99T0X210 CI:N99T1 X215 132.0

CN99T1X220 0,0

1995 1996 1997 1 2000 2001 2002 2003 200< 2005 2006 2007 2008 2009 2010

UMa MOVK
UOM 31UCM SSSSSS" ITER - SAN DIEGO JOINT CENTRAL TEAM

ITER PROJECT MASTER SCHEDULE
Critical Path
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1.1 TOROIDAI. FIELD (TF) COILS SYSTEM

I.l.A TF COILS CONDUCTOR

ENGMEERINO • CONCEPTUAL DESIGN

ENOmEERINO - DETAIL DESIGN

ENCMNEERINQ - FINAL DESIGN

PROCUREMENT*CONTRACT - PREPARE TENDER DOCS

PROCUREMENTICONTRACT - BID CYCLE

PROCURBMENTCONTRACT - FABRICATION fPRODUCTIONl

PROCURBMENT*CONTRACT - SHIP ft DELIVER

ENOmEERINO - CONCEPTUAL DESIGN

ENGINEERINO - DETAIL DESIGN

ENCHNEER1NO - FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENTCONTRACT - BID CYCLE

PROCUREMENT/CONTRACT • FABRICATION (PRODUCTION)

PROCUREMENTiCONHiACT- SHIP* DEUVEK

TOKAMAK ASSEMBLY



SUMMAKY Acnvmr

ENGINEERING • CONCEPTUAL DESIGN

ENGINEERING - DETAIL DESIGN

ENGINEERING - FINAL DESIGN

PROCUREMENT/CONTRACT • PREPARE TENDER DOCS

PROCUREMENTiCONTRACT - BID CYCLE

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

pw | |iw [ wr | t m J i m l [arc

1.2 POLOIDAL FIELD (PF) COIU SYSTEM
1.2.A PF COILS CONDUCTOR

•

JW7 K» XO» 1010

ENGINEERING • CONCEPTUAL DESIGN

'COILS

ENCTNEERMO - DETAIL DESIGN

ENGINEERING - FINAL DESIGN

PKOCUREMEWTICONTOACT • PREPARE TENDER DOCS

PROCUREMENT/CONTRACT • BID CYCLE

PROCUREMENPCONTRACT - FABRICATION (PRODUCTION)

PKOCUREMENTICONTRACT - SHiP it DELIVER

PF CORRECTION COILS

ENOINEERINO - CONCEPTUAL DESIGN

ENOINEERWO - DETAIL DBSION

ENOINEERINO - FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

MO1 1 M B latW3 l a w IKKU JXXt IKOT I M O 1 IX* JOTO 13011



SUMMARY ACTIVITY i |ms |nnj»n 11~ |||9» [me |ipi
ENTRAL SOLENOID (CS) SYSTE

XSL. 3S2t- ££2_ 2SL. 2SE_ 222- £S2_ £12- £LL » » »•>

ENOWEERMO - CONCEPTUAL DESIGN

ENO1NEERINO - DETAIL DESIGN

ENGINEERING - FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENTICONTOACT - BID CYCLE

1.3 CENTRAL SOLENOID (CS) SYSTEM

1.3.A CENTRAL OLENOID CONDUCTOR

•
D

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

OLENOID COIL

ENOINEERINO - CONCEPTUAL DESIGN

ENGINEERING • DETAIL DESIGN

ENGINEERING - FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENT/CONTRACT - BID CYCLE

PROCUREMENTreONTRACT • FABRICATION (PRODUCTION)

PROCUREMENTCTNTRACT - SHIP * DELIVER

TOKAMAK ASSEMBLY

W4 IW1 11-6 H*W H

I—I





1.6 BLANKET SYSTEM
1.6.A ' BLANKETSYSTEMS ENGINEERING

BACKPLATE (BLKT MOD STR SUPPORT)
i l l



SUMMARY Acnvrnr

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PKOCUREMENreONTRACT • BID CYCLE

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

PROCUREMENT/CONTRACT - SHIP & DELIVER

1.6 ( BLANKET SYSTEM
1.6 J BLKT ASSEMBLY & MAINT.F1XTURES&T00LS

•

SSL

i w I Mm [ tow I am

Shoo 6 of M



SUMMARY ACnVTTY

ENOWEERINO • CONCEPTUAL DESIGN

ENOINEERINO • DETAIL DESIGN

ENOMEERINO • FINAL DESIGN

PROCUREMENTICONTRACT • PREPARE TENDEK DOCS

PROCUREMENT«X>NTRACT - BID CYCLE

PROCUREMENTCONTOACT - FABRICATION (PRODUCTION)

PROCUREMENTJCONIKACT • SHIP * DELIVER

PRE-ASSEMBLY

TOKAMAK ASSEMBLY

1.7 DIVERTpR|
1.7.A DIVERTORdNCL. DIAGNOSTICS CASSETT

•
17.B HIQHHTF

ENGWEERINO - CONCEPTUAL DESIGN

ENOINEERINO - DETAIL DESIGN

PROCUREMENTICONTRACT - PREPARE TENDER DOCS

PROCUREMENTJCONTRACT - BID CYCLE

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

PROCUREMENTlCONTRACT - SHIP * DELIVER

'HHFISPLASMA FACING<PF)

p



SUMMARY ACTIVITY
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SUMMARY ACTIVITY

ENOMEERINO - CONCEPTUAL DESIGN

ENGINEERING - DETAIL DESIC.N

CONTRACT • PREPARE SPECIFICATION

CONTRACT - BtD CVCLE

CONTRACT - PREPARE FOR MOBILIZATION

CONTRACT • SITE MOBILIZATION

TOKOMAK ASSEMBLY - LOWER PF COILS « L. CKOWN...

BACKPLATE ASSEMBLY BP1 THRU 16

STEP 1 VWTF1

STEP 2 VWTF2 WELD W 1 / W 2

STEP3W/m*BPM

STEP 4 W/TF4 WELD W3/W4

STEP S WIFT5 REMOVE BRAONO

STEP 6 VWTF6 WELD W 5 n ^ 6

STEP 8 VWTF8 WELD W/7/W8 A VVl-4/W3-g

STEP 9W/TP9ROTATEBP1-4 REMOVEBRACINQ3-8

STEP 10 VWTF10 WELD VV9/10 BP 5-8

STEPUVV/rFllWELDBPl-t«-8.INSTLBKLTCOMIT

STEP 12 W/TF12WELDWH/12AVVll-12y9-10

STEP13W/TF13BP9-I2

STEP 14 VWTF14 WELD VV13/14 A BP 1-8J9-12

STEP IS W/TF15 ROTATE BP 1-12

STEP 16 VWTF16

STEP 17 VWIW WELD W1S<16*I3/16 A 12/13

STEP 18 W/TF18 BPI3/14 SET VWTF17

STEP 19 W/TF19 WELD W17/18 & 1-16/17-18

STEP20BPI7ABP18

STEP 21 WfTFM WELD W19/18-1 BP19/M NEST

STEP 22 WELD BP19A20 LEAK TEST

TOKOMAK ASSEMBLY - AFTER TFi SET CS. ATTACH PPO

[iw* [wj [W» [WOt |»H - £11 . EH- £IL_
MACHINE ASSEMBLY & TOOLING

KAMAK ASSEMBLY PLAN

a

0
0

P
•
0
D
•
a
a
o
•

D
a
i

q
D

2. B ASSEMBLY TOOL DESIGN

ENG1NEERINO - DETAIL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENWCONTRACT • BID CYCLE

PROCUREMENT/CONTRACT • FABRICATION (PRODUCTION)

PROCUREMENT/CONTRACT • SHIP * DELIVER

w rfcoi IMP* IMPS IXM l



K1O4AXT .OCTTVTTT

ENOINEER1NO - CONCEPTUAL DESIGN

ENGINEERING. DETAIL DESIGN

PROCUREMENT/CON1KACT • PREPARE TENDER DOCS

PROCUREMENTJCONTRACT - BH> CYCLE

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

S E T * INSTALLATION EQUIPMENT, PANELS qc..

2.) REMOTE H A N D U N C (RH) EQUIPMENT
2.3.A IN-VESSEL REMOTE H A N D U N O EQUIPMENT



ENCWEERINO - CONCEPTUAL DESIGN

ENGINEERING - DETAIL DESIGN

ENGINEERING - FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENTICONTRACT - BID CYCLE

PROCUREMENTICONTRACT - FABRICATION (PRODUCTION)

PROCUREMEITOCONTRACT - SHIP & DELIVER

1 4 C R Y O S T A T ]
2.4.A MAIN CRVOSTAT CHAMBER

W PRESSURE SUPPRES ION SYSTEM

CZZI

w law lw.n»TT Tibe



ENGINEERING • CONCEPTUAL DESIGN

ENGINEERING - DETAIL PES1ON

ENOINEERINO - FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCTREMEM7CONTRACT • BID CYCLE

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

PROCUREMENT/CONTRACT - SHIP & DELIVER

SET £ INSTALLATION EQUIPMENT. PANELS elc..

ENGINEERING • CONCEPTUAL DESION

ENOINEERINO • DETAIL DESIGN

ENGINEERING - FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENTCONTRACT - BID CYCLE

PROCUREMENTICONTRACT - FABRICATION (PRODUCTION)

PROCUREMENTICONTRACT • SHIP & DELIVER

SET* INSTALLATION EQUIPMENT. PANELS etc.

2.6 , PRIMARY HEAT TRANSFER SYS (PHTSs)
2.6.A PRIMARY FW * AND INBOARD BAFFLE PHTS

ENGINEERING - CONCEPTUAL DESIGN

ENOINEERINO - DETAIL DESION

ENGINEERING - FINAL DESIGN

PROCUREMENTICONTRACT • PREPARE TENDER DOCS

PROCUREMENTICONTRACT • BID CYCLE

PROCUREMENT/CONTRACT • FABRICATION [PRODUCTION)

PROCUREMEfflVCONTRACT - SHIP ft DELIVER

SET A INSTALLATION EQUIPMENT, PANELS elc..

ENGINEERING - CONCEPTUAL DESIGN

ENOINEERINO - DETAIL DESION

ENGINEERING • FINAL DESION

PROCUREMENT/CONTRACT -PREPARE TENDER DOCS

PROCUREMENT/CONTRACT • BID CYCLE

PROCUREMENT/CONTRACT - FABRICATION [PRODUCTION)

PROCUREMENTCONTRACT - SHIP * DELIVER

SET «INSTALLATION EQUIPMENT. PANELS ac..

ENGINEERING - CONCEPTUAL DESIGN

ENOINEERINO • DETAIL DESION

ENOINEERINO - FINAL DESION

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENT/CONTRACT BID CYCLE

PROCUREMENTICONTRACT • FABRICATION (PRODUCTION)

PROCUREMENT/CONTRACT - SHIP A DELIVER

SET & INSTALLATION EQUIPMENT. PANELS etc..

ENOINEERINO - CONCEPTUAL DESIGN

ENOINEERINO • DETAIL DESIGN

ENGINEERING • FINAL DESIGN

PROCUREMENT/CONTRACT - PREPARE TENDER DOCS

PROCUREMENTICONTRACT - BID CYCLE

PROCUREMENTICONTRACT • FABRICATION (PRODUCTION)

PROCUREMENT/CONTRACT -SWP&DEUVER

SET & INSTALLATION EQUIPMENT. PANELS ac.

ENGINEERING - CONCEPTUAL DESIGN

ENGINEERING • DETAIL DESIGN



SUMMARY ACnVTTY

ENGINEEBINO. FINAL DESIGN

PROCOREMENTOONTRACT • PREPARE TENDER DOCS

PROCUREMENTVCONTRACT • BID CYCLE

PROCUREMENT/CONTRACT FABRICATION (PRODUCTION)

PROCUREMEOTiCONTRACT-SHIP*DEUVEK

SET A INSTALLATION EQUIPMENT. PANELS d c .

, s°s_jsss-EL.an-ML.XIL.CU.212.
2.6 PRIMARY HEATTRANSFER SYS (PHTSs)
2.6.G ' TEST BLANKET MODULES PHTSI

•
REFILLING & DRYING SYSTEMS

ENOWEBRING - CONCEPTUAL DESIGN

ENGINEERING. DETAIL DESION

ENCHNEERINO - FINAL DESIGN

PROCUREMENT«X)NTRACT • PREPARE TENDER DOCS

PROCUREMENTiCONTRACT • BID CYCLE

PROCUREMENT/CONTRACT • FABRICATION (PRODUCTION)

PROCUREMENTCONTRACT - SHIP * DELIVER

SET i. INSTALLATION EQUIPMENT. PANELS «c..

q



ENGINEERING • DETAIL DESIGN

PROCUREMENT/CONTRACT • PREPARE TENDER DOCS

PROCUREMENT7CONTRACT BID CYCLE

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

PROCUREMENT/CONTRACT - SHIP A DEIJVER

TOKOMAK ASSEMBLY - AFTER TFl SET CS, ATTACH PPO

2.7 THERMAL SHIELDS l ,
2.7.A VACUUM VESSEL THERMAL SHIELD

THERMAL SHIELD

aKHNEHUNO - CONCEPTUAL DESIGN

ENGINEERING • DETAIL DESION

ENOMEEKINO • FINAL DESIGN

PROCUREMENT/CONTRACT • PREPARE TENDER DOCS

PROCUREMENiyCONTRACT BID CYCLE

PROCUREMENTJCONTRACT - FABRICATION (PRODUCTION)

PROCUREMEOTlCONTRACT SHIP * DEUVEB

TOKOMAK ASSEMBLY • AFTER TF» SET CS. ATTACH PPQ

KM I a»i I mi 1 TO] \XM
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ENC3NEBUNO • CONCEPTUAL DESIGN

ENfflNEElONO • DETAIL DESIGN

PROCUREMENTi'CONTRACT - PREPARE TENDER DOCS

PROCUREMENTiCONTRACT • BID CYCLE

PROCUBEMENTVCONTRACT - FABRICATION (PRODUCTION)

3.4 CRYOPLANT AND CRYODISTTUBUTION
3.4.A CRYOPLANT '

ENG3NEERING - CONCEPTUAL DESIGN

ENOWEERING - DETAIL DESIGN

PROCUREMENT/COhnKACT • PREPARE TENDER DOCS

PROCURtMENDCONTRACT • BID CYCLE

PROCUREMENT/CONTRACT - FABRICATION (PRODUCTION)

PROCUREMENWCONTRACT - SHIP A DELIVER

CRYOD1STRIBUTION

im iw Ixeo lawi new \m> txottxbi
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4.1 , COIL POWHt SUPPLY&DISTRIB'NCCPS&D)

4.1.A PULSE POWER DEMAND A SOURCES
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