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Fusion powers the sun and the stars
“...Prometheus stole the fire from the heaven”

 Essentially limitless fuel, available all
over the world

On Earth,
 No greenhouse gases

 No long-lived radioactive waste

« Large-scale energy production
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= = ‘Sustainable’ 0.57%
‘Traditional’ 6.4%

Hydropower 6.6%
Fission 6.0%

\

%

Wind 0.04%
Solar 0.009%

Geothermal 0.12%

Biomass 0.4%

> 80% fossil

Global Energy
Production
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The Energy Dilemma
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The Fusion Reaction on Earth
“... 1S not the same as In the Sun”

—» “4He + n + Energy

He
Pt

D2+, T3 —  ,He* + nt

3.5MeV + 14.1 MeV
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The Goal: A Fusion Power Plant

 Technology — ITER

 Materials — IFMIF

e Fuel (Tritium Production) — Test Blankets
* Reactor Concept Development — DEMO

1st IPAC 2010, Kyoto, 23-28 May 2010



The Goal: A Fusion Power Plant
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The Tokamak concept

operationally, it is essentially
an electrical transformer

toroidal magnetic field is
produced by external
magnetic field coils

plasma current produces
poloidal magnetic field

result is a set of nested
helical surfaces
= plasma confinement

1st IPAC 2010, Kyoto, 23-28 May 2010

Magnetic Circuit
(iron transformer core)

Primary Transformer Circuit
(inner poloidal field coils)

Toroidal Field
Coils

Plasma Positioning
and Shaping Coils

Toroidal field

Resultant Helical
Magnetic Field
(exaggerated)

Secondary transformer circuit
(plasma with plasma current, I,)
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Fusion Power to the Grid: ITER — IFMIF - DEMO

Advanced stage,

~~= Primary Option

=2 Advanced Options Commercial
= => Limited Efforts / T
/ Design / Const. Operation -
DEMO Y ¥ A d Advanced Blanket
[ N R S
Licensing X TESIS
I
I
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ITER Test Blanket Modules
A A
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Development of Blanket and Materials | Design Lifeti 77_6
I Datag Evaludtion
RAF/M, Low Temperature Blanket :
Advanced materials (V Alloys, I
SiC/SiC) Advanced High Temperature| T R -
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! I
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IFMIF : : :
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ITER -the way to fusion energy
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The Way to Fusion Power — The ITER (Hi-)story

“For the benefit of mankind ”

The idea for ITER originated from the Geneva
Superpower Summit in 1985 where Gorbachev and
Reagan proposed international effort to develop fusion
energy...

..."“as an inexhaustible source of energy for the benefit of
mankind”.

»
g
I i
|

November 21,
2006:

China, Europe,

| India, Japan,

¥ Korea, Russian

i Federation and
the United
States of
America sign the
ITER Agreement
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Broader Approach agreement
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Broader Approach agreement
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Broader Approach agreement
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Principle of IFMIF

Accelerator
(125 mA x 2)
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Post Irradiation Experiment
Facilities

lon Source

RF Quadrupole

Drift Tube Linac

High Energy Beam transport

Li Ta rget 0 20 40 m
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Engineering Validation &
Engineering Design Activities

7.
* Engineering Validation

— The Accelerator Prototype
— The Lithium Test Loop
— High Flux Test Modules
* Engineering Design
— Of the whole IFMIF Plant

Accelerator Prototype (scale 1:1)

Rokkasho




~ IFMIF/EVEDA Project — Accelerator Development
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" \TER Partners

 The ITER Organization and the ITER Domestic
Agencies: 80% of the ITER construction is “In-Kind”
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ITER — Key Facts

Mega-Science Project among 7
Members:
China, EU, India, Japan, Korea,

. {.. £
RUSS|a & US European
Union i i™ 3 People’s Republic _ Japan
:_:.I '?‘_-_E:;?c-hinl HE:Puhlil:

10 years construction, 20 years india of Korea
operation

Cost: ~5.6 billion Euros approved mereaties
for construction, and ~5.5 billion
for operation and
decommissioning

European
EU 5/11, other six parties 1/11 Union
each. Overall reserve of 10% of
total.
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Procurement Sharing

- A unique feature of ITER is that almost all of the machine will be constructed through
in kind procurement from the Members with essentially every member involved in
every component.

- As of today, there are a total of 44 signed Procurement Arrangements, amounting to
1729 KIUA (approximately EUR 2683.7 million), about 60% of the total in-kind PA
value; Among them the major systems: buildings, vacuum vessel, magnets

- 16 PAs are scheduled to be signed byond 2010 for a total of 433 kIUA (an estimated
EUR 671.9 million). At this point more than 75% of ITER will be under contract.

Magnets and Vessel
Cryostat, Cooling, Assembly, Maintenance

Vacuum, Tritium, Cryoplant
Power Supplies

Heating, Diagnostics, Control

Buildings KO

JA

EU



Technical Baseline

Q>10
500 MW out

1%t [IPAC 2010, Kyoto, 23-28 May 2010 Page 24



Main Buildings on the ITER Site

A facility licensed under the French Nuclear Regulatory Authority (ASN) PF Coils
Tokamak ' winding
Cryoplant
Tritium
P Magnet power
convertor
Cooling
towers
Hot cell
 Will cover an area of about 60 ha Control Main Office

e Large buildings up to 250m long
e Large number of systems

1%t [IPAC 2010, Kyoto, 23-28 May 2010 Page 25



Magnet Energy Comparison

Superconducting Charles de Gaulle Energy:

Magnet Energy: ~38000 t at ~150 km/hr
~51 GJ

1%t [IPAC 2010, Kyoto, 23-28 May 2010 Page 26



TF Coil — Mass Comparison

. Boeing 747-300
Mass of (1) TF Coll: (Maximum Takeoff Weight)
~360 t ~377 t

16 m Tall x 9 m Wide

A 15 IPAC 2010, Kyoto, 23-28 May 2010 .
1L china eu india japan korea russia usa age



TF and CS Jacketing in JA

TF & CS Jacketing Lines (Jun. 09) Page 28



TF & PF Jacketing Lines at ASIPP (March—=June 09)

1t IPAC 2010, Kyoto, 23-28 May 2010 Page 29



ITER Heating and Current Drive

NBI 16.5 Vertically steerable
(1MeV Sive ion) (z at Rtan
-0.42m to +0.16m)
ECH&CD 20 Equatorial and upper port
(170GHz) launchers steerable
ICH&CD 2Q7 (50% power to ions
(40-55MHz) Ques (70% power to ions,
FWCD)
LHH&CD 20 1.8<npa<2.2
(5GHz)
Total 130 Upgrade in different RF
(110 combinations possible
simultan)
ECRH Startup 126 or 170GHz
Diagnostic Beam
(100keV, H)

, for Q=10 nominal scenario: 40-50MW

1st IPAC 2010, Kyoto, 23-28 May 2010

NBI Layout
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Internal Feedback Coll

In Vessel coils for Vertical |
Stability

Ongoing R&D
for the project

4 ImrfrAvC £VUlyU, NyUlU, £0720 Iviay cviv Page 31



Project Status: Scope — Schedule - Cost

* Following a design review that finished in 2007, the scope
of ITER was fixed in June 2008. In parallel actual cost and
an executable schedule was developed. [When this talk
was given in 2006, First Plasma should happen
approximately 8 years after construction begin (2016)]

e The “First Plasma” initiation is planned for Nov 2019.
Deuterium - Tritium Operation for 2026. Between 2019 and
2026 a series of final construction steps and upgrades will
lead to full performance operation.

« The council will [should] approve in June 2010 the baseline
together with the cost increase of ITER In its next meeting.

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 32



Present ITER Construction Site

Future Tokamak Complex

JWS 2 | JWS 3

The creation and improvement of 106 kilometres of access roads from Fos
harbour to Cadarache will be finished by February 2010.

15t IPAC 2010, Kyoto, 23-28 May 2010 S



Itinerary of ITER Components
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Tritium Breeding Blankets functions in DEMO

Three crucial functions

[ Convert the neutron energy (80%
of the fusion energy) in heat and
collect it by mean of an high grade
coolant to reach high conversion
efficiency (>30%)
=> in-pile heat exchanger

=

W g

7 =n

==

)

L Produce and recover all Tritium
required as fuel for D-T reactors
(300-500 g/days)
=» Tritium breeding self-sufficiency

[ Contribute to neutron and gamma
shield for the superconductive coils
=» resistance to neutron damages

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 35



Typical Temperatures in DEMO and constraints

T-Breeding Blanket

Thermal transients

+ Electro-Magnetic (EM)
loads

T-Breeding
Blanket

max: 550°C Remote replacement

each 3 -5 years
(80...150 dpa)

Vertical
Manifold
~320°C

Strong
Ring
Shield

Divertor

_ Thermal transient

~320°C + EM loads
~ + large surface
Vacuum . heat flux
Vessel |
~100°C I/ Remote replacement

each 1.5 - 2.5 years

DEMO = Demonstration Fusion Reactor Plant

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 36



Tritium Breeding Blankets Testing in ITER

o All ITER Members participate to the TBM
Program

 TBM Intellectual Property Right is especially
treated

.-"--*-—.-"."“_;"";:i'_.:ﬁ.:---_. i -
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The Roadmap Beyond ITER

Systemes
Réacteurs du futur
Réacteurs avanceés ;

actuels

Premieres _
réalisation

.

UNGG Generation
Magnox
REP 900
REP 1300
N4 (1450) EPR (1600)

GT-MHR, PBMR



The Roadmap Beyond ITER

2050

ITER

Alternative Commercial

Confinemen Power Plants
Schemes

1t IPAC 2010, Kyoto, 23-28 May 2010
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What if ?

Q>10 sustained operation is not possible

Material development will not produce sustainable
maintenance strategy

Substantial heating system will be required with low
efficiency (overall efficiency is too low!!!)

. Nuclear fusion based on Tokamaks is not to be further

developed as a direct energy source

. Stellarator technology will need to be pushed much
harder

. There is another possibility..... The hybrid
http://en.wikipedia.org/wiki/Hybrid nuclear fusion

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 40



backup
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- Tokamak ehamber
?a r&dius of@ meter

< # core temperature of 100
Milion deg .

- THe wall surface has a
temperature of ~1000 deg

1046 watts, 0.01 W/m?3

e The Sun has a radius of 0
Million kilometer

= A core tempetature of 10
Million deg g

e A sugemper-ature of
~4000 . 5.108 watts, 5 10° W/m3




EPAC 2006: Construction schedule

» Construction license expected about 2 years after 10 established (mid 2008).

RE GULATORY
AP PROVAL

renecron mmm
TOKA
IE&TI BUILD

STARTUP & S?STIM STARTUP ESTI
COMMIS S IONING
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Schedule: 4 M€ / day in 2013 — can ITER do that?

First Plasma
ITER Construction

TF Coils (EU)

A\

Case Windli ngl_l\\/l ockups Complete

CS Call
A /\ 7\
CS|Final Design Approveo CS Ready for Mg

Vacuum Vesseal (EU)
. [ [ [ |

A
Constructjon Contract Award

Tokamak E

ichine Assel

art Instal’ CS | Start Cryostat
V: Ex

bly Phase 2

ITER Operations
Pump Down & Integrated Commissioning

Closure

Vessel Asst

2021

embly

Asse

Plasma Op!

erations

2022

2023

pkamak Basic Machi n! Assembly

1t IPAC 2010, Kyoto, 23-28 May 2010
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Edge Located Mode Control/ Mitigation

« ELMs were identified as
potential show stoppers in
2004

 Between 20-40 MJ of Energy .
per burst can hit the wall  coils
locally

 The outside magnetic field is
randomly perturbed to allow
constant diffusion of energy

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 46



VV and In-Vessel Components

Key issues resolved:

Blanket loads on VV

Neutron shielding

Blanket manifold design & interface with VV
ELM coil design & interface with VV

VV manufacturability

Divertor

_ .. ... _JIU KyoOt, Z3-Z5 May 2010
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Four New Superconducting Tokamaks will Address Steady-State
Advanced Tokamak Issues in Non-Burning Plasmas

SST-1: R =1.1m, 0.22MA, 2008

Spherical Cryostat Center Solenoid

Toroidal

EAST: R =1.7m, 2MA, 2006 W .

Field Coil _/J

s

= JT-60SA: R =3m, 5.5 MA, 2014
KSTAR: R = 1.8m. 2MA. 2008 i
1st IPAC 2010, Kyoto, 23-28 May 2010

Field Coil

— Panel
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o Take the lithium from the battery of a single
laptop computer, add half a bathtub of water,
and it can give you 200,000 kilowatt hours of
electricity

 That's enough to power one person in the UK for
30 years, including their share of industrial
electricity.

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 49



R&D for Projects: Poloidal Field Control in ITER

e Control of the Plasma
operation through magnetic _
fields 6

» Slow feedback loop through
PF coil system: 2 |
— control of plasma current, :
shape, N O

— coil currents, separatrix |
separation, etc. (5-10 s) |
 Fast feedback loop through al
In vessel coil:

— stabilization of plasma vertical
position (<1 s)

0O 1 2 3 4 5 6 7 8 9 10 11 12 13
R, m
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R&D for Projects: Poloidal Field Control in ITER

e Control of the Plasma

operation through magnetic |
flelds 6 |
» Slow feedback loop through 4
PF coil system: 2 |
— control of plasma current, . | E
shape, N O

— coil currents, separatrix
separation, etc. (5-10 s) |
 Fast feedback loop through al
In vessel coil:

— stabilization of plasma vertical
position (<1 s)

PFi - ]

R

o0

1 1 L1 1 1 1 1
2.6 2.8 50 2E o4 G

R [m]

PF3 |

0 1 2 3 4 5 6 7 8 9 10 11 12 13

1st IPAC 2010, Kyoto, 23-28 May 2010

R, m
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Overview of the Magnet System

48 superconducting

coils

— 18 TF colls

— 6 CS modules
— 6 PF colls
— 9 pairs of CC

System Energy [Peak Total |Cond Total
GJ Field MAT |length km weightt

Toroidal 41 11.8 164 (822 86540
Field TF

Central 6.4 13.0 147 |356 974
Solenocid

Poloidal 4 6.0 582 (614 2163
Field PF

Correction - 42 36 8.2 85
Coils CC

1st IPAC 2010, Kyoto, 23-28 May 2010
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¢ 3 ITER equatorial ports (opening of 1.75 x 2.2 m?) devoted to TBM testing

4 TBMs installed within a water-cooled steel frame (thk. 20 cm), half-port size = 6 TBMs
TBM Shields

Exploded view of
<= | 2 TBM Port Plug

TBM@ TBM
1 2

TBM Set

Wertical Pipe :
Chase fAres Purge Pipes
—— Frame e

ITER
lzcuum

lessal Vanonn Trarsporter
T VesselPlag
B Equatorial
M Test ATea
P Meas.urea.nd
O
R Mg
T .
S EX'dHlpIE Ol 1eSL pldllkel JSYSLeIns LUC'dIIUﬂS_‘

EQUATORIAL PORT

1st IPAC 2010, Kyoto, 23-28 May 2010
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ITER Schedule Following First Plasma: Path to DT in 2026

First
Plasma

ITER Commissioning and Operations

2019 2020 2021 2022 2023 2024 2025 2026 2027
Hydrogen Operations & Coil| Commissioning

Firgt C Shutdown

Plasma Commission
Install In- Install Blanket, C Hydrogen Operations Tritium Plant Full DT Throughput
Vessel . < Vk

) Divertors, 1% NBl, Shutdown A 4
Equipment, ICRH? & '
ECRH & % | gnostics Install 2np- Commiission
Diagnostics « NBI, & °
Diagnostics 2 H & He Operations
\ 4
Tritium|Plant Ready for Nuclear Operation A Pre-Nuclear Shutdown
All H& CD Fully Commissioned Neutron Diagnostic Calibration

—
\

Hydrogen Operations

Full DT

¢

1 )
500 MW Fusion Attempt

1st IPAC 2010, Kyoto, 23-28 May 2010

; DD & Trace DT Operations

Page 54



ITER Licensing Process

Accordance with French regulations ITER is a “basic nuclear facility” (Installation
Nucléaire de Base, INB) e.g. labs, fuel plants, not fission reactors. Compliance with
international standards of safety (IAEA)

Licensing process:
— Safety options report submitted and reviewed 2002

— Series of informal technical meetings with the authorities (ASN) and their technical
advisors (IRSN), 2006 — 2008.

— License application documents were submitted January 2008

* Request for authorisation (Demande d’Autorisation de Création, DAC), including
Impact Study

* Preliminary Safety Report (Rapport Préliminaire de Sireté, RPrS)

Examination of files submitted in January 2008
— Authorities (ASN & IRSN) reviewed our files for acceptability
— In July 2008, they requested detailed additional information in the files
— DAC and RPrS are now being updated, for re-submission in 2010

Next: Public Enquiry. Then examination by panel of independent experts (Groupe
Permanent) to advise ASN.

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 55



Current status

All RPrS chapters and Impact Study are in first draft

— Some require completion with the outcome of safety analyses in
progress, or design information from baseline documents to be fixed

Many annexe documents completed
— Translation into French under way

Reviews of RPrS to be held October — December, by technical ROs,
Safety Control Division (“second level” check), and in review including
external experts - English version to be finalized by end of 2009

Translation in French and final checking
— Submission expected end of February 2010

Should lead to issue of decree allowing “creation” of facility.

— Further processes will follow to obtain authorisation for commissioning
and start-up.

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 56



Broader Approach Agreement

Annex |
IFMIF/EVEDA

1.In accordance with this Agreement, the Parties,
subject to their laws and regulations, shall conduct
the Engineering Validation and Engineering Design
Activities (hereinafter “EVEDA") to produce a
detailed, complete, and fully integrated
engineering design of the International Fusion
Materials Irradiation Facility (hereinafter
“IFMIF") and all data necessary for future

15t IPAC 2010, Kyoto, 23-28 May 2010 Page 57
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Broader Approach Agreement

Annex |
IFMIF/EVEDA

“Produce a detailed, complete, and fully integrated

engineering design of IFMIF and all data necessary for
future deC|S|ons on the constructlon operatlon

~ --nm-ﬁﬁn A aAA AR

\,Au u R A AR R ._\/ -

the Engmeerlng ‘Validation andEnglneerlng DeS|gn
Activities (hereinafter “EVEDA”) to produce a

Validate continuous and stable operatlon of each IFMIF

Materials Irradlatlorr“l—aré/mty (herelnafter
“IFMIF") and all data necessary for future

1st IPAC 2010, Kyoto, 23-28 May 2010

decisions on the construction, operation,



ITER The Quest for New Energy Sources'

......................................................................................................................................................

....................................................................................................................................................

-------------------------------------------------------------------------------------------------------------------------------------------
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-5000 -7000 -6000 -3000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 35000 6000 7000 §000 9000 10000 11000 12000

Fossil Fuel Use
a brief episode in the world’s history

View from a High Energy Physics Theorist. C.L. Smith

1st IPAC 2010, Kyoto, 23-28 May 2010 Page 59



ITER Organization Structure

Management
Advisory Committee

ITER

ooG Dept. for

Safety & Security
Caros  gafety Control
Alejaldre = Quality Assurance

Council

=

—

Kaname
Ikeda

Science and Technology
Advisory Committee

Financial
Audit Board

Director-
General

4

Senior Advisor

Nerbert
Heltkamp

Principal
ooG

Senior Advisors

Domestic
Agencies

{P. Amenc- (G Janeschitz =
Office of the Director-General Antonl) & J. Farineau) Office for Central Integration . China
{H. Matsumaota) And Engineering EU
(E. Tada, * India
Ll
ITER Council Secretariat (S, Ishizaka) g  PER e + Japan
Legal Office (. Tulnder) ey * Technical Integration  Korea
i : 5 ! + Assembly and Operation - E"sfh
Communication (M. Calder) + Project Control = Nuclear Safety and
I + In-kind Management &En V,'“?'““TE“‘_ -
Office of Audit Service (v. Oging) + Scheduling = CAD & Design Coordination
DoG DDG DDG o .
Valery Chuyanoy DDG oDG Civil Construction
Lo b v ha Gary Jehnsen Yong-Hwan Kim and Site Support Office
Dhiraj Bora
Senlor Advi ADDG .
ey PV o L Tim Waison
. 3 N Dept. for CODAG + Buildin termn
Dept. for Administration || DePt- for Fusion il Enginesring & I#T Heating & CD, || - Site Law
* Finance & Budget 3“':"“: and &FJ:'IaI:tESu;Ilportl Diagnostics * Nuclear Buildings
* Procurement & Contract]  Conoody :m:;‘ :F::: cy":ﬂie““’ ng + CODAG and IT + Steel Frame Buildings
H Resou Heati nd
: Lun!::;: rees « Science « Internal Components |  Engineering * Curr::l% ;ri'u'e
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