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ITER
An unprecedented example of US

involvement in a big-science
international physics collaboration
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ITER will demonstrate scientific and
technological feasibility of fusion

• ITER (“the way” in Latin) is essential
next step in development of fusion
– Existing facilities: 10 MW(th) for a few sec

with gain ≤1
– ITER:  500 MW(th) for >400 sec & gain ≥10

• The world’s biggest fusion energy
research project (“burning plasma”)
– Tokamak, 6.2 m major radius, 2.0 m

plasma minor radius, 840 m3 plasma
volume

– Superconducting coils: 15 MA plasma
current, 5.3 T toroidal magnetic field

– 10B € to build, then operate for 20 years
(first plasma in 2018)

• An international collaboration
– 7 international partners, representing 50%

of world’s population
– EU the host partner, with the site in France
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ITER—an international project

• Implementing agreement signed November 21, 2006, between
EU, Japan, Russia, USA, Korea, China, India
– Signing ceremony hosted by President Chirac at Elysée Palace
– Dr. Raymond Orbach (Under-Secretary for Energy) signed for US
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Science goal of ITER:
A big international project is motivated by

a big international scientific challenge
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Producing a self-sustaining fusion-
heated plasma is a grand challenge

Worldwide explosion in tokamak research, culminating in TFTR
(US), JET (EU), and JT-60U (Japan) experiments

Since then:

IAEA Fusion Energy Conference: Russian tokamak results with high
temperature

1968

2nd UN Atoms for Peace Conference (Geneva): magnetic fusion
research was declassified

1958

US Project Sherwood (classified) on controlled thermonuclear
fusion

1950’s

Invention of the tokamak [Tamm & Sakharov]1951-52

US approval to develop hydrogen bomb “Super” [Teller]1950

Theory of fusion power cycle for stars [Bethe – Nobel Prize 1967]1939

Fusion reactions understood as Coulomb barrier tunneling [Gamow]1935

Fusion reactions discovered in laboratory [Oliphant]1932

Fusion reactions explain energy radiated by stars [Atkinson &
Houtermans]

1928
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What is a “burning” plasma?

• “Burning” plasma = ions
undergo thermonuclear
fusion reactions, which
supply self-heating to the
plasma

Sun

• The energy output Eout is huge
(global implications):

                 Eout = 450 x Ein

• The required energy input Ein is
also large:
     20 keV = 200 million oK



7

USBPO

D-T fusion

• The “easiest” fusion reaction uses
hydrogen isotopes: deuterium (D) &
tritium (T)

Nuclear cross sections
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Fusion gain Q

Breakeven Q = 1 f!  = 17%

Burning Q = 5 f!  = 50%
plasma Q = 10 (ITER) f!  = 60%
regime Q = 20 f!  = 80%

Q = ! f!  = 100%
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Initial D-T experiments

• Joint European Torus (JET)
– “Preliminary Tritium Experiment”

(1991): PDT > 1 MW
– Subsequently: Q = 0.9 (transient

break-even), Q = 0.2 (long pulse)
– 16 MW fusion power

• Tokamak Fusion Test Reactor
(TFTR)
– Dec 1993–Apr 1997:  1,000

discharges with 50/50 D-T fuel
– PDT = 10.7 MW, Q = 0.2 (long pulse)
– Results:

• Favorable isotope scaling
• ! -particle heating
• ! -driven instability
• Tritium and helium “ash” transport
• Tritium retention in walls and dust
• Safe tritium handling (1M curies)
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Status of magnetic fusion

• Lawson Diagram:
– Achieved Ti required for

fusion, but need ~10 X n"E
– Achieved n"E !  1/2 required

for fusion, but need ~10 X Ti

• No experiment has yet
entered the burning plasma
regime
– Such an experiment is the

next logical step forward on
the path to fusion energy

– The world fusion program is
technically and scientifically
ready to proceed now with a
burning plasma experiment

– ITER is the next step forward
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New science challenges in the
burning plasma regime

• Alpha particles
– Large population of supra-

thermal ions (2He4)

• Self-heating
– “Autonomous” system

(self-organized profiles)
– Thermal burn stability

• Scaling with size & B field

• High performance
– Operational limits, heat flux

on plasma-facing elements

• Nuclear environment
– Gamma/neutron radiation,

tritium retention, dust,
tritium breeding

Integration of nonlinearly coupled dynamics

Uniquely BP issues Reactor-scale BP issues
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• !   particles from D-T fusion (3.5
MeV) resonate with shear Alfvén
waves:

                        v!  ≥ vA

• One of these instabilities is the
Toroidal Alfvén Eigenmode (TAE)
– Analogy to band-gap theory in solid-

state crystals (“fiberglass wave
guide”)

• Zoology of various *AE
instabilities

• Could cause loss of ! ’s
– Reduce self-heating; increase wall

thermal loading

Example:  !  particle-driven instabilities
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• Significant difference
– Current tokamaks have normalized

Larmor radius #i* = #i/a = 0.5-1.5 x
10-2, whereas burning plasmas
(ITER) have #i* = 1-2 x 10-3

• Issues for very small #*
– Internal transport barrier formation
– Hybrid regimes
– Confinement scaling
– Neoclassical tearing mode threshold
– Alfvén eigenmode stable spectrum

Example: size scaling in ITER

Cross sections of existing D-shaped tokamaks
compared to the cross section of ITER

DIII-D

JT-60U
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ITER design goals

Physics:
• Produce a plasma dominated by ! -particle heating

• Produce a significant fusion power amplification factor (Q ≥ 10) in long-
pulse operation

• Aim to achieve steady-state operation of a tokamak (Q = 5)

• Retain the possibility of exploring “controlled ignition” (Q ≥ 30)

Technology:
• Demonstrate integrated operation of technologies for a fusion power plant

• Test components required for a fusion power plant

• Test concepts for a tritium breeding module
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Experimental program overview

ITER Research Plan (2008)
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Research agenda for ITER
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History of ITER:
How it came about
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International developments

• International Tokamak Reactor (INTOR) Workshop: 1978-1981
– Four partners: Euratom, Japan, US, and USSR
– Sponsored by IAEA
– Produced conceptual design for 600 MW(th) device and 860-page

accompanying report

• ITER Conceptual Design Activity (CDA): 1987-1990

• ITER Engineering Design Activity (EDA): 1992-98
– Four partners: EU, JA, RF, and US
– Work sites in San Diego, Naka (JA), and Garching (EU)
– US withdrew from ITER Project in 1998
– San Diego site shut in 1999; personnel transferred to Naka Site

• ITER Fusion Ignition Advanced Tokamak (FIAT)
– CTA and ITA phases 1999-2003
– US re-entered ITER in 2003

• ITER Implementing Agreement signed 21 Nov 2006
– Seven partners: CN, EU (host), IN, JA, KO, RF, US

• ITER Organization became legal entity in Oct 2007
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US re-entry: “alignment of the stars”

US budget “misalignment”2007 Dec

US and 6 other international Partners sign the ITER Agreement.2006 Nov

Rising Above The Gathering Storm: Energizing and Employing America
for a Brighter Economic Future (report of the Augustine commission,
National Academies of Science).
—> Leads to American Competitiveness Initiative and a presidential
proposal for large increases in science and technology R&D budgets.

2005 Dec

Soaring domestic energy prices, geopolitical concerns about fossil fuel
availability, climate change.

Recent years

Facilities for the Future of Science: A Twenty-Year Outlook (DOE Office
of Science) – listed ITER as the #1 priority.

2003 Nov

President Bush announced that the US would rejoin ITER.2003 Jan

At a meeting with fusion program leaders, Dr. Raymond Orbach
(Director, DOE Office of Science) noted that “the Fusion stars are
aligned if we are ready for the energy route” because he liked fusion,
John Marburger (OSTP) liked fusion, President Bush and Prime Minister
Tony Blair liked fusion, and Congress liked fusion.

2002 June
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ITER site decision:
Deciding on the site required patience
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Site bids: 4 —> 2 —> 1
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Time line to host ITER

Signing of ITER Agreement in Paris2006 Nov

Initialing of ITER Agreement. Transmittal to Congress for 120-day review
required by Energy Policy Act of 2005

2006 May
Unanimous vote by ITER partners to accept EU bid2005 June

EU and Japan negotiated privately.
Japan agreed to withdraw its bid, in return for a concessions package: 20%
of the research positions while providing only 10% of the expenses; EU to
subsidize half the cost for certain new fusion facilities in Japan (“Broader
Approach”); EU support for for Japanese candidate as ITER director-general)

2004-2005

EU hinted it would build ITER by itself if no 6-party agreement.2004 Dec

Japan increased its bid by $1B; EU matched it.2004 June

EU support concentrated on France; Canada withdrew.
Deadlocked vote by ITER partners between Japan and EU.

2003 Nov

Bids submitted by France, Spain, and Japan.2001

Bid submitted by Canada (Toronto).2001 May
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ITER—final location

• To be built in Cadarache, France
– Near Marseille (in Provence-Alpes-Cote d’Azur region)
– First plasma operation in 2018, D-T operation in 2021
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Funding model:
The cost  of ITER and how to pay for  it
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Plan for paying for ITER

• 5/11ths from European Union as ITER host

• 1/11th in-kind contribution from each of 6
other partners (CN, IN, JA, KO, RF, US)
– India joined as 7th ITER partner in 2005;

hence there is now a 10% contingency

• US share
– Originally capped at

$1.122B
– Managed by US ITER

Project Office (ORNL)
– Funding profile roll-off

starts in 2011
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Recent US achievement of CD-1

• Achieved Critical Decision 1 (Approve Alternative Selection and
Cost Range) in Jan 2008

– Total project cost range set at $1.45B – $2.2B, based on analysis of
risks, exchange rate escalation, market conditions, contingency, and
modifications in requirements/scope/schedule

• Critical Decision 2 (Approve Performance Baseline) is projected
to occur in FY 2009-2010

– Depends on how soon ITER Organization can establish their own
baselines for the entire construction phase

– DOE will conduct Lehman reviews and an External Independent Review
to validate cost and schedule estimates; baseline funding profile will be
set
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ITER construction cost-sharing

Overall cost sharing:
EU 5/11, Others 6 Members 1/11 each, Overall
contingency up to 10% of total.

A

Systems suited only to Host Party industry
- Buildings
- Machine assembly
- System installation
- Piping, wiring, etc.
- Assembly/installation labour

C

“Contributions in Kind”
Major systems provided

directly by Members

B

Residue of systems,
jointly funded,
purchased by

ITER Project Team

Overall costs shared
according to agreed
evaluation of A+B+C
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US in-kind hardware contributions
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CY2008 US budget bombshell

• Consequences of the CY08 Omnibus Budget
– US budget for ITER construction= 0  (+ $10.7M for enabling R&D)
– US will not pull out of ITER
– US secondment of ITER personnel continues
– US ITER Project Office at ORNL continues to operate and participate in

ITER activities
– Delay in cash contribution to ITER, R&D, and long-term procurements
– Severaly limited US industrial participation

• Possible CY08 Supplemental Appropriations Bill
– $55M for ITER?

• Presidential CY09 budget request
– $214M for ITER (consistent with previous funding projections)
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Project organization:
Organization can be as much of a

challenge as science
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ITER—international organization

• Possible template for future global science projects (e.g., ILC)
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ITER top leadership

Director-General:
Dr. Kaname Ikeda
– Deputy Minister for Science and Technology, Japan
– Executive Director, National Space Development Agency
– Ambassador to Croatia

Principal Deputy Director-General & Project
Construction Leader
Dr. Norbert Holtkamp
– Research Group Head, S-Band Linear Collider, DESY
– Division Director, Spallation Neutron Source, ORNL
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ITER professional staff

CN

8%

EU

58%

IN

4%

JA

9%

KO

7%

RF

8%

US

6%

Professional staff
by Member Parties
as of 24 April 2008

Total 197 (from 22
nationalities)

EU 117

IN 7

JA 17

CN 15

KO 14

RF 15

US 12

Currently, ITER staffed to ~1/3
full strength (5-yr contracts)
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US staffing support to ITER

US personnel
(as of 3/07)

$27M~36 PPY2010
$35M (for FY08 & FY09)~31 PPY2009

Deferred to FY09~22 PPY (currently 5 secondees and 7
direct employees)

2008
$6M~20 PPY2007

Cash contributionITER staff to be supported by US
(employees and secondees)

Fiscal
Year
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Other challenges

• Communication
– Modern video-conferencing techniques
– Integrated document management

• Intellectual property rights to data
– Who owns ITER’s photons?

• Management styles, cultural
differences, flag waving, …

• Multi-national safety regulations

• Import/export regulations

• Outreach for public visibility
– Public relations and educational

materials, movies, photos, brochures,
web site, posters, …

– YouTube clip of ITER wave heating
US ITER Project Office booth at

2008 AAAS Meeting
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US participation:
Coordination and promotion of burning

plasma research in US domestic program



38

USBPO

Coordinating the US burning plasma effort

DOE Office of Fusion Energy Sciences
R. Fonck, SC Assoc Director
•  Research Division
•  ITER and International Division

US ITER Project Office
N. Sauthoff, Director

US ITER 
Chief Scientist
(USBPO Director)

US ITER 
Chief Technologist

(VLT Director)

USBPO Directorate
Director

Deputy Director
Ass’t Director for ITER Liaison

Research Committee

USBPO Council
(13 members)

Topical Group
MHD Stability

Topical Group
Confinement/Transport

Topical Group
Boundary

Topical Group
Wave Interactions

Topical Group
Energetic Particles

Topical Group
Integrated Scenarios

Topical Group
Fusion Engineering

Topical Group
Modeling/Simulation

Topical Group
Operation/Control

Topical Group
Diagnostics

US Burning Plasma Organization

Virtual Laboratory for TechnologyITPA
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NRC Panel for review of EPAct Report

• In response to congressional Energy Policy Act of 2005, DOE submitted
EPAct Report in 2006 about US plans for participation in ITER

– Available at http://burningplasma.org/ref/fp/BPO_EPAct_task_June06.pdf
– Sept 2007:  Plasma Standing Committee of the National Research Council (NAS) set

up “Committee to Review US ITER Science Participation Planning Process”
(CRISPPP)

– Dec 2007: CRISPPP meeting—presentations from US (OFES, USIPO, VLT, USBPO)
and also ITER, Japan, and European Union

• Metrics information provided to CRISPPP: examples
– US authorship for “Progress in the ITER Physics Basis” (27%)
– ITER-related experiments at major US facilities (≥50%)
– US lead/co-authorship of ITER session papers at 2006 IAEA Fusion Energy

Conference (lead on 3 out of 12 orals, lead on 6 posters and co-authors on 6 others
out of 44 total posters)

– Participation in Design Review (21%) and STAC Issue WGs (23%)

• CRISPPP report expected to be published soon



40

USBPO

Updated status of ITER
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ITER design review and re-baselining

• Design Review Activity (2006-07)
– Update the 2001 baseline design
– Late 2006, ITER set up 8

international Working Groups (with
~24 official US participants) and
assigned 400 Issue Cards to them

– For WG-1 (Design Requirements and
Physics Objectives), additional US
support from base program was
~100 technical experts from >10
institutions (US and Canada)

– Total US scientists’ participation in all
WGs was 21% of world-wide effort

– Officially concluded Sept 2007

• STAC Issues activity (2007-08)
– Science and Technology Advisory

Committee of the ITER Council
identified 13 remaining key issues

– US experts providing 23% of effort
– Approval at STAC-3 and STAC-4

Mtgs (Apr/May 2008)
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Example: special coils for ELM mitigation

• US strongly involved in the physics studies and design activity
– Edge Localized Mode (ELM) —> off-normal transient heat loading
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Recent developments

• All partners have established Domestic Agencies
– The first hardware Procurement Arrangements between ITER and the

Domestic Agencies are underway

• Science/Technology (STAC) and Management (MAC) advisory
committees have been meeting 2-3 times/yr since 2007

• Submitted:  Construction Permit & Preliminary Safety Report

• International school was opened Sept 2007
– By Apr 2008, 121 children (55% from ITER families) were attending
– 32 teachers, teaching in six languages (French, English, Japanese,

German, Chinese, Italian, and Spanish)
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ITER construction is underway

ITER Tokamak Building

CEA Cadarache
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Final lay-out (artist’s conception)
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New external relationships

• Partnership Arrangement with Monaco
– Signed 16 Jan 2008 by ITER DG Ikeda and Monaco

Minister of State (in back: Prince Albert II)
– 5.5 M€ over 10 years to fund 5 ITER postdoctoral

fellowships and host international conferences

• Cooperation Agreement with CERN
– Signed 6 Mar 2008 by CERN DG R. Aymar
– 5-yr agreement for cooperation on superconductors,

magnets, cryogenics, control & data acquisition,
civil engineering, and administration

• Kazakhstan interest in full Membership
– May 2007 expression of intention
– Oct 2007 exploratory visit to Kazakhstan by the DG
– April 2008 Kazakhstan delegation visited ITER
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