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1.0 What is fusion ?

(1) D2 + T3 He4 + n1 + 17.6 MeV

Thermonuclear fusion :

Coal combustion (anthracite, dry mass) 

(4) C6H2 + 6.5 O2 6 CO2 + H 20 + 30 eV

By comparison… simple to initiate, very low yield

energy gain ~ 450:1

Nuclear fission : normally

(3) U235 + n Xe134 + Sr100 + n + 200 MeV

+ soup of long-lived radionuclides, Sr90, Cs137

• Advanced fission cycles can reduce long-lived waste



1.1 Conditions for fusion power

• Achieve sufficiently high 

ion temperature Ti

exceed Coulomb barrier

density nD energy yield

energy confinement time E 

nD ETi>3 1021 m-3 keV s

• “Lawson” ignition criteria : Fusion power > heat loss

Fusion triple product

• At these extreme conditions matter exists in the plasma state

100 million C



1.2 The plasma state : the fourth state of matter

• plasma is an ionized gas • 99.9% of the visible universe is in 
a plasma state

Inner region of the M100 Galaxy in the 

Virgo Cluster, imaged with the Hubble 

Space Telescope Planetary Camera at 

full resolution.

A Galaxy of Fusion Reactors.

• Fusion is the process that powers the sun and the stars



1.3 Routes to Fusion Power

Inertial confinement : (uncontrolled fusion)

• eg. Focusing multiple laser light beams to a target

• Principally funded (US,France, UK) to continue nuclear   

weapons research following comprehensive test ban treaty.

… concept designs for power plants do exist.

Magnetic confinement:

(controlled fusion)

use of magnetic fields to confine a 

plasma : eg. tokamak  

Demonstrated Q = power out/power 

~0.7



1.4 Magnetic Confinement Fusion Power Plants

Final Report of the European Fusion Power Plant Conceptual 

Design Study, April 13, 2005



Q = Pout /Pin ~1

1.5 Progress in magnetically confined fusion 

• “Breakeven” regime :

Eg. Joint European 
Tokamak : 1983 -

• “Ignition” regime, Q ∞ : Power Plant.

D1 + T3 He4 (3.5 MeV) + n1 (14.1 MeV)

• “Burning” regime :

≥ PinQ>5 ITER
Pout

1997  : Q=0.7, 16.1MW fusion 
1997- : steady-state, adv. 
confinement geometries



1.6 Progress comparison to # CPU 
transistors  per unit area

Fusion progress exceeds Mooreôs law scaling



1.7 Fuel Abundance

Relative 

Abundance

1D : 6000H 1T : 1017 H. 

Manufactured: 

Li+n→ He + T

1Li:106 H (earth)

1Li:1000H (solar 

system)

Deuterium Tritium Lithium

NB:

99.9885% of 

all matter is H

• According to the DOE, 2001 energy usage = 13.5 TW

• Estimated Earth reserves are :

6 x 108 years of D-T, 2 x 1011  TW years of D-D 

T. J. Dolan, Fus. Res., 2000



http://www.world-nuclear.org/info/inf60.htm

1.8 Low level waste, compared to fission
Fission Fusion

After 100 years, no permanent waste

36.0ktons : non-active

30.4ktons : recycle (simple process)

7.7 ktons : recycle (complex process)

ARIES compact stellarator: 

http://fi.neep.wisc.edu

European fusion power plant studies, UKAEA.



1.9 Safety

• Fusion can NOT undergo any chain reaction. 

• There can be no explosions, melt-down etc. 

•The Estimated Development Cost for Fusion Energy is      

Essentially Unchanged since 1980

1.10 Costs
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2.0 What is ITER?

ITER is an international collaboration 
to build the first fusion science 
experiment capable of producing a 
self-sustaining fusion reaction, called a 
“burning plasma.ò

It is the next essential and critical step 
on the path toward demonstrating the 
scientific and technological feasibility of 
fusion energy.

US. Department of Energy, 
Office of Sciences 

DOE Office of Science Strategic Plan February, 2004
“The President has made achieving commercial fusion power the 

highest long-term energy priority for our Nation.”



2.1 This is ITER

Plasma conditions

15MAIp, plasma current

6.2m, 2.0mMajor,minor radius

10Q = fusion power/ aux.heating

500MWTotal Fusion power

80 106 C<Ti>

73MWAuxillary heating, current drive

837 m3Plasma Volume

5.3TToroidal field @6.2m



2.2 ITER Objectives

Programmatic
● Demonstrate scientific and technological feasibility of fusion 

energy for peaceful purposes

Physics

● Produce and study a plasma dominated by particle (self) heating

● Power gain of 5x for continuous operation, higher for 5 minutes

● Retain possibility to explore “controlled ignition” : Q>30

Technology

● Demonstrate integrated operation of of fusion power-plant 

technologies 

● Investigate crucial materials issue: 

First wall neutron flux loading > 0.5 MW/m2 

Average fluence > 0.3 MW years/m2

● Test tritium breeding blanket for a demonstration reactor (DEMO)



2.3 Who is ITER?

• ITER is a consortium of 6 nations and alliances under the auspices 
of the IAEA 



2.4 What is the cost of ITER?

2.5 Who owns ITER technology?

• Fusion is an open field of science, but
ITER technology is owned by the ITER partners

Power plant designs using ITER technology will be 

expensive for non-ITER members

Construction Cost ~ $6bn
10 year operation Cost ~ $4bn
Total Cost ~ $10bn USD

Approx. Costs - USD

Possible Australian contribution?



2.6 ITER technology has been demonstrated



2.7 Scientific and technological challenges

• Plasma is self-heated by fusion products

• “Grand Challenge” burning plasma science :

plasma self-organization,  

non-Maxwellian and nonlinear physics,

confinement transitions, exhaust and fuelling control

high “bootstrap” (self-current driven) regimes, 

energetic particle modes, plasma stability.

Plasma physics

• Develop and test advanced plasma diagnostics

• Test tritium breeding module concepts for DEMO

• Develop new materials to withstand high heat and neutron flux

Technology

The first wall of a fusion reactor has to cope with the 

„environment from hell‟ so it needs a “heaven sent surface”. 



2.8 ITER Timeline



2.9 ITER sites

June 28, 2005 
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• Collection of scientists and 
engineers from multiple 
research disciplines 
supporting a mission 
orientated goal :

controlled fusion as an 
energy source

3.0 Who are we?
The University of Sydney

AUSTRALIA

FLINDERS UNIVERSITY

ADELAIDE AUSTRALIA

THE  AUSTRALIAN  NATIONAL UNIVERSITY

UNIVERSITY OF CANBERRA

Australian Nuclear Science &Tec. Org. 

Australian Ins. of Nuclear Science & Eng.

• ITER distribution email list  
~80 scientists and engineers

• Attendees at ITER Forum 
meetings ~ 30 scientists.

Approx. Numbers



3.1 What are our objectives?

a. To promote an Australian involvement in ITER and articulate 
the benefits to Australia

b. To promote the science of fusion energy. 

c. To advance the recognition of fusion science and plasma 

physics in the wider scientific community. 

Proposed and carried by ITER Forum Meeting, 7/11/2004.



3.2 What is the motivation ?

• Altruism. Assist international efforts to solve a fundamental

problem facing civilization: clean inexhaustible energy for future

generations

• Sense of purpose, national pride. Fusion is a goal-oriented

research program.

• Boosting Australian scientific credibility, and place in the

international community.

• Scientific endeavour. Plasmas are complex systems, exhibiting

a fascinating array of phenomena.

• Engage, involve and advance Australian industry, engineering

and science.



3.3 Australian has strong expertise in fusion

1932 Sir Mark Oliphant discovers He3+, T, and D-D reaction  

1946 Toroidal confinement system research pioneers: Peter 

Thonemann (Australian) and Sir GeorgeThomson (UK)

ü Thonemann’s team moved to Harwell, and later Culham (UKAEA) 

ü Thomson’s team moved to AEI laboratories (now AWE)

1958 Sir Mark Oliphant commences plasma physics 

research at ANU

1964-1978 LT1-LT3 tokamaks at ANU. Only program outside 

of USSR.

1970-1998 Flinders ROTOMAK program

1975-now Inertial confinement research at UNSW

1978-1984 LT4 tokamak at ANU

1981-1992 TORTUS tokamak program, Alfven wave physics 

U.Syd
Australia has a strong history of fusion research.
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● Technological and Engineering expertise

● Industry and Resources

● Scientific expertise : 
Theory and Modelling, 
Diagnostics, 
Advanced Materials

● Refined fusion fuels

4.0 What could Australia contribute?



●Civil and General Plant engineering
(e.g. Civil structural engineering, plant design, heating, 
air conditioning, water supply, gas handling)

●Mechanical engineering
(e.g. structural engineering, robotics, vacuum systems, 
computer-aided design, materials supply and testing)

●Electrical engineering
(Electrical power systems, cable laying, data transfer,
high voltage systems, ac/dc converters)

●Computer and Systems engineering
(Data storage, remote operation, instrumentation,
diagnostics,  safety logistics)

4.1 Technological and Engineering expertise



Heavy Industry 
● Tenix, Australian Submarine Corporation, Bluescope steel, Rolls 

Royce Australia, ABB Australia

4.2 Industry and Resources

eg. The Greenbushes pegmatite in W.A.  

● worldôs largest and highest-grade lithium mineral resource 

● supplies 60% of world demand for lithium minerals 

● supplies a significant proportion of the world’s tantalum

Resources
● Large resources of rare metals for construction and fuelling

Engineering Design

● CATIA/CADAM system chosen for ITER. Australia has strong 

competence in CATIA … CAD Systems Australia, RISA 
Technologies, CEA Technologies, Burns and Roe Worley 



4.3 Scientific Expertise

● Advanced confinement geometry in low (edge)Ąhigh 

(>106K) temp. regime

Highest flexibility in configuration

Ion and/or electron heating

● World-leading advanced diagnostic systems: 

2D interferometry, polarimetry,

edge probe systems, correlation spectroscopy

● Turbulence/confinement studies

● Complex and non-linear systems

● Plasma waves

● Computational modelling

● Remote data access/collaboration

● Test advanced high 

temperature materials

H-1NF - A Major National Research Facility



University of Sydney

● Plasma processing

● Plasma-wall interactions

● Plasma waves

● Magnetic reconnection

● Remote data handling

● Diagnostics

● Complex plasmas

● Ion confinement

4.3 Scientific Expertise (cont.)

Substrate

Cathode

& anode

Plasma duct

• affordable test bed for plasma edge  

diagnostics, due to its simplicity, 

flexibility and ease of use

• An instrument for developing 

plasma- facing materials

Quasi-toroidal pulsed cathodic arc

University of Canberra

● plasma fuelling, 
soft x-ray imaging

Flinders University

● Computational MHD modelling



The first wall of a fusion reactor has to cope with the 
„environment from hell‟ so it needs a „heaven sent 

surface‟.  

4.3 Scientific Expertise (cont.)

Material Science Research

• Good thermal, electrical conductor

• high melting point

• ideally composed of low Z specie

• not retain too much hydrogen  

• high resistance to thermal shocks

• heat load of 10-100 MW m-2

•14 MeV neutron irradiation

•10 keV D, T, He bombardment

MAX alloys are one promising route :

M = transition metal (Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta)

A = Al, Si, P, S, Ga, Ge, As, Cd, In, Sn, Tl, Pb

X = either C or N

Different Stochiometries over 600 potential alloys.  

Spectroscopy lab
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5.0 Benefits to Australia

(1) Energy supply and security

(2) Economic Benefits

(3) Responding to climate change

(4) Science Benefits

(5) Fostering international research links

(6) Training and retention of skills

(7) Scientific and national credibility



5.1 Energy supply and security

• The Australian energy supply is ~93% fossil-fuel based.

üAll fossil-fuels are finite

üIntense debate to quantify remaining reserves

• Australia is well endowed with significant coal reserves: 

üSufficient for several centuries, 

üEnvironmental cost is enormous.  

• Sequestration of exhausts from coal-fired power stations.

üRequire substantial energy.

üUnclear if exhausts remain confined. 

• The Australian economy is tied to the global economy. A world-
wide energy shortfall will negatively impact Australia,
regardless of local resources.



Manufacturing, Construction, Services

• Almost 80% of the cost of ITER are in industrial contracts:

• Foster business creation in value-added products

• Nurture greater interaction between science and industry.

Resources, Processing, Value Adding

• Large resources of rare metals (eg Li, Ti, V, Ta) for construction 

and fuelling

• First wall will need periodic replacement

5.2 Economic Benefits



5.3 Economic / Scientific Spin-offs

MHD Coal 

Energy Project

Aerospace

Applications

Hydrogen 

Storage

Solar Thermal 

Collector

Materials

ITER First Wall 

Materials Science

700oC Steam 

Project



5.4 Responding to climate change

Source: University of Berne and National Oceanic, and Atmospheric  Administration

Carbon dioxide levels over the last 60,000 years



5.5 Other Benefits to Australia

(4) Science Benefits

ü Opportunity to study burning plasma

ü Develop specialist diagnostics

ü Develop hard-wearing materials. 

(5) Fostering international research links

ü provide access to facilities not available in Australia, 

ü boost collaboration with the international research community

(6) Training and retention of skills

ü strong reputation for training world leading graduates

(7) Scientific and national credibility
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Australia can be involved in large scale scienceé

ébut it needs the appropriate support

• Gemini project  
~ $35m Australian investment

• Synchrotron project  
~$200m Australian investment

• ANSTO OPAL research reactor is a 
$300m investment



6.0 Funding Barriers : local

(magnetic) fusion budget/GDP = 2.3 10-5

• US magnetically confinement program ~ $250 million USD (2004)

• UK EPSRC (Eng. Phys. Sc. Res. Coun.) awarded the UKAEA 
£48 million for 4 years largest block grant ever.

Anticipated Australian Fusion Budget

• Suppose levied at 2.0 10-5 ; GDP ~$800 billion

anticipated fusion budget ~ $16 million per year

fusion budget/GDP = 1.7 10-5 + ITER contributions

Actual budget < $2 million per year

Fusion funding per GDP is over 10 times greater in the US and UK.



6.1 Institutional and Structural Barriers

• Global fusion 
research mainly 
supported by 
strategtic, goal-
driven funding 
agencies

• Australian research 
funded by curiosity or 
commercial-driven  
programs : eg. DEST via 
Australian Research 
Council and Universities.

mission-orientated funding 
essential to becoming a 
major player in the world 
fusion program 

curiosity-driven funding 
programs encourage 
individual and distributed 
research.

Australia needs to develop appropriate      

institutional relations, and funding.



6.2 Long-term Energy Research Strategies

üwhite paper focus's on near to medium term.

üextrapolations based on existing technology.

üunderlined lack of a strategy to address 

Australia’s long-term energy supply

üquestioned ability of the energy industry to 

support RD&D at the present time

In June 2004, the Prime 
Minister released energy 
white paper....

...in reply, August 2004, the                 
Engineering Australia released a 
discussion reply



6.3 International Dialogue : ITER funding

Informal Presentation

European Union 

• To join ITER: letters of interest from government.

• Canada was part of the EU, during ITER design phase

Overview of the ITER Negotiations

• Current full partner status is 10% in-kind contribution. 
For construction costs of $6 billion USD $600 million USD. 

However...

• Possible alliance with a senior partner (eg. Japan or EU) at a   
cost of 1%, ~ $6 million USD per year, OR

• Formation of new Southern alliance ITER partner ?  
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7.0 The case for fusion energy : 

world energy demand

Source : UK Atomic Energy Authority Source : U.S. Energy Information Administration



7.1 The case for fusion energy : 

finite fossil-fuel resources

W. Bartok, A. F. Sarofim, Fossil Fuel Combustion: A Source Book. New York: John Wiley 

& Sons, Inc., 1991.

http://www.umich.edu/~gs265/society/fossilfuels.htm

• Exact date of world-oil “mid-

point of depletion” under 

debate... suggestions range 

from 2005-2010.

• concentration of energy 

reserves creates political 

instability



primary energy consumption : 1903-1973: Australian Historical Records

1974-1995 Australian Bureau of Agricultural and resource Economics

GDP : 1901-1963, Portrait of the Family in the Total Economy, Snooks G.D.

1974-1995 Australian Bureau of Agricultural and resource Economics

(Australian Commodity Statistics)

7.2 The case for fusion energy : 

Australian standard of living



Source: Hamilton and Turner 2002

7.3 The case for fusion energy : Per capitaé

Australia is the most CO2 polluting nation on Earth.

1998 Per capita greenhouse emissions for selected industrial nations
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h
r internal costs: costs of 
constructing, fuelling, 
operating, and disposing of 
power stations 

external costs: “estimated” 
impact costs to the 
environment, public and 
worker health,  

Prospects for fusion electricity, I. Cook et al. Fus. Eng. & Des. 63-34, pp25-33, 2002 

7.4 The case for fusion energy : 

projected fusion economics



7.5 The case for fusion energy : 

current time-scales

Source: Accelerated development of fusion power. I. Cook et al. 2005

Australian Government Energy White paper (2004)....

2005 20502020

materials testing facility

ITER

todayôs experiments

demonstration power-plant

commercial power-plants



7.6 The case for fusion energy : 

Australian government outlook

Source : Australian Government Energy White paper

• Little change in energy sources

• Focus on small increments in renewables; ~8% of total

• Fusion is a possible replacement to fossil fuels; ~ 92% of total



7.7 The case for fusion energy : 

where does fusion fit? 

• A future energy base is likely to be 

a portfolio of different energy 

sources

solar hydro

wind
fission, fusion

• Fusion is a possible long-

term replacement for coal, 

offering base-load 

generation, and providing 

grid stability



8.0 Payoffs of a successful ITER programé

• Development of new source of bulk, base load electricity 
generation with near zero emissions. ~1 GWe per plant. 

• Electricity supply dense enough to power hydrogen economy 

• Effect of Mid-East instability largely neutralized.

• Major impact on Asia: robust growth without emissions.

üsupports IAEA status : most advanced nation in atomic 

energy technology in our region

• Major driver for industrial development:

üHigh heat flux, low activation materials: eg Ti, V.

üPotential to value add to high-value alloys 

üSpecialty instrumentation (diagnostics).

üGlobal R & D effort → global companies

• Energy is by far the world’s largest industrial sector : the 
engine of civilization 



Bottling the sun é


