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Introduction 
Fusion energy, the power of our sun and the stars, is the fundamental 
energy source of the universe, and responsible for life on earth. It has 
long been a dream to control the release of fusion energy for the benefit 
of mankind. One of the main attractions of this future source of energy 
is that its basic fuel could be deuterium, an isotope of hydrogen which is 
both abundant in water and readily extractable, making it a sustainable 
resource. Other potential advantages of fusion energy are its safety, low 
environmental impact and competitive cost. 
 

 
Figure 1. The sun is a natural fusion reactor, which makes life on earth 
possible. The aim of fusion energy research is to harness this power on earth. 
 
 
These and other advantages will be discussed. This lecture aims to 
introduce fusion as a future terrestrial source of energy, to describe 
plasma (the fourth state of matter, the one in which the fusion fuel will 
be), and to outline the design of a first-generation fusion reactor. It will 



describe the different approaches to the release of fusion energy and then 
concentrate on the approach involving the confinement of plasma by 
magnetic fields (so-called, “magnetic fusion”). The requirements for a 
fusion reactor plasma and the challenges (both scientific and 
technological) to meet these requirements will be described. Following a 
brief review of experimental progress in this field the next step, a major 
international fusion experiment, ITER, will be introduced. The scientific 
and technology transfers from this research will be enumerated, and the 
chances of the success of this research and development challenge (and 
the timescale involved) will be discussed. Finally, Australian involvement 
in this field will be reviewed. 
Figure 1. 
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Held in the Kings Park Administration Centre on 
Monday 15th October, this lecture was well attended and 
followed by a lively question time. Dr Barry Green has 
had an interesting career (see October Proceedings) and 

we were honoured to have him talk to us. Below is a 
summary of Barry’s talk. 

 
Fusion reactions (the joining or fusing of light nuclei to form heavier ones) are 
accompanied by releases of nuclear (binding) energy (Figure 1). These reactions are 
fundamental in the sense that they are thought to have been the means by which the 
universe has evolved from the original “pea-soup” of hydrogen. Heavier elements 
were formed until the appearance of those, which can be caused to fission (break 
apart), thereby also releasing nuclear energy. Fusion is the source of energy for our 
sun and all stars. The fusion reactions we plan to control to release useful energy for 
mankind are not the same as those taking place in the sun. 
 
The Fathers of Fusion (those scientists who carried out the first fusion reactions in 
the laboratory, in the early 1930s) were; the Australian, Mark Oliphant, the New 
Zealander, Ernest Rutherford, and the German, Paul Hartek. 
 
The most achievable fusion reaction for a terrestrial reactor is the one involving the 
isotopes of hydrogen; deuterium and tritium (Figure 1). 



 
Figure 1. The fusion reaction of deuterium (D) and triitum (T) which 
produces an alpha particle (Helium nucleus) and a neutron, and energy 
in millions of eV units. This is more than a million times greater than 
the energy produced in a typical chemical reaction (such as the burning 
of methane); CH4 + 2O2 --> CO2 + 2H2O + 5.5 eV 
 
 
This reaction has the highest cross section of all fusion reactions and requires lower 
temperatures to achieve a significant reaction rate. Nevertheless, the temperature 
required for a significant number of fusion reactions to take place in a 
deuterium/tritium mixture is very high, more than 100 million degrees (i.e. about 7 
times the temperature of the solar core). At such temperatures, matter is no longer a 
solid, liquid or gas, but is a highly ionized gas termed “plasma”. Because of its 
distinctive properties, plasma is sometimes called the fourth state of matter, and its 
physics is “plasma physics”. 
 
More than 99% of the visible universe is in the plasma state so that plasma physics is 
important to understand, but here on earth matter is not normally in the plasma state 
and so has to be produced (e.g in flames, fluorescent lights, neon signs and so on). 
 
The advantages of fusion power are many. Its basic fuel is heavy hydrogen 
(deuterium) readily available from seawater. Tritium must be generated with the aid 
of lithium (a readily available element). As far as we are aware, a fusion reactor will 
not require materials, which are expensive or in short supply. Because there is no 
radioactive ash (the fusion reaction products are not radioactive) the environmental 
impact of a fusion reactor will be quite favourable. However, it must be noted that the 
neutrons produced will activate the reactor interior and so there will be a requirement 
to store some radioactive waste. By choosing appropriately, such material could be 
recycled for further use (if economical to do so) in about 100 years, which is a far 
shorter waste storage time than for fission power. The fusion reactor cannot “run 
away”, rather it is inherently safe. Its application is as a source of energy, which may 
be used for base-load electricity generation or as a source of high temperature heat for 
industrial processes (e.g. desalination, hydrogen production etc.). At present, there is 
one big disadvantage – it requires further research and development before a reactor 
can be built! In energy density terms (energy released/fuel mass), fission power is 
about a million times greater than chemical energy (which we exploit in the burning 
of fossil fuels), and fusion is about 4 times more energy dense than fission. An 



Australian’ person’s electricity requirements for 30 years can be met via fusion with 
the deuterium from a bath tub of water (45 litres) and the lithium from a lithium 
wristwatch battery! 
 
The main approach to develop a fusion reactor is to use magnetic fields to form a 
“bottle” which “confines” the highly electrically-conducting plasma fuel. Over the 
years many different magnetic configurations have been tried, but because they 
reduce plasma losses, toroidal configurations (those in the form of a tyre-tube or 
doughnut) have been most successful. The most successful one is called the tokamak 
(Russian acronym for toroidal magnetic chamber). Its magnetic field is made up of a 
toroidal field, produced by electric current in field coils wrapped around the torus, 
together with another (poloidal) field produced by electric currents in field coils 
which are themselves toroidal, and the field due to a large current induced in the 
plasma torus. This plasma current is induced in the toroidal plasma by changing the 
electrical current in windings around the central axis of the device, so that these coils 
function as the primary windings of a transformer, with the plasma 
as the secondary. 
 
While the tokamak has produced plasmas with parameters (density, temperature and 
energy confinement times) closest to those required in a fusion reactor, there is 
another toroidal magnetic confinement device, a stellarator, in which the magnetic 
field is produced almost entirely by the electric currents in external field coils, thus 
removing the necessity for a large plasma current. This has the potential advantage of 
removing the need for the control of such a current (and the large amount of energy of 
its associated magnetic field), and in principle, allows the plasma configuration to be 
controlled by the currents in the external field coils. The price that one pays for this, is 
that the coils themselves are far more complicated than those for a tokamak. 
 
The high plasma fuel temperatures required in a fusionreactor are achieved by two 
methods; 
1. Radio-frequency (rf) heating in which the energy from a rf source is beamed to the 
plasma (via waveguides or antennae) so that plasma waves are induced in the toroidal 
plasma. An appropriate choice of frequency allows a good coupling of energy, and the 
resulting waves then damp out in the toroidal plasma (via dissipative processes such 
as collisions) giving up their energy to the plasma. thereby heating it. 
 
2. Neutral beam heating in which a beam of highly energetic fuel particles (e.g. 
deuterium) are fired into the plasma. However, the magnetic confinement is designed 
to confine plasma particles within it so that,equally, it prevents charged particles 
entering from the outside. To allow such particles to enter the toroidal plasma, a 
source of ions is accelerated to high energy, and then passed through a neutralizer 
where electrons are gained (if the original ions are positive) or lost (if the original ions 
are negative) to form a beam of highly energetic neutral atoms.  On entering the 
plasma these highly energetic atoms areeasily ionized and give up their energy to the 
background plasma particles, thereby heating it. 
 
The concept for a fusion reactor is well developed. Thereactor chamber inside 
which the deuterium/tritium plasma undergoes fusion reactions is surrounded by a 
“blanket” containing lithium and through which a coolantflows. The fuel cycle is as 
follows (where MeV are energy units); 



Reaction chamber 
1D2 + 1T3 2He4 (3.52 MeV) + 0n1 (14.08 MeV) 
 
Blanket 
0n1 + 3Li7 0n1 + 1T3 + 2He4 – 2.5 MeV, 
0n1 + 3Li6 0n1 + 1T3 + 2He4 + 4.8MeV, 
 
The fusion reaction product alpha particles (2He4) are electrically charged and 
therefore remain within the magnetic confinement region, giving up their energy to 
the background plasma (ie providing an additional plasma heating source), while the 
electrically-neutral neutrons escape the chamber but are stopped in the blanket. Here 
they give up their energy, which is carried away by the coolant (the useful output 
energy which can be used to generate electricity or to provide process heat), and they 
interact with the lithium to produce tritium which is separated out and then fed back 
into the reaction chamber, to fuse with deuterium nuclei. 
 
A net power-producing, magnetically-confined fusion reactor requires that its plasma 
parameters are such that the temperature (T) is sufficiently high (ie greater than 
\100 Million °C, or an equivalent energy temperature of 10 keV) and that the triple 
product of fuel density (n – number of particles/m3), plasma temperature (T) and 
energy confinement time (τ, a time which characterizes the plasma energy decay time 
if all additional heating is removed) must be greater than a certain value ie 3x1021 
m-3.keV.s.  
 
Tokamaks have already reached temperatures in excess of 40 keV, and fusion triple 
products of about 1/6th the target value. The maximum peak fusion power output of 
16 MW has been achieved in the Joint European Torus (JET) in 1997. 
 
Critics of the fusion reactor development program often claim that the progress of 
fusion research and development has been slow. Quite the contrary is the case. The 
progress made in the increase of the fusion triple product has been speedier than the 
increase in the number of transistors per unit area of a Si wafer, the much-trumpeted 
“Moore’s Law” which is often quoted as the benchmark for the rate of technological 
development.  
 
What is true, is that the challenge in fusion is great (both scientific and technological), 
and that each step along the road takes time (design, construction and then operation 
of first-of-a-kind devices). 
 
A question often asked is why the experimental devices have to be so large. The 
answer is based on the physics of the magnetic confinement of toroidal plasmas. A 
reactor-relevant plasma energy confinement time can be achieved ONLY in a reactor-
relevant-sized toroidal plasma! This has meant that devices which were initially table-
top size are now relatively large, yet nevertheless a fusion reactor is likely to be 
smaller than a modern coal power station of similar power output. 
 
After 3 generations of tokamak devices in which a healthy international competition 
existed, the next step consists of one tokamak, ITER (Figure 2). This is a risky 
approach, as in the previous generation there were large tokamaks in the European 
Union, Japan, the Russian Federation and the USA. However, the seven ITER 



partners; China, the European Union, India, Japan, South Korea, Russia, and the 
USA, have decided to reduce their individual expenditures by this approach. It should 
be noted that these partners represent more than 50% world’s population. 
 

 
Figure 2. The core of ITER – the world’s largest tokamak 
 
 
The programmatic aim of the ITER Project is “to demonstrate the scientific and 
technological feasibility of fusion energy for peaceful purposes.” Based on the results 
of ITER it should be possible to design and construct a demonstration/prototype 
fusion reactor (nicknamed DEMO or PROTO).  
 
ITER will be one of the world’s leading science projects, in that it is one of the most 
challenging scientific and technological undertakings and involves cutting edge 
science and technology. There are specific performance goals in terms of fusion 
power output. ITER should also demonstrate the availability and integration of 
essential fusion reactor technologies, and it should test components for a future fusion 
reactor. 
 
The ITER agreement was signed by all its partners in 2006 and since then a central 
team has assembled at Cadarache (near Aix-en-Provence) in the south of France 
to oversee its construction, and subsequently to assist in its operation. In the design 
phase, key components of the device were manufactured at full scale and tested, in the 
industries of the then 4 partners (the European Union, Japan, Russia and the USA). 
This successful prototype manufacture and testing provides a considerable level of 
confidence that the machine can be constructed and will perform as designed. 
The original idea for ITER originated from a Geneva Superpower Summit in 1985 
when the Russian premier, Mikhail Gorbachev, and the US President, Ronald Reagan 



proposed that an international project be set up “to develop fusion energy as an 
essentially inexhaustible source of energy for the benefit of mankind”. In 2005, after 
lengthy negotiations, the site of Cadarache was chosen for the device. 
 
Instead of the ITER partners providing a central organization with financial 
contributions to place contracts for the manufacture of machine components, these 
will be obtained as in-kind contributions. Each of the partners has agreed to carry 
out certain tasks for the construction (eg manufacture of superconductor, winding of 
the superconductor into field coils, etc). While this is not the easiest way to ensure the 
correct manufacture and integration of components, it does guarantee a “fair return” 
to each of the partners via work for their industries. Over 80% of the components to 
be procured has been covered by agreements between the ITER organization and the 
domestic agents of the ITER partners. Building at the site is well under way with two 
buildings already completed, and the power supply switch-yard well advanced. 
 
While the ITER experiment will, hopefully, answer many of outstanding questions 
remaining before a reactor can be designed and built, there are two parallel activities 
in which all ITER partners are intensively engaged; a) innovation and concept 
improvements to simplify a reactor design and make it cheaper, and reactor 
technology and, in particular, the development of materials for the most hostile 
environment of the first wall (the reactor interior facing the plasma). All ITER 
partners broadly follow this strategy (Figure 3). 
 
 

 
 
Figure 3. The European approach 
 
 



Since Australain, Marcus Oliphant’s historic work started the fusion research and 
development story, Australian universities and institutions have been involved in the 
international programme and have made significant contributions to it. Quite a few 
Australian graduates have left Australia and have worked/are working in the 
international programme overseas.  
 
At present Australia has no formal arrangements allowing it to participate in ITER, 
and the DEMO programme being initiated by the ITER partners. What is required is 
Australian government willingness to negotiate such involvement with the ITER 
organization and partners, and support for the domestic Australian programme, along 
the same lines that the Australian Government has provided/is providing support for 
Australian researchers in CERN (particle physics), and in the SKA (radio-astronomy). 
 
The Australian ITER Forum http://fusion.ainse.edu.au/iter/australian_iter_forum 
 is a collection of scientists and engineers from multiple research disciplines 
supporting a mission-oriented goal of controlled fusion as an energy source. Its 
objectives are: 
 
1. to promote an Australian involvement in ITER and articulate the benefits to 
Australia 
2. to promote the science of fusion energy 
3. to advance the recognition of fusion science and plasma physics in the wider 
scientific community. 
 
It has developed a fusion strategy document 
(http://fusion.ainse.edu.au/iter/australian_fusion_strategy ) and is actively soliciting 
support to persuade the Australian Government to negotiate an involvement for 
Australian researchers in ITER and the international fusion R&D programme. 
 
In conclusion; 
1. Fusion energy has the potential to make a major contribution to the world’s energy 
supply as a large scale, sustainable and environmentally friendly source of energy. 
Fusion is the “ultimate” in energy terms – the “Philosopher’s Stone”. Will a fusion 
reactor be developed in time? 
 
2. The quest to exploit fusion involves significant scientific and technological  
challenges. 
 
3. This quest has taken (so far) 50 plus years, but progress has been rapid so that 
significant (but not reactor-grade) controlled fusion power production 
has now been demonstrated. 
 
4. ITER represents the step before the design and construction of a prototype fusion 
reactor. 
 
5. The major regions/countries of the world have indicated their commitment to this 
area of research for at least 35 years (the duration of the ITER international 
agreement). This is roughly the span of a scientific career. Young students who are 
interested and capable should make their decision to join this field of R&D now! 
 



6. Australia should be involved in ITER and the future research and development of 
fusion energy. If you agree, support the ITER Forum initiative now! 
 
------------------------------------- 
 
 
Dr. Barry Green gained a BSc from Victoria University of Wellington 
(New Zealand) in 1962, and obtained his PhD in theoretical physics from 
the University of Sydney in 1967. He spent the next 40 years outside 
Australia involved in the research and development of fusion energy. He 
has worked at the Princeton Plasma Physics Laboratory (USA), the 
Max-Planck Institute of Plasma Physics (Garching, Germany), and the 
JET Joint Undertaking (near Oxford, UK) where he was engineer in 
charge of operation of the JET device in November 1991 when it  man-
made fusion power (2 MW). 
 
Subsequently he worked at the Naka Joint Work Site (Japan) for the 
design phase of ITER, the international fusion energy project, now under 
construction in the south of France. He then worked in the Directorate 
of Energy of the Directorate General for Research (European 
Commission, Brussels) where he coordinated the fusion R&D of the 12 
most recent member states of the European Union, before retiring to 
Perth where he now works part-time at the School of Physics of the 
University of Western Australia. 

 


