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The n

The European Union (EU) economy depends on a secure and suffi-
cient supply of energy. Today this demand is mainly satisfied by
fossil fuels (oil, coal and natural gas), which account for 80% of
the total energy consumption. Almost 67% of the fossil fuels we use
are imported. Overall, imported fossil fuels currently provide about
50% of the EU's energy needs, and by 2030 this is expected to
increase to about 70%, in particular from oil.

Secure and sustainable energy sources are required to maintain
our standard of living. European researchers are developing a
range of environmentally acceptable, safe and sustainable energy
technologies. Fusion is one of them.

For the long term, fusion will provide an option for a large scale
energy source that has a low impact on the environment and is
safe, with vast and widely distributed fuel reserves.

This booklet describes the work being carried out by European
researchers to realise the objective of making fusion energy availa-
ble for the benefit of society.



Fusion is the process which powers the sun and other stars. Nuclei
of low mass atoms "fuse" together and release energy. In the core
of the sun, the huge gravitational pressure allows this to happen at
temperatures of around 10 million degrees Celsius.

At the much lower pressures (10 billion times less in the sun) that
we can produce on earth, temperatures above 100 million degrees
Celsius are required for fusion energy production rates of interest.

Gas raised to these temperatures becomes a "plasma", where the
electrons are completely separated from the atomic nuclei (ions).
Plasma is the fourth state of matter with its own special properties.
The study of these properties is the focus of plasma physics
research. Although the plasma state is exotic on Earth, more than
99 % of the universe is made up of plasma.




of a first generation fusion reactor, as other
require even higher temperatures. Each reaction produces an
alpha particle (i.e. helium) and a neutron with a high energy
which can be used to heat the steam cycle of a power station fe
generating electricity. To supply a city with a population of about.”
one million with electricity for one year, a fusion power plant
would require a small truck-load of fuel.

Deuterium is a naturally occurring, non-radioactive isotope and
can be extracted from water (on average 35 g in every cubic
metre of water). The required non-naturally occurring tritium will
be produced from lithium (a light and abundant metal) inside the
fusion reactor. When a high energy fusion neutron strikes a
lithium atom, tritium is produced and further energy is released.
The tritium is recycled back into the reactor as fuel.
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agnetic conﬁqnemeni fusion

To reach temperatures of 100 million degrees Celsius, powerful
heating of the plasma is required and the thermal losses must be mi-
nimised by keeping the hot plasma away from the walls of its con-
tainer. This is achieved by placing the plasma in a toroidal "cage",
made by strong magnetic fields which prevent the electrically
charged plasma particles from escaping (the fusion neutron is not
confined because it has no electrical charge). This is called "toroidal
magnetic confinement fusion". It is the most advanced technology
and forms the basis for the European fusion programme.

A different approach is used in the so-called “inertial confinement
fusion”. Here, ultra high power lasers or ion beams compress and
heat a very small D-T pellet to about 10,000 times solid density,

until fusion reactions occur. The European fusion programme main-
tains a watching brief on this field.




J

the system is burnt. There is very little fuel in the reaction chamber
(about 1 g of D-T in a volume of 1,000 m®) at any single moment E

A fusion reactor is like a gas burner: the fuel which is injected in

and, if the fuel supply is interrupted, the fusion reactions last for
only a few seconds. Any malfunction of the device would cause the
plasma to cool and the reactions to stop. -l,h

The basic fusion fuels, deuterium and lithium, as well as the reac-

tion product, helium, are non-radioactive. The radioactive interme-

diate fuel, tritium, is produced as it is needed to maintain the fusion T

process in the reactor chamber. Therefore, with a fusion power i
13

plant there is no need for the regular transport of radloqchve fuel.
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a-:ety aspects of usion (continued)

Tritium decays quite quickly (it has a
half-life of 12.6 years) and the decay
produces an electron (beta radiation)
of very low energy. In air, this elec-
tron can travel only a few millimetres
and cannot even penetrate a sheet of
paper. Nevertheless, tritium is harm-
ful if it enters the body and so the
proper safety features are designed
into the fusion power plant.

A fusion reactor can be designed
such that the "worst case" scena-
rios of any in-plant accident will
not require the evacuation of
nearby population.
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Fusion power stations will differ from today's power plants mainly
in the reactor core. The energy generated by the fusion reactions
will be used in the same way as today, e.g. for the generation of
electricity and as heat for industrial use.

The fuel consumption of a fusion power station will be extremely
low. A 1 GW electric fusion plant will need about 100 kg deute-
rium and 3 tons of natural lithium to operate for a whole year
generating about 7 billion kWh. A coal fired power plant would
require about 1.5 million tons of fuel to generate the same energy!

Fusion reactors do not produce greenhouse gases and other
pollutants which can harm the environment and/or cause
climate change.

The neutrons generated by the fusion reaction activate the mate-
rials around the plasma. A careful choice of the materials used for
these components will allow them to be either cleared from regu-
latory control, or recycled about 100 years after the end of opera-
tion. For these reasons, waste from fusion plants will not be a bur-
den for future generations.

Fusion power stations will be particularly suited for base load ener-
gy generation to serve the needs of densely populated areas and
industrial zones. They can also produce hydrogen for a "hydrogen
economy".

15
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The long-term objective of fusion R&D in the Member States of the
European Union (plus countries associated to the Euratom

Framework Programme) is "the joint creation of prototype reactors
for p tations to meet the needs of society: operational safety,
environmental compatibility, economic viability".

The strategy to achieve this long-term objective ineludes the deve-

lopment of an experimental reactor ("Next Step ich is pursued
in the international "ITER" collaboration, followe a demonstra-
tion reactor ("DEMO"), which for the first time would be able to
generate significant amounts ctricity ould be tritium self-
sufficient. The construction of | and lat MO, will require
the significant involvement of European industry and will be accom-
pa omplementary physics and technology R&D activities in
the f laboratories and in universities.

Participation (with international partners) in the design of the ITER

device has been an important element of the European fusion

research programme in recent years. The basic outlineE*'
ollows that of the European JET device (Joint European

To

1

Culham, UK), which achieved world record results with
MW of fusion power in 1997. The extrapolation to ITER is under-
taken by extensive modelling using the comprehensive experimen-
tal data base from European and international fusion experiments.

)
.
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The ITER collaboration is
carried out under the aus-
pices of the International
Atomic Energy Agency
(IAEA, Vienna - A). The over-
all strategic objective of ITER
is to demonstrate the scientific
and technological feasibility
of fusion energy for peaceful
purposes.

In parallel to ITER, work for
DEMO is undertaken on R&D
issues which have long lead
times. One important objective
is the development of advance
structural materials (in particu-
lar with low activation qualitie
which are optimised for fusion
reactor conditions.

Artist impression of the European site for

ITER at Cadarache - F

Test modules
inside test cell

Analysis facilities

--. The qualification and validation

. of such materials needs a specif-
ic test facility, such as IFMIF (the
International Fusion Materials
Irradiation Facility) for which a
conceptual design has been
established.

High energy beam
transport

17
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s i integrated European fusion
research programme

Based on the Euratom ireaty, fusion research and development in Europe is co-ordinated by the
European Commission and implemented through: ;

* Contracts of Association with research insfitutes or organisations in the Member States and
countries associated to the Euratom Framework Programme (the Euratom Associations are
represented in the map by red dots).

* The European Fusion Development Agreement (EFDA) which provides for:

- Fusion technology adfivities by the
Associations and industry,

- the collective use of the JET faciliies, and

- European contributions to international
collaborations such as ITER.

2
P

* Contracis of limited duration in countries
which do not have a fusion "Association".

* An agreement for the promotion of

mobility of researchers, and Euratom
Fellowships.

In the 6th EU Framework Programme (2002 to 2006)
Fusion Energy Research is a Priority Thematic Area with a
Community budget of €750 million (of which up
to €200 million may be used for the start of
ITER consiruction).

Behind the success of European fusion
research stands the work of about 2,000
physicists and engineers in European asso-~

Y

=

ciated laboratories and in European industry..
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} A key feature of the European fusion programme is
:I... !'l its unique co-ordination which provides for an inten-
| #F 8. 4 sive use of all relevant R&D resources in pan-

European collaborations on all the major research
topics, in particular in the JET exploitation and in the
technology programme of EFDA, which is strongly
oriented towards ITER, but includes also work with a
perspective towards DEMO.

This single, co-ordinated fusion programme, with
large and small laboratories directed towards a
common programmatic objective, is an example of
a European Research Area and has brought Europe
to the forefront of international magnetic confine-
ment fusion research. Achievements in Europe's asso-
ciated fusion laboratories have enabled the construc-
tion of JET and progress towards ITER, which none
of the Member States or Associated States would
have been able to achieve alone.

Besides the maijor international collaboration on

. [TER, Implementing Agreements in the frame of the
International Energy Agency (IEA, Paris - F) serve as
a framework for collaborations with non-European
pariners to pool the best world expertise on specific
topics of common interest. The same objective is also
pursued with a number of bilateral and multilateral
agreements for collaborations between European
and nonEuropean laboratories.

19



20

Magnetic confinement fusion makes use of strong magnetic fields to confine
the plasma in a "vacuum vessel" which isolates the plasma from air. In an
idealised situation electrically charged ions and electrons which make up
the plasma cannot cross the magnetic field lines.

Coi Coi

Plasma with magnetic field

They can however move freely along the magnetic field
lines. By bending the field lines around to form a closed
loop, the plasma particles are, in principle, confined.
Particles and their energy are kept well isolated from
the wall of the burn chamber, thus maintaining the high
temperature. In fact, in a real toroidal magnetic system
there are losses of energy through various processes,
such as radiation, and by particle collisions which cause
particles to escape from the plasma across the magnetic
field lines as time goes by.

The magnetic fields are generated by large elecirical
currents flowing in coils located outside the reactor
chamber. Frequently, currents generated in the plasma
also contribute to the magnetic cage.

Plasma without magnetic field



In the type of machine called the
"tokamak", the plasma acts as the
secondary winding of a transformer
(the primary winding is an external
coil) and a change of current in the
primary winding induces a current in
the plasma. As well as generating a
magnetic field which plays a role in
confining the plasma, this current
also provides some heating,
because of the plasma's electrical
resistance.

Schematic of tokamak

Since a transformer cannot generate a current continuously, the plasma current
must be sustained by other means in order to achieve steady-state operation.
The type of machine called the "stellara- ﬁ
tor" uses the same principle of magnetic x
confinement, but by employing external b
coils of a complex shape it does not
require a current to flow in the plasma.

Stellarators therefore have an inherent
potential for continuous operation.

Schematic of stellarator

21
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in tokamak components

Central solenoid
The primary circuit of the trans-
former. The plasma forms the
secondary circuit.

Toroidal field coils and
poloidal field coils

These generate the strong ma-
gnetic field (typically about

5 tesla, which is about 100,000
times the earth's magnetic field)
that confines the plasma and
stops it touching the walls of the
vacuum vessel.

Divertor

Removes the impurities and He
from the vacuum vessel and is
the only area were the plasma
is deliberately allowed to touch
the walls.

22



Cryostat
_n . ? This encloses the coils and the

vacuum vessel and is cooled to
about -200 degrees Celsius to
help keep the superconducting
magnets at their operating tem-

. perature of -269 degrees Celsius.

Vacuum vessel
Keeps air from penetrating the
containment region of the plasma.

Blanket module

Lithium is contained in the blanket
modules. When neutrons react
with lithium, tritium is produced
which can be separated and fed
into the plasma. The energy of
the neutrons is removed to heat a
water circuit and produce steam
which will power the electrical
generators.

o LN L ANNNN T
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The current flowing in a tokamak plasma contributes to its heating.
As the plasma temperature increases, this ohmic heating becomes
less effective and brings the plasma only to temperatures of a few
millions of degrees, i.e. about 10 times too low for the fusion reac-
tions to occur in large numbers. To go higher, further heating is
supplied through external sources.

High-frequency heating uses high-power electromag-
netic waves of different frequencies which transfer
their energy to the plasma through resonant absorp-
tion.

RADIO

Three ?f these systems .. earnc vy V‘:“iveg”'de FREGUENCY e frequecy
are being developed: . .- Supra (CEA,
lon Cyc|ofron Current e L Cadarache - F)
Resonance Heating r s | o 1

(20 MHz to 55 MHz), -~ T e

Electron Cyclotron | i:l

Resonance Heating o, b ., L

(100-200 GHz, basi- o ___.-'

cally microwaves), Atoms iorllzed “ea, 2B -~ NEUTRAL

and Lower Hybrid and trapped = '-:".:'-._ INJECTION

i ' L HEATING
Heahng ( ] -8 GHZ) Energetic hydrogen .,
atoms
Neutraliser

Hydrogen lon Source

Beams of energetic neutral particles are injected into the plasma,
penetrate it, and transfer their kinetic energy to the plasma through
collisions with the plasma particles.

JET Neutral Beam system
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Plasma diagnostics 'c':"ﬁab'rhodelling

To understand how to design a fusion reactor it is necessary to
understand the processes that are happening in the plasma. This
requires sophisticated and complex measurement systems, which
are referred to as diagnostics.

Diagnostics are being developed in European laboratories to moni-
tor every aspect of the plasma from the temperature at the centre
of the plasma, using very powerful lasers, to the amount of impuri-
ties in the plasma and where they are produced.

The data obtained from these diagnostics are used in the develop-
ment of new computer codes that will ultimately be able to predict
the performance of the device and ensure that the device is operat-
ing as expected.

Schematic of ITER diagnostics
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Recent advances in
magnetic fusion

The European tokamak JET a
(Joint European Torus) loca- bl s TS
ted in Culham (UK) is the S
world's largest fusion facility g |
and the only one currently g
capable of working with a D-T g
fuel mixture. JET has reached, IS
or exceeded, all its original &
objectives and achieved the > b it rem e
record generation of 16 MW --"r_- ) -
of fusion power in 1997. s
““ 12 a 4 4 o Aa
Time (s)

Fusion power achievements

Studies are also undertaken on a compact spherical variant of
the tokamak and on the reversed field pinch. The largest new
facility currently being constructed is the stellarator W 7-X in
Greifswald (D).

26 ---"'-.

IPP building (Wendelstein 7X) in Greifswald - D
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The generation of fusion power

Stperconducing mognel The highenergy helium nudei (or alpha particles)
generated by the D-T fusion reactions collide with
other parficles and heat the plasma. The neutrons
released in the fusion reaction escape from the
plasma and are slowed down in a "blanket"
located around the plasma. Within this blanket
lithium is transformed into tritium and the heat
generated by the neutrons can be used to pro-
duce steam which drives turbines for elediricity
generation. When all plasma energy losses are
compensated by alpha parficle heating and no
further external power is required, the plasma
has reached a condition of selfsustained "burn",
and requires essentially only fuel to be continuous-

ly fed fo it

Pl

ama Deuterium
Blanket fuel
(containing Lithium)

Shielding Tritium

structure -

Heat

exchanger Trifium and

helium

g My iy

- A * Helium

.

Turbine and generator

Steam boiler

Skematic of future fusion reactor

Progress of fusion research worldwide

" Reador | I

A figure of merit, Q (the power amplification i Lo e
I factor) is used to define the power gain of a <4 --'l'-.‘ 4 oma|
fusion device. - o i -
-
L -
& Power generated by fusion reactions ) @f- - I_-"F" :_:-_“
= RAEE - -
Heating power injected i R g 14
- rm
1L L
JET, has generated 16 MW of fusion power - e __."
at Q = 0.65. The next machine, ITER, aims at - L
Q = 10, while future fusion reactors may ar -
| have Q values up to 40 or 50. "J.'lll( .
- |.DTexperinemsI -
e ||
Time (s)
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ITER the way to fuslon energy

ITER is the next major milestone in the development of a nuclear fusion
reactor.

The ITER project is based on an international collaboration. International [IER Strertor ¢
plasma physicists and fusion engineers completed the design in 2001
and are now in the process of preparing for its implementation.

The overall programmatic objective of ITER is to demonstrate the scientif-
ic and technological feasibility of fusion energy for peaceful purposes.
ITER will accomplish this objective by demonstrating the controlled burn
of deuterium-ritium plasmas, with steady state as an ultimate goal, and
by demonstrating technologies essential for a reactor in an integrated
system.

ITER will be capable of generating 400 MW of fusion power for a dura-
tion of 6 minutes, later to be extended towards steady state.

The capital cost of ITER amounts to about
€4,6 billion (2000 values). Once agreement
is reached among the international partners,
construction of ITER will take 8 to 10 years
and the device will then operate for a period
of about 20 years.

ITER is based on the scientific achievements of
many machines around the world, with specific
contributions from JET.

0 gh Frequency
Mlcrowcve Source
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Il scale prototype

High heat flux test of
protecting armour tiles
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High power laser welding
(11 kW) for vacuum

vessel sectors

Testing on Toroidal Field
model coil 1 MW gyrotron

)

Blanket test facility
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The full scale divertor vertical target mock-
up tested at Framatome
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Apart from the work on ITER, there is much fusion technology
research and development being carried out for DEMO. European
breeding blanket studies concentrate on the use of helium-cooled
lithium-lead (Pb-17Li) and on helium-cooled ceramic breeder peb-
bles. This research is critical for the development of the fusion reac-
tor tritium cycle.

European structural materials development concentrates on
reduced activation ferritic and martensitic steels (EUROFER) and,
looking further ahead, is investigating silicon carbide composites.

Safety and environmental questions are also tackled. These are
mainly focused on improved concepts and the minimization of the
activated materials. Socio-economic studies analyse economic
aspects and long-term scenarios for fusion.

He Sub systems

He Pb-17Li

-"|- Coc

Calculated decay of
radiotoxicity from differ-
ent models of fusion
power plants compared
with the radiotoxicity of

Radiotoxicity inhalation (relative unit)

coal ash.
1 L N O o TR Strengthened layers JII.
pl qieg to the first wall
Storage (years)
Pol.

Rad. EUROFER first

1 - wall and grids
Concept for test blanket L

= Tor.
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Education and training of young researchers is an important part of the work pro-
gramme of the Associations. Many professional staff from the Associations have
teaching responsibilities in academic institutions, mainly universities, and around
200 to 250 graduate and PhD students perform their research within the
Association laboratories. Several Associations organise graduate courses and sum-
mer schools in fusion and plasma physics for graduate level students and recently
graduated researchers.

The main summer schools organised by the Associations are:

- Carolus Magnus Summer School - The TEC group of Associations (B, D, NL),

- Culham Summer School - Association Euratom-UKAEA (UK),

- Volos Summer School - Association Euratom-Greece (GR),

- IPP CR Summer School - Association Euratom-Institute of Plasma Physics, (CZ).

An itinerant exhibition has been created and presented in many European
cities to inform the general public and students about the fusion energy
research activities in Europe.

) 5 T
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Fusion Expo at Santander - Spain (Dec.2003)




The Fusion Road Show, developed by the
Association Euratom-FOM (NL), provides a
good example of successful outreach activties
undertaken by the fusion community. The road
show consists of a series simple experiments to
explain the basic principles linked together in
an entertaining performance and accompa-
nied by an explanatory presentation.

Fusion Road Show

Through EFDA, the European fusion programme participate in EIROforum, a
collaboration between seven European intergovernmental scientific research
organisations that are responsible for infrastructures and laboratories. A pri-
mary goal of EIROforum is to play an active and constructive role in
promoting the quality and impact of European Research. One specific aim is
to co-ordinate the outreach activities of the organisations, including technolo-
gy transfer and public education.

The seven EIROforum members are:

- CERN European Organisation for
Nuclear Research,

- EFDA European Fusion
Development Agreement,

- EMBL European Molecular
Biology Laboratory,

- ESA European Space Agency,

-ESO European Southern
Observatory,

- ESRF European Synchrotron

Physics on Stage 3 - Teachers in action

Radiation Facility,
-ILL Institut Lave-Langevin.



Industry has been instrumental in helping to build
devices and to develop the technologies needed in
fusion R&D, and industry has benefited from this rela-
tionship by developing expertise and commercial
products in various areas outside fusion. These spin-
offs include plasma processing techniques, surface
treatments, improved lighting, plasma displays, vacu-
m technology, power electronics and metallurgy.

Knowledge transfer from fusion
also occurs through researchers
who move from the fusion research
environment to other technology

areas, bringing with them the skills
they have developed in fusion. This
kind of cross-fertilisation and inter-
disciplinarity is one of the impor-

tant forces driving European scien-
tific and technological progress.

lon space motor
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The 8 minute "Starmakers" film describes ITER, a large experimental device that
will be built in a world wide-collaboration, as the "next step" on the route to
fusion power. A virtual reality visit gives the audience a visual appreciation of
this hulfe project. At the fusion EXPO, the movie, when viewed through passive
polarised glassés, takes the audience on a spectacular 3D virtual reality jour-
ney. The version dfstributed_helfe is 2D and does not require special glasses.
The movie has been produced by the Centre de Recherches en Physique des
Plasmas, Ecole Polytechnique Fédémle de Lausanne(CH), with financial support
from the Directorate General for Research of the Europeqn'ommission. The
movie has been created numerically by Digital Studios SA (Paris -F) based on

the computer aided design of the ITER device. .
L







In its decision on the Euratom Specific Programme, the Council of
Ministers said:

‘Fusion energy could contribute in the second half of the century
to the emission-free large-scale production of base-load electrici-
ty. The advances made in fusion energy research justify the further
pursuit of a vigorous effort towards the long-term objective of a
fusion power plant.'

This booklet describes fusion energy research and how it is co-
ordinated and managed in Europe. The next generation fusion
experiment, ITER, should pave the way in the second half of the
21st century for fusion to provide a significant contribution to the
world's energy production.

The information in this booklet has been compiled from the
research activities of the European fusion programme.

* 5 K Publications.eu.int
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