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Creating a star on earth
very day we receive light and heat
from our star - the sun - a huge
power plant that produces energy
by burning up around 700 million tons of
hydrogen a second and transforming it
into helium through nuclear fusion
reactions.

E

n the sun and in the other stars,
gravitational force compresses the
interstellar gas at such high pressures
and temperatures that the electrostatic
repulsion keeping apart the hydrogen
nuclei is beaten and they fuse into helium
nuclei. Gravitational force also prevents
the stars from breaking up after they
have been created.
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n earth we do not have sufficient gravity to confine a fusion reaction.
However, we can light up a tiny sun if we produce a plasma (an
electrically charged gas of nuclei and electrons), keep it under sufficient
pressure and heat it to temperatures higher than 100,000,000 °C - about ten
times higher than the temperature in the sun - to compensate for the lack of
gravity. These conditions boost the fusion reactions and the plasma starts
burning and achieves ignition, which means that the fusion-reaction rate is
sufficient to sustain the plasma temperature without external heating and
hence we get net energy. This result is more easily achieved with plasmas
containing heavy hydrogen nuclei, deuterium (2H), tritium (3H) and electrons.

O

he objective of the
research on fusion is to
provide a clean, safe and
inexhaustible energy source.
Fusion is one of the sustainable
energy options for the long-term
future of mankind; it provides an
environmentally friendly, as well
as a widely available, fuel supply.
Just ten grams of deuterium and
fifteen grams of tritium can
provide a city of 25,000
inhabitants with enough energy
for a day, in other words, a
lifetime’s energy for one person.
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n fusion laboratories all over the world, scientists are
progressing towards achieving a burning plasma by
using different methods to confine the plasma long
enough for fusion reactions to take place with a useful
output of energy.
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nertial confinement. A small pellet (the fuel target)
containing a mixture of deuterium and tritium is
bombarded symmetrically from all sides (phase 1) by
high-powered laser or ion beams. The outer layer of the
pellet vaporizes and shoots away like a rocket, creating
shock waves that compress and heat the pellet core
(phase 2). The inertia of the fuel mass itself causes it to
resist expansion long enough for ignition to occur (phase
3) and for the thermonuclear burn to spread rapidly
through the compressed fuel (phase 4), yielding an
energy output many times the input.
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Inertial fusion phases

Poloidal Field Coils

agnetic confinement. The plasma is contained in a
vacuum chamber and trapped by magnetic fields
that keep the charged particles of the plasma
away from the chamber walls. The most studied - and
advanced - magnetic configuration is the tokamak, which
is a closed doughnut-shaped container (toroidal chamber)
surrounded by coils that generate the main magnetic
field. A second field is generated by a current induced in
the plasma. The two fields combine to create magnetic
lines that spiral around the doughnut, counteract the
expansion of the plasma and effectively trap it. The
current generated in the plasma also heats it by the Joule
effect.
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usion fuels are widespread, practically limitless, and
their exploitation is cheap. For example, 10 grams of
deuterium can be extracted from 300 litres of water;
tritium, a radioactive hydrogen isotope decaying with a
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half-life of about 12 years is extremely
rare, but it can be created in a fusion
reactor from lithium, one of the most
abundant light metals in the earth’s
crust. Fifteen grams of tritium can be
obtained from 30 grams of lithium
through the reaction 6Li(n,a) 3H
induced by the neutrons produced in a
fusion reaction.
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Schematic view of the fusion reactor

Fusion research at the ENEA Frascati
laboratories
1960s. The Ionised Gas Laboratory is established at the
Frascati National Laboratories - the scene of research on
fundamental physics and high-energy physics in Italy
since 1956.
The first experiments concern the physical properties
of dense short-lived plasmas and their possible
application in thermonuclear fusion, a potential
source of clean energy:

Mirapi, Plasma Focus, Mirapino, Hot Ice,
Mafin, Cariddi, Macchina-Q, TTF-"Torello"
1977. The Frascati Tokamak (FT) starts operation.
Compact, characterised by a high (10 T) magnetic field and
high plasma current (1 MA), FT is also particular in that it uses
microwaves to heat the plasma.
1980s. Technological activities now accompany the physics studies,
both of which provide support to the European Fusion Programme.

Frascati Tokamak

1988. The ABC laser starts operation. ABC is still today one of the most
advanced, non-military research facilities in Europe for the study of inertial
fusion confinement. In this experiment, two laser beams delivering an energy
of 100+100 joules in a 3-ns-long pulse, at the fundamental wavelength, are
focussed on a target by two lenses located inside the irradiation chamber. The
facility is used to study laser-matter interaction.

ABC laser

1989. The Frascati Tokamak Upgrade (FTU)
starts operation. Like the Frascati Tokamak,
FTU is a high magnetic field, high-density
machine, but it has a much larger access
surface to the plasma, thereby allowing more
substantial plasma heating by microwaves.
1990s. Design work begins on Ignitor.
Compact, with a high magnetic field, on the
same lines as FT/FTU, the objective of Ignitor is
the experimental demonstration of plasma
ignition and self-sustainment.

Ignitor

The European Fusion Programme
All the fusion research in the European Union is
co-ordinated under the European Fusion
Programme and carried out within the European
Atomic Energy Community (Euratom) framework
programmes by the Associates, at their own
research facilities and collectively at the Joint
European Torus (JET) at Culham (UK).
Italy is an important contributor to the European
Fusion Programme through the Euratom-ENEA
Association, which includes the RFX Consortium
(Padua), the Plasma Physics Institute of the
National Research Council (Milan) and many
university groups.
The European Fusion Development Agreement
(EFDA) is the framework for the overall coordination of fusion research, the exploitation of
JET, R&D technology and international
collaboration.

European laboratories working on fusion research

JET is the largest and most
successful fusion device in the
world (major radius 3 m, minor
radius 1.2 m). In 1997 it achieved a
world record by producing 16 MW
of fusion power (65% of input
power) and 22 MJ of fusion energy,
operating with a deuterium-tritium
plasma.
JET has tested the technologies
specific to a fusion reactor and has
confirmed the physics and scaling
laws in plasma regimes that are
close to those to be achieved by
the International Thermonuclear
Experimental Reactor (ITER), the
“Next Step” towards the production
of fusion energy.

The JET machine

JET

The EURATOM-ENEA Association - FTU tokamak machine

The Frascati Tokamak Upgrade

FTU is a compact, high magnetic field,
high particle density machine for
producing and investigating plasmas
similar to those to be achieved in a
fusion reactor. The particular objective
of the FTU experiment is the study of
additional plasma heating by means of
microwave systems

FTU parameters
Major radius
Minor radius
Toroidal magnetic field
Plasma current
Particle density
Temperature
Additional power

0.935 m
0.333 m
8T
1.6 MA
≤ 8x1020 m-3
≤ 15 keV
9.2 MW

The microwave heating and current drive
systems
The current flowing in the plasma can heat it by
the Joule effect up to some tens of millions of °C.
However, additional heating systems have to be
used to reach the temperature needed to boost
the fusion reactions (≥ 100 million °C ≈ 10 keV).
Three different microwave systems are used to
heat and control the FTU plasmas:

··Lower Hybrid Radiofrequency (LHRF)
• Frequency
8 GHz
• Total power
6 MW
• 6 rf sources (gyrotron)/6 antennae

Ion Bernstein Wave (IBW)
• Frequency
433 MHz
• Total power
1.2 MW
• 2 rf sources /2 antennae

Electron Cyclotron Resonance Heating
(ECRH) (ENEA – CNR Institute of Plasma Physics,
Milan Joint Experiment)
• Frequency
• Total power
• 4 rf sources

140 GHz
2 MW
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Launcher mirrors of the electron cyclotron resonance heating antenna

Electron temperature profiles in FTU before (blue) and
after (red) injection of 0.9-MW ECRH microwaves

The Tokamak

The vacuum vessel illuminated by the plasma

The FTU core is a toroidal chamber (the vacuum vessel,
where the plasma is produced) embedded in a magnetic
field generated by coils that completely wrap the chamber.
These magnetic coils are cooled down to liquid nitrogen
temperature (-196°C) to reduce the electric resistance of
the windings and hence the amount of power needed to
generate the magnetic field.
FTU differs from other tokamaks in having plasma-facing
components (inner – or first - wall and the plasma limiter)
made of high-Z materials, such as stainless steel and
molybdenum, which are fusion-reactor relevant.

The
studies
on plasmawall interaction at
FTU are therefore of
particular importance to the design of
plasma-facing components in a fusion reactor,
for which the use of such materials is envisaged.
Installation of a sector of the plasma limiter inside the vacuum vessel

The diagnostic systems
The diagnostic systems installed on the windows accessing the plasma are used
to observe and study the plasma by measuring all the relevant
parameters, such as ion and electron density and
temperature, plasma impurities, electric and
magnetic fields, emitted particles and
radiation, and the particles generated
in the fusion reactions. The
measurements are generally
obtained with a very high
spatial, time and energy
resolution so that the
plasma physical
system and its
evolution can
be thoroughly
understood.

Examples of diagnostic systems: the neutron camera
(above) and the x-ray spectrometer (below)

The FTU plasmas: results
The operation modes relevant to the next
generation of burning plasma experiments,
such as ITER, are based on wellestablished physics scenarios. However,
new scenarios, the so-called advanced
scenarios, are being investigated to
improve the performance of tokamaks by
increasing their efficiency, and hence make
them more economic.
Two main advanced scenarios are being
developed at FTU, both aimed at
increasing the fusion power, which is
proportional to the square of the density
and to the square of the temperature in the
range of interest. In the first scenario, the
goal is to operate at large central densities.
This target can be achieved by injecting
high-speed frozen pellets of deuterium that
are able to penetrate to the plasma core.
In the second, the goal is to improve
confinement and to increase the central
temperature.

Evolution of plasma parameters in high-temperature advanced scenario

In FTU, this is obtained by changing the shape of the current profile with the use of microwaves in a very specific mode of
propagation. In this way, the plasma turbulence, which is responsible for degradation of the plasma performance, is stabilised and
confinement is improved.
Among the different confinement approaches depicted in the
figure, the tokamak emerges as the most advanced and the
closest to the fusion-reactor parameter domain. Also
illustrated are the results obtained with multiple-pellet
injection in FTU. Of medium size, characterised by high
particle density and a relatively lower temperature, FTU is
capable of producing plasmas whose parameters approach
those of the reactor.

Fusion plasma performances achieved in FTU and in other
machines

The future: ITER
The International Thermonuclear
Experimental Reactor (ITER) is an
international collaborative project
currently being undertaken by the
European Union, Japan, the Russian
Federation, the Unites States, China and
South Korea.
The mission of ITER is to demonstrate
the scientific and technological feasibility
of fusion as an energy source.

• ITER will be twice the size of JET in
linear dimensions and will produce a
fusion power of 500 MW for a pulse
duration of approximately 15 to 30
minutes. It will use and test the key
components and technologies needed in
a fusion power plant. Steady-state
operation will also be investigated.

Schematic view of ITER

• The ITER physics base has been
successfully tested in experiments
carried out on worldwide tokamaks: the
ITER plasmas represent a reasonable
step up from the plasmas produced in
present-day experiments.

• Prototypes of the main ITER components have already been built and successfully tested during the ITER design and
R&D activities.
Under EFDA co-ordination, ENEA has
provided significant contributions to ITER
– in the design, the definition of the
physics regimes, the development of
key technologies related to the
superconducting magnets, the plasmafacing components, the fuel cycle,
neutronics, safety, and remote handling.

Comparison of energy confinement
times, as measured τth and as evaluated
by models τthmod: results from tokamak
experiments and extrapolation to ITER

Technological activities
Since the end of the 1980s, ENEA has been increasingly involved in the development of the technologies needed both for
the construction of ITER and for the longer term challenge – the realisation of a fusion reactor. In this context, ENEA’s policy
is to invest in those lines of activities which are based on consolidated competence in the laboratory and which, at the same
time, strongly involve Italian industry and find wider applications in areas outside fusion.

• Superconductivity
ENEA has been doing R&D in applied
superconductivity for more than thirty years: the
development
and
characterisation
of
superconducting materials and cables, the design
of conductors and coils for large-scale
applications at high magnetic fields, the
investigation of the stability and operational limits
of conductors and winding prototypes. A lot of the
work is done in close collaboration with national
industries and indeed the fusion programme plays
an important role in promoting and stimulating
Italian industries (Ansaldo and Europa Metalli) with excellent results.
For ITER two superconducting-coil prototypes
have been fabricated, one for the toroidal magnet
and one for the central solenoid. These are the
largest (1:1 scale) prototypes ever realised with
the use of a Nb3Sn, cable-in-conduit type
conductor. The superconducting Nb3Sn cable for
the toroidal magnet coil was manufactured entirely
by Europa Metalli under ENEA’s supervision, and
the insertion in the steel jacket was carried out by
Ansaldo.
ENEA is also strongly involved in the development
of high-temperature superconductivity, particularly
in the field of energy transport and distribution.

• High thermal flux components
The inner reactor components are exposed to a highpower flux from the plasma, due to radiation and
particle losses (in ITER, up to 20 MW/m2 in steady
state). The heat exchangers in these components have
to be coated by appropriate sacrificial materials
compatible with the plasma and characterised by high
thermal diffusivity and/or low sputtering (CFC, W, Be).
ENEA has developed original solutions both for the
fabrication of high thermal flux components (first wall,
divertor) and for the associated non-destructive
inspection techniques.

Prototype of one superconducting coil of the ITER toroidal magnet

Prototype of the monoblock tungsten/copper heat
exchanger for the ITER divertor

• Materials
A critical issue on the way towards the realisation of the
fusion reactor is the development of advanced materials
that have good thermo-mechanical characteristics and
low activation properties when irradiated to high levels of
neutron fluence.
ENEA has focussed on the development of ceramic
composite materials based on silicon carbide (SiCf/SiC),
Tubes composed of a mixed structure of multi-layered SiC and
which show good chemical stability and mechanical
a ceramic composite (SiC matrix and C or SiC fibres)
resistance at high temperature and can therefore be
implemented in power plants that have high
thermodynamic efficiency (>50%). ENEA has manufactured SiCf/SiC samples that have high density and purity, which
implies high thermal conductivity, and impermeability to helium, and has developed innovative joining techniques (very high
temperature brazing).

• Neutronics
The need to protect the critical reactor
components, such as the superconducting
magnets, against the neutrons produced in
the fusion chamber and to limit the damage
and activation induced by them in the most
exposed materials requires the development
of well-validated nuclear databases and
numerical codes to reliably evaluate these
effects. Experiments carried out at the
ENEA-Frascati 14-MeV neutron generator
(FNG) have provided the validation of the
ITER nuclear design through the irradiation
of prototypes. The FNG (intensity 1011 n/s)
is also used to validate activation cross
sections for the advanced materials that will
be used in a fusion reactor.

Frascati neutron generator

• Fuel cycle
In a fusion reactor burning a deuterium-tritium fuel, these hydrogen isotopes have to
be separated from other exhaust gases and recovered. ENEA has developed thin
metal membranes from palladium alloys, which are permeable only to hydrogen
isotopes. The membranes are used to fabricate permeator tubes that can separate
the hydrogen isotopes from gaseous mixtures.

Detail of a Pd-Ag sheet supported by a stainless
steel grid

As the process efficiency increases with decreasing membrane thickness, ENEA has
developed membranes less than 50 µm thick, with industrial characteristics in terms
of reliability and durability. Thicknesses down to 5 - 20 µm have been obtained in two
different types of metallic membranes: using a steel or nickel perforated sheet as
support, or layers of less expensive materials coated with palladium.

• Inspection and metrology systems
The vacuum vessel of a fusion reactor has to be periodically inspected to verify the status of the plasma-facing components.
This is done using particular remotely handled viewing and ranging systems capable of operating in hostile environments.
ENEA has developed a laser in-vessel
viewing system (LIVVS) based on a
transceiving optical radar. The laser beam
is transmitted through a coherent optical
fibre to a probe in the vessel. A focusing
optic and a scanning system on the tip of
the probe deflect the laser beam to obtain
a complete 3-D mapping of the in-vessel
surface. A highly accurate image of the
scene is obtained from the intensity signal,
while target ranging can be performed with
good accuracy by referring to the phase
shifting (< 1 mm at 10 m). The system can
operate in complete darkness, without any
additional light source.

The LIVVS system

• Safety and environmental impact
ENEA has contributed significant work to the assessment of the safety and the environmental impact of ITER and to
demonstrating the advantages of fusion as an energy source. Analyses of the ITER operational scenarios and of the
reference accidental scenarios have shown that appropriately designed confinement systems can prevent even the worst
conceivable accident from causing a failure in the containment of radioactive material (the tritium fuels and activated inner
components). In no case would the dose reach levels necessitating evacuation of the public. Moreover, the specific decay
heat would not be high enough to cause melting down of the reactor core. After a few decades, the total potential
radiotoxicity of the activated material arising from the operation of the fusion plant would decrease to a low value. Most – or
perhaps all – of this material could be cleared or recycled by remote handling, with little – or no – need for repository disposal.
Activated fusion material would not constitute a waste burden for future generations.

• Design
The design of a complex system such as a fusion
reactor is obviously far from straightforward and
requires the most advanced design techniques as
well as multidisciplinary competences; for example,
neutronics, electromagnetics, thermo-mechanics,
safety and environmental analyses. ENEA can boast
the presence of all these competences as well as the
ability to integrate them.
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