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The everyday science of fusion

Karl Tischler, Gieljan de Vries

Explore the everyday science behind the quest to harness fusion energy —
the energy that powers the stars — in a safe way here on Earth.

Introduction

The quest for fusion energy, a potentially sustainable and
plentiful power source, has been a challenging journey be-
cause of the intricate technology needed to tap into the en-
ergy of stars. However, some of the basic concepts of fusion
are analogous to familiar things we see in our homes, on the
streets, and in nature.

Fusion energy is a form of power that is generated by merg-
ing atoms together. This is the same process that powers the
sun and other stars.

Scientists around the world have been working to develop a
way to harness this energy on Earth. One of the most promis-
ing methods for achieving this is through the use of a device
called a ‘tokamak’.
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The fusion of deuterium (?H) with tritium (*H) creates helium-4 and
a neutron, and releases 17.59 megaelectron volts (MeV) as the
kinetic energy of the products. A corresponding amount of mass
disappears, in agreement with E=mc? (energy equals mass times
the speed of light squared).

Image: Wykis/Wikimedia, Public Domain
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Tokamaks

Atokamak is a machine in which a small amount of hydrogen
gas is heated to a very high temperature at which the elec-
trons detach from the atoms. This mixture of charged parti-
cles is called a ‘plasma’. The plasma is made up of hydrogen
nuclei, some of which fuse together to form helium and re-
lease a large amount of energy in the process. The goal of
the tokamak is to create conditions for this fusion reaction to
take place in a sustained manner and generate a significant
amount of energy that may be used to power homes and cit-
ies in the future.

Tokamak, pronounced toe-ka-mak, is a term that might
sound like it is straight out of a science-fiction novel, but it is
actually a real-world technology that scientists are using to
unlock the power of the stars and create a new source of en-
ergy here on Earth. A tokamak is torus-shaped, which means
it is circular with a hole in the middle. In other words, it is a
huge donut-shaped device!

An illustration of the JET tokamak used by EUROfusion researchers
Image: EUROfusion, CC BY 4.0

Fusion record

One of the most well-known tokamak machines is the Joint
European Torus (JET) located in Culham, UK, and used exclu-
sively for EUROfusion research. JET is the largest tokamak in
the world and has been instrumental in advancing our un-
derstanding of fusion energy.
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Of all the tokamaks currently in operation, only the JET to-
kamak can use both deuterium (2H) and tritium (3H) as fuel.
This is the planned fuel for almost all future first-generation
fusion power plant designs. Deuterium is available in huge
quantities in sea water, whereas tritium can be created from
the abundant metal lithium. With deuterium and tritium,
EUROfusion researchers achieved the highest fusion energy
and fusion power ever produced by a tokamak at JET.

Isotopes

An isotope is like a secret agent among atoms. Atoms are
made up of protons, neutrons, and electrons. Isotopes
are atoms of the same element (e.g., hydrogen, carbon)
but with a different number of neutrons. Isotopes of the
same element have the same number of protons, which
gives them the same chemical properties, but a different
number of neutrons, which gives them different physical
properties.
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The three naturally occurring isotopes of hydrogen. The
fact that each isotope has one proton makes them all
variants of hydrogen: the identity of the isotope is given
by the number of protons and neutrons. From left to
right, the isotopes are protium ("H) with zero neutrons,
deuterium (2H) with one neutron, and tritium (3H) with
two neutrons.

Plasma control

The tokamak is a complex machine, but many of the technol-
ogies used in it can be found in everyday science. For exam-
ple, the plasma in the tokamak is similar to the lightning seen
during a thunderstorm or the hot gas in a fluorescent tube.
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A fluorescent lamp is an everyday example of plasma. Electric
current flows through the tube in a low-pressure arc discharge.
Electrons collide with and ionize noble gas atoms inside the tube
around the filament to form a plasma.

Image: Dmitry G/Wikimedia, CC BY-SA 3.0

Plasmas are made up of negatively charged electrons and
positively charged nuclei. These charged particles can be
held inside a tokamak’s vacuum chamber without touching
the walls, thanks to powerful magnetic fields. Inside the to-
kamak, the plasma particles are heated to extremely high
temperatures of up to 150 million degrees Celsius. This is
much hotter than the Sun’s core, which is estimated to be
around 15 million degrees Celsius

The magnetic confinement system in the tokamak is similar
to the principles used in an electric motor. An electric motor
uses a magnetic field to create movement and the tokamak
uses a similar concept to keep the plasma in the right place.
The magnets create a strong magnetic field that surrounds
the plasma, trapping it in the centre of the tokamak. Future
tokamaks will use superconducting magnets, which are made
of special materials that can conduct electricity without los-
ing any energy.

Heating

Once the plasma is captured in a magnetic cage, it's time to
start heating it. One way to do this is by using microwaves
similar to those used in your kitchen microwave oven. How-

Schematic of a tokamak: the magnetic coils (blue and grey) are
used to control the fusion plasma (pink)
Image courtesy of EUROfusion
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ever, the microwaves in the tokamak are at a much higher
frequency and power than those found in your kitchen mi-
crowave. Both use electromagnetic waves like radio waves
but with a higher frequency/shorter wavelength. One prop-
erty of these waves is the ability to make particles move,
which heats the plasma by making the particles move faster
and collide together with more force, which makes the fusion
reaction more likely to happen. This is similar to heating food
in a kitchen microwave.

One of the biggest challenges in developing fusion energy
is achieving a sustained fusion reaction. Scientists need to
make sure that the plasma is hot enough and the magnetic
field is strong enough to keep the plasma confined in the
tokamak for long enough to generate a significant amount of
energy. EUROfusion researchers at JET have made significant
progress in this area, and have achieved sustained fusion
reactions for several seconds at a time. Future tokamaks,
like the International Thermonuclear Experimental Reactor
(ITER) device, are designed to create high-energy plasmas for
fifteen to sixty minutes at a time.

Joint European Torus

JET, the Joint European Torus, is an old but powerful machine
that has been a key player in advancing our understanding
of fusion energy. But, like all technology, it's not perfect. JET
uses magnets that are not superconducting, which means
they heat up quickly, and with high-energy plasmas the mag-
nets can only run for around five seconds. But don't worry,
scientists have been working on new and improved versions
of the tokamak and they've come up with a game-changer:
superconducting magnets. These special magnets can con-
duct electricity without losing any energy and, importantly,
without heating up. This means that future tokamaks with
superconducting magnets will not face the same limitations
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Internal view of the JET tokamak superimposed with an image of a
plasma taken with a visible spectrum video camera.
Image courtesy of EUROfusion
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as JET and will be able to run for longer periods of time,
bringing us a step closer to making fusion energy a reality.

The Joint European Torus (JET), the largest currently operating
tokamak, which has been in operation since 1983
Image: EFDA JET/Wikimedia, CC BY-SA 3.0

Keeping cool

Another important aspect of the tokamak is the cooling sys-
tem. A tokamak like JET generates a large amount of heat,
which needs to be removed to prevent damage to the ma-
chine. The JET tokamak primarily uses inertial cooling but it
also has a limited water-cooling system to remove the heat
from its divertor, which is similar to the cooling systems used
in power plants today.

In the future, the aim is that fusion power plants will use
the heat produced by fusion reactions to run steam turbines
and generate electricity. They will transform the process that
powers the stars into a way for us to generate clean electric-
ity here on Earth.

Everyday science in tokamak
technology

The tokamak is a complex machine that uses a combination
of technologies to confine and heat plasma and create con-
ditions for fusion reactions to take place. Many of the tech-
nologies used in the JET tokamak can be related to everyday
science, such as plasma seen as lightning in thunderstorms,
the principles behind electric motors, and the microwaves in
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kitchen microwave ovens. The challenge is to develop and
optimize all these technologies and bring them together cre-
ate a stable system, a task that requires extensive collabora-
tion between engineers and scientists from a broad range of
fields. Although the goal of sustained fusion reactions and a
practical source of energy is still a work in progress, EUROfu-
sion research into tokamaks like JET are bringing us closer to
making fusion energy a reality. «

Resources

e Find fusion teaching resources on the EUROfusion
website.

e The FuseNet website contains educational material
including courses, books, experiments, multimedia,
reviews and theses about fusion.

e Explore the ITER tokamak on the Fusion for Energy web-
site. Click on the components to learn more about each
one.

e Use plasma globes to demonstrate — entertainingly -
plenty of interesting physics: Yafiez Gonzalez (2016)
Plasma: The fourth state. Science in School 37: 50-55.

e Use microwaves for spectacular classroom experiments:
Stanley H (2009) Microwave experiments at school.
Science in School 12: 30-33.

e Read about the JET experiment that demonstrated
sustained high fusion power for the first time: Warrick C
(2022) JET sets new fusion energy record.

Science in School 57.

e Learn more about the Sun and its source of power:
Tiele Westra M (2006) Fusion in the Universe: the power
of the Sun. Science in School 3: 60-62.

e Discover how drones are used to repair fusion devices:
Kidambi M (2017) Fusion drones: robot technicians for
nuclear devices. Science in School 40: 8-11.

e Find out more about the difference between fusion and
fission: EUROfusion (2021) Fusion vs fission.
Science in School 51.

e Learn more about helium and why we need to conserve
it: Lord M (2021) Elements in focus: helium.
Science in School 53.
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