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Abstract: This article will explain the possibilities of nuclear fusion based on the functionality of
superconductors. It discusses the world energy demand as a whole and compares other energy sources with
nuclear fusion power. It then introduces the superconductor by explaining the conductivity first and then
how superconductors work. Next, it discusses the feasible application of superconductors in fusion reactors,
as well as the future and challenges surrounding the topic.
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Introduction

In the world that updates itself every single day, its energy consumption is an inevitable question.
Fossil fuels, including coals, oil, and gas, have been playing a great role in the global energy system. The
energy demand for over 7 billion people on the earth is astronomical. Moreover, as the world continues to
grow, not only the population is contributing to the growth, but also the technology that advances quickly
requires more and more electricity to power them. The transportations that is becoming more connected
worldwide is also demanding for even more.

Fossil fuels now provide about 80 percent of the energy in the world while the rest comes from nuclear,
biochemical, and other renewable sources. Even though solar power has increased by 50 percent, providing
about 24 Gigawatts of energy, is not even one of one million of the expected energy demand in 2040:
47,000,000 gigawatts; whereas wind power only provides 53 gigawatts of power in 2017. Even at the ideal
scenario where the efficiency of renewable energy sources is at the best, these sources can only account for
40 percent of the total energy demand expected in 2040: 7.6 million gigawatts renewable power and 19
million gigawatts of electricity power out of 47 million gigawatts of total increased power demand in 2040.

Fossil fuels provide us with extensive power, but it comes with a cost: burning fossil fuels produce
carbon dioxide, the largest driver of global climate change, and contributes to air pollution, which is
estimated to be linked to millions of premature deaths each year. Furthermore, fossil fuels are not unlimited

on the Earth; therefore, the world needs clean and renewable energy sources.
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The energy consumption of US in 2021 is 92.97 exajoule, which is 25,825,000 gigawatts hour. If
people were to use solar energy to completely replace fossil fuels, assuming that these solar panels work
under the most ideal conditions with the best energy output in the market, which is about 0.35kWh each
solar panel per day, people would need 202,152,641,879 solar panels in the country in order to provide the
average energy use in the US - 70753424657.5 kWh per day. The average solar panel size is about 1.6
square meters, which means that these panels would take up 323444 square kilometers of area in the
country. There is no way for people to completely replace fossil fuels not only because other energy
sources do not keep up with the demand, but also because the demand for fossil fuels in many areas would
continue to increase exponentially. Let along other renewable energy sources: wind mills sometimes cannot
even produce any energy in several days.

Therefore, the only possible solution to these energy issues is Nuclear Fusion power. Fusion has been
imagined by scientists for decades because it promises unlimited, safe, and carbon-free energy. The fusion
energy is more than a million times denser than fossil fuels.

In the fission process, a neutron blasted into an Uranium-235 atom and split into smaller fragments,
and these new particles will hit other atoms to generate a chain reaction - eventually releasing heat energy
during the process of breaking down. However, this kind of nuclear power uses very scarce sources in the
world, long-live radioactive uranium and plutonium particles, and it causes very dangerous nuclear
pollution that can contaminate our planet for decades if not controlled appropriately.

The fundamental mechanic of fusion is combining two tiny atoms into one under extremely high
temperature and pressure and releases enormous amounts of energy. The fusion process can obtain 4 times
the energy output than the fission process. The hydrogen isotopes, Deuterium and Tritium, in the fusion
process are very stable and the radioactivity does not last very long, which is also a lot more abundant and
cheaper than the fission fuels. The fusion process is exactly what is happening inside the Sun. 0.1 g of
Deuterium plus 0.3 g of Lithium in the fusion process can generate enough electricity for an average
American for a full year. Moreover, fusion reactors are much smaller than nuclear fission plants, which
would also cost much less to build enough fusion reactors to power the whole country in the ideal situation.

In a fusion reactor, hydrogen isotopes must be heated to extreme temperature (50 million degrees
Celsius), kept under stable intense pressure, therefore confine the nuclei long enough for it to fuse. When
the hydrogen is heated to such a temperature, it transforms from gas into plasma in which the negatively
charged electrons are separated from the positively charged nuclei.

However, the main challenge for the fusion reactor is to achieve a rate of heat generated by the fusion
plasma which exceeds the rate of energy used to control the plasma. Therefore, the possible solution to this
is Magnetic confinement which uses a magnetic field to control the extremely hot plasma. Nonetheless,
even the most strong magnets cannot provide such a strong magnetic field to control the plasma; therefore,
this is where a superconductor comes in.

Superconductor
Before trying to understand what a superconductor is, it is important to understand the concept of

conductivity. There are three types of materials categorized by conductivities: conductors, insulators, and
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semiconductors. In conductors, mostly metals like copper, aluminum, and graphite, their molecular
structures explain why they conduct electricity. For example, in a copper atom, it has its neutrons and
protons forming the nucleus, and has several orbits of orbiting electrons. The different orbits of electrons
are grouped into energy levels, shells. The outermost shell is called the valence shell, which represents a
band of energy levels (the most energy it has), so it is also called the valence band and electrons are
confined to this band. When the valence electrons receive enough energy from an external source, they are
able to go to the conduction band, where electrons can move freely in the material.

The amount of energy an electron needs to jump from the valence band to the conduction band is
called the band gap. The gap between the valence band and the conduction band in conductors is zero and
sometimes overlapped; therefore, the electrons in conductors are free to move from valence band to the
conduction band, which is the reason for its conductivity. Whereas in an insulator, the band gap is too large
so the electrons are not able to escape the valence band. In a semiconductor, the gap is relatively small so
when it receives some energy, it is able to conduct electricity.

Therefore, in copper, electrons are free to move inside the metal, and because there are no external
forces, they move in ways similar to the ways water molecules move in a static lake. When a battery’s ends
are connected by a copper wire, the voltage difference of the battery causes the electrons in the copper wire
to move from the low voltage side towards the higher voltage side, just like the water moving in a river
flooding from the top of the hill towards the bottom. However, electrons have their original velocity
towards different directions, so they will constantly bump into atoms. The atoms inside the copper wire are
the obstacles to the electron motion, which creates resistance. The resistance created by the copper atoms
are called the electrical resistance, a defining property of a metal.

When a voltage is applied to a conductor, because of its electrical resistance, when electrons collide
with atoms, they slow the current down and produce heat energy that is dissipated. The lower the electrical
resistance a conductor has, the better conductor it is because it is more energy efficient by losing less
energy in the process.

Nevertheless, superconductivity was discovered in 1911 by Dutch scientist Heike Kammerlingh
Onnes, who used liquefied helium to cool metals to near absolute zero (0 kelvin / —273.15 °C). When
metals were cooled to this extent, their electrical resistance dropped to zero suddenly. Current can move
without any resistance in the extremely cooled metal. Therefore, he named it such a state of material
superconductivity.

In normal conductors, when electrons move through its network of atoms, they create heat and light
like in a light bulb. The higher the temperature it is, the more resistance it has because high temperature
results in more intense particle movements and electrons are more likely to collide and move less freely.
When the temperature is cooled down to a certain point, critical temperature, the resistance in the
conductors becomes absolutely none at all. The simple explanation of lowering the temperature would
result in very little particle movement inside the material therefore creating nearly zero resistance would

not work in superconductors because the resistance is none instead of nearly none.
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The later discovered theories by physicists John Bardeen, Leon Cooper, and John Schrieffer in 1957,
called the BCS Theory, explained the superconductivity. The theory explains the superconductivity at a
quantum level. When a conductor is close to absolute zero temperature, the atoms’ thermal movement is
negligible. When a voltage is applied, electrons will start moving in the lattice of atoms in the material.
Since the conductor’s atoms have their electrons freely move in the conduction, they are positively charged
because of the nucleus, and therefore the negatively charged moving electrons will attract the atoms in the
lattice, causing distortion in the lattice. This distortion makes the lattice slightly more positively charged,
which attracts the next electron moving into the lattice. The two electrons will not repel each other because
the disturbance caused by different charges in electrons and the lattice happen in a very large scale in the
material; therefore, these two electrons start moving together and bind to Cooper Pair. The Cooper Pair is
extremely weak so any thermal movement can break it, which is the reason why superconductivity only
happens at an extremely low temperature.

A normal atom formed by neutrons, protons, and electrons are called a fermion, and particles such as
photons are called bosons. Fermion does not allow more than two particles to be in the same energy state,
which is why atoms have different orbits of electrons that have different energy levels. Whereas bosons can
have all the particles in the same energy state, so if an atom were a boson, it can have all the electrons
orbiting in the lowest energy state and no chemical reaction can happen in this situation. In superconductors,
the Cooper Pair electrons start to behave like a boson even though they are still fermions, so many pairs can
behave like bosons having all the particles at the lowest energy level. The larger group of Cooper Pairs
become very stable and the interactions with the lattice can prevent any collision with the lattice. Another
way to understand this is that these electrons are now all in the ground state of energy, so there is no energy
to dissipate during the movement, which means that there has to be no resistance.

In the state of superconductivity, it can be used for many applications, and Fusion is one of them.
Superconductors Applications

Ever since scientists started exploring fusion in the 1960s, people have never succeeded in making the
reactor work in a way that generates more energy than the energy they put in to stabilize the extremely
pressured and heated plasma. The goal for a fusion reactor at this point is to achieve a Q, the ratio of fusion
energy output to the energy input to maintain the plasm, that is greater than 1. So far the record is a Q of
0.67. Practically, accounting for the costs of converting thermal energy into electricity and other factors, the
Q will need to be between 10 - 25 in order for it to be implemented for commercial use.

The type of fusion reactor that adopted the magnetic confinement method is called Tokamak.
Tokamak is a doughnut shaped device surrounded by powerful electromagnets to contain the plasma inside
the device. Conventionally, such as the ITER tokamak reactor, uses low-temperature superconductors,
which have critical temperatures below 30 Kelvin, as the electromagnets to generate the high magnetic field.
However, the current that can run through such a superconductor is limited in high magnetic fields, which
in turn confines its strength of magnetic field it can generate.

Therefore, MIT and the CommonWealth Fusion Systems have designed a more powerful magnet

using the high-temperature superconductor (HTS) with critical temperature above 30 Kelvin, which can
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allow a more powerful magnetic field to pass through. Using the HTS, MIT and CFS are able to use it to
produce fields of 20 T in the reactor, whereas the ITER reactor can only have 5 T. The HTS also turns out
to be more energy efficient because it can be shrunk to a much smaller size, roughly 2 percent the size of
ITER. The team has hoped to fully assemble the prototype in 2025 in order to test out if all the theories
would work out in this fusion reactor. Whether they achieve their goal or not, it will be a promise to the
future of clean energy sources, proving that it will not be constantly “in the future”.

Challenges and Outlook

Although the HTS application in the fusion reactor seems very promising, people still face many
challenges in terms of the material and the construction of it. The SPARC reactor is significantly smaller
than the ITER reactor, so the energy density of plasma inside is also a lot denser. The plasma is similar to
the solar flares, which would damage the reactor interior very easily if the magnetic field surrounding it is
not powerful enough.

Furthermore, the building of the electron wires made of HTS also poses a challenge to the researchers.
They have to be able to turn the superconductor tapes, which is a thin strip of conductor, into coils that can
generate the magnetic field. These tapes are usually made of Rare-earth barium copper oxide, which is a lot
more expensive and rarer than copper wires; in the test magnet used in the fusion reactor it consists of 267
km of tape.

Even though the tests have demonstrated a lot higher energy output, the SPRAC is only predicted to
have a Q greater than 2. It is indeed an exciting increase from what we have achieved already, but it is still
very far away from the 10 - 25 Q mark in order to put it into commercial use. The construction of these
reactors in large scales is also a challenge even if they have achieved the ideal net energy output.

Nonetheless, all these advancements are very astonishing innovations and will make us a step closer to
the unlimited clean energy.
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