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1
            INTRODUCTION – HERE COMES THE SUN

         

         From the earliest times, the Sun has held a fascination for us. Some early civilisations went as far as worshipping Sun gods – such as the Ancient Greek god Helios, who was believed to drive a chariot across the sky every day, while the Ancient Romans worshipped the Sun itself. Scientific study of the Sun also dates back centuries, with the Italian scholar Galileo Galilei one of the first to observe sunspots in 1610 using something invented just a couple of years before – a telescope. We are now in an era where there is a different type of focus on the Sun. For the past few decades, we have been striving to harness the same physical process that creates the Sun’s energy – nuclear fusion. The aim is to provide our planet with a much-needed clean energy source and help meet global carbon reduction targets.

         Of course, we are already harnessing solar energy for power generation via the familiar technology of solar cells. These provide a valuable renewable energy source, and scientists are currently working on developing a new generation of these useful devices. The intention is to create solar cells 2that generate more power, last longer, work in duller light and use light from a broader range of the Sun’s spectrum. By contrast, in a fusion reactor we wouldn’t be using the Sun’s own energy to generate power. Instead, scientists and engineers are attempting to create what essentially amounts to a mini-Sun down here on Earth that operates at staggeringly high temperatures of around 150 million degrees Celsius (270 million degrees Fahrenheit).

         This Sun-in-miniature would give out its own power via the nuclear fusion process. But we would not use its power directly. Instead, just as in current nuclear power stations, the heat generated by the nuclear reaction would be used to boil water, creating steam that drives turbines, which in turn produce electricity.

         There are several features of fusion energy that make its use for electricity generation a very attractive prospect. Firstly, it is a clean energy source, emitting no greenhouse gases. Secondly, it could provide almost limitless quantities of power. It is also much safer than nuclear fission – which is the process that existing nuclear power stations use to generate electricity – and it creates no long-lived radioactive waste, which is currently a costly and problematic by-product of nuclear power generation. In addition, fusion power would enable countries to meet their own energy needs rather than importing either the raw materials to generate electricity or the power itself. In short, the development of fusion power plants would revolutionise global energy generation.

         With the 2021 Intergovernmental Panel on Climate Change (IPCC) report stating that scientists are observing changes in the Earth’s climate in every region of the planet, work towards new, clean energy sources seems more important, and more pressing, than ever. According to the report, 3‘Many of the changes observed in the climate are unprecedented in thousands, if not hundreds of thousands of years.’ But it also says that ‘strong and sustained reductions in emissions of carbon dioxide (CO2) and other greenhouse gases would limit climate change’. So, there is still a chance to alter course, and many countries already have targets in place to cut the harmful emissions driving these unwanted changes to our planet. Fusion power plants could provide a powerful ally in reaching the ambitious emission reduction targets required.

         Equally ambitious are the fusion experiments under way that may lead to this hoped-for new generation of power plants. The largest of these is the ITER (‘the way’ in Latin) experimental reactor being built in Cadarache in southern France. This has 35 nations pooling funding and scientific expertise – including the 27 member states of the European Union plus Switzerland and the UK, China, India, Japan, South Korea, Russia and the United States. ITER will never generate electricity, but it aims to demonstrate all the scientific and technical steps required to build commercial fusion energy power plants.

         While ITER is by far the biggest of the multinational projects attempting to harness nuclear fusion for electricity generation, it is by no means the only contender in the race. Many countries have, or have had, their own research reactors. These include the Joint European Torus (JET) at the Culham Centre for Fusion Energy in the UK, which was first fired up in 1983, the now decommissioned Tokamak Fusion Test Reactor (TFTR) in the United States, which broke several records during its fifteen-year lifespan, the Chinese Fusion Engineering Test Reactor, which was powered up in December 2020, and the Korea Superconducting Tokamak 4Advanced Research (KSTAR) project. KSTAR is a pilot device for ITER and, as we will see later when we look in more depth at these projects, set a new world record in November 2020 for one of the key stages in fusion reactor development.

         Then, as we will also explore, there are the private companies fielding fusion contenders. Some of these have high-profile backers and collaborators, such as Canadian company General Fusion, which has funding from Amazon’s Jeff Bezos, and TAE Technologies, which is in partnership with Google.

         Not all of these projects are taking the same technological approach. As we will discover, there are different ways in which nuclear fusion reactions can be triggered and then contained, and multiple variants on the main approaches. No one is yet sure which approach will win out. Or, indeed, if a range of methods will be needed to help secure our future energy needs.

         Along the way, the reactors look set to become spectacles in themselves. The sheer scale of ITER’s reactor, for instance, with its 1 million components, weighing in at a combined total equivalent to the weight of three Eiffel Towers, is difficult to envisage. Meanwhile, General Fusion have employed award-winning architecture studio AL_A, whose previous commissions include the Victoria and Albert Museum Exhibition Road Quarter in London, to work on the design for their prototype power plant near Oxford in the UK.

         Yet it’s not just power stations that are on the cards. There is the potential for fusion-driven rockets to provide the transport for future interplanetary travel, including missions to Mars. And various technologies developed to help enable fusion energy studies to progress, such as the 5advanced robotic systems we will hear about in Chapter 7, have applications in other research or industrial settings. But the main goal of most fusion projects is to generate clean, sustainable power for our planet.

         
            
[image: ]This rendering shows how General Fusion’s UK Fusion Demonstration Plant will look when completed.
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         From the physics breakthroughs of the early 20th century that revolutionised our understanding of atoms, to the horrors of atomic weapons and the Cold War. And from the switch in the late 1950s to seeking peaceful applications of nuclear technology, to the latest experiments working towards fusion energy. This is the story so far of our quest to generate electricity from nuclear fusion. 6
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            1

            WHAT IS FUSION?

         

         The core of the matter

         The challenge facing the teams trying to pave the way for nuclear fusion power plants is anything but small. To begin to comprehend its scale it is useful to first understand the fusion process. The best place to start with that is by looking at the atomic nucleus itself. This, by contrast, is most definitely small in nature.

         It is amazing to think that just over 100 years ago, no one had even heard of atomic nuclei. Their existence was not suggested until May 1911, thanks to some experiments by students and colleagues of the New Zealand-born physicist Ernest Rutherford, carried out at the University of Manchester. Rutherford’s analysis of their results provided a huge breakthrough, not least because it overturned in a stroke some of the groundbreaking earlier work by J.J. Thomson, the then head of the Cavendish Laboratory at the University of Cambridge (a position Rutherford would 8go on to fill in 1919, having previously studied there under Thomson from 1894 to 1897).

         At the time of Rutherford’s breakthrough explanation, the leading model for the atom was British physicist Thomson’s so-called ‘plum pudding’ model. Physicists often use what are known as ‘models’ to explain complex processes. These models are descriptions of physical effects that help them visualise and study what is going on. In Thomson’s model, every atom consisted of negatively charged particles, known as electrons, sat inside a spherical volume that was positively charged. The electrons could therefore be imagined to be a bit like the raisins dotted around inside a plum pudding with the main pudding mix representing the positively charged volume. Hence the model’s nickname.

         This had been a big leap in scientific understanding in itself. For centuries before, stretching right back to Democritus in Ancient Greece, scientists and philosophers had defined the atom as the smallest particle of matter that could exist. Thomson’s experiments, in the closing years of the 19th century, had blown this idea out of the water. In 1897, he revealed the presence of electrons inside atoms while studying cathode rays. These then mysterious rays came from the negative electrode, known as the cathode, when a voltage was passed between it and the positive ‘anode’ electrode while both were sealed in a vacuum tube. At the time Thomson began these studies, some scientists thought that cathode rays were a form of radiation. Others believed them to be a stream of negatively charged particles. If the latter was the case, the particles would be deflected by both electric and magnetic fields, and you could work out what type of electric charge they had by observing the direction of the deflection.

         9Suspecting the cathode rays might indeed be composed of particles, Thomson applied an electric field to the tube via a second pair of electrodes. Sure enough, the cathode rays bent, and in a way that showed the ‘rays’ to be particles with a negative charge. Thanks to further experiments Thomson was able to determine the ratio between the charge and the mass of these negatively charged particles, which later became known as electrons.

         This result kick-started a whole new area of scientific study – subatomic physics. But within a few years Thomson’s student Rutherford was about to make another major step forward and show that the Thomson version of the atom was at best only part of the picture.

         Having previously studied at Canterbury College, Christchurch, in his native New Zealand, Rutherford came to England to take up a scholarship at Cambridge University in 1895. Back home in New Zealand, he had been working on high-frequency magnetic fields. But after initially continuing this work at Cambridge, he switched to studying the effects that the then newly discovered X-rays had on air. In 1898, Rutherford moved country again, becoming a professor at McGill University in Canada. Here, he worked with Frederick Soddy on radioactivity.

         The year after arriving at McGill, and before starting his collaboration with Soddy, Rutherford had shown that radioactive elements gave out two different types of emissions. He named these alpha rays and beta rays. By 1900, he had shown there was a third type of radiation emitted by radioactive substances – gamma rays.

         It is difficult to overstate the impact this one man had on early 20th-century physics, and indeed on the story of fusion. Nuclear fusion experiments could simply not have 10come about without the fundamental physics discoveries made by Rutherford and his students and collaborators.

         For instance, Rutherford’s later work with Soddy revealed radioactive elements were changing into other elements – a process known as transmutation. While Soddy continued that work, Rutherford moved to looking at the alpha radiation emitted from radioactive elements.

         In 1907, Rutherford had made another physical move, this time back to the UK to the University of Manchester. This was an exciting and fast-paced time for physics, and for Rutherford himself. Just a year after his arrival, he invented the Geiger counter with his colleague, German physicist Hans Geiger. Their initial version, the forerunner of the devices still used for detecting radioactivity today, was designed to detect the alpha particles they were studying. It consisted of a gas-filled tube threaded through with a wire along its longest axis. This wire had a high voltage running along it, and when alpha particles passed through the gas, they initiated a reaction that produced a pulse of current that could then be read on a meter.

         With the help of their new device, Rutherford soon showed the alpha radiation (now known as alpha particles) was composed of helium atoms lacking their two electrons, which left them positively charged. It would take a few more experiments before it became clear just how significant this result was to be.

         The 1909 experimental set-up that was to lead Rutherford to a breakthrough in understanding the structure of the atom was fairly simple. It consisted of a radon source, which is radioactive and gives out alpha particles, a lead screen with a small hole that let through a narrow beam of alpha particles and a thin piece of gold foil. These, along 11with a detection system, were housed within a cylindrical tube. Air was pumped out of this tube so that a vacuum was created inside, which allowed the alpha particles to travel further than they could have done through the air. The main component of the detection system was a glass screen coated with zinc sulphide, which emits a tiny flash of light whenever an alpha particle hits it. This detection screen was mounted at the end of a microscope that could be rotated through different angles.

         Once the experiment was under way, the beam of alpha particles was directed towards the gold foil. The scientists expected to see the alpha particles either passing straight through the foil, or for their paths to be deflected slightly. The latter would occur thanks to the positively charged alpha particles interacting with the positive electric charge within the gold atoms of the foil in a similar way to the like poles of a magnet repelling each other. Any alpha particles shooting out from the foil at the correct angle to fall onto the zinc sulphide screen created tiny flashes of light as they hit the screen. So, by rotating the microscope with its attached detection screen around the apparatus, members of Rutherford’s team were able to see what angles the alpha particles were being deflected by.

         They observed that some of the alpha particles were indeed passing straight through the foil at the same angle they entered or were being slightly deflected by the positive charge within the gold atoms. The latter so-called ‘scattering’ of the particles was just as Rutherford had predicted. But what the team – which included Geiger and English–New Zealand physicist Ernest Marsden – had not bargained for was seeing flashes of light, indicating that a small number of the alpha particles had been bounced back in the direction 12they had come from. How could this be possible from the atom of Thomson with its positive charge spread around rather weakly throughout its volume?

         The answer is it couldn’t. Thomson’s old ‘plum pudding’ model was now past its expiry date. These new observations could only be explained if atoms had a concentrated area of positive charge at their centres. The positively charged alpha particles would then be scattered off this region of positive charge like a ball bouncing off the edge of a pool table. This was exactly what was being seen in the experiment. So, in 1911, Rutherford proposed that every atom consisted of a positively charged nucleus surrounded by negatively charged electrons. Although this is a simplification, this is the basis of the model that is still taught to school pupils today. Rutherford would later state that the experimental result ‘was almost as incredible as if you fired a 15-inch shell at a piece of tissue paper and it came back and hit you’.

         As well as revealing the existence of the nucleus, this experiment also showed that it had to be small. Really small. This is because only a tiny percentage of the alpha particles were deflected by large angles, meaning that there was a low probability of colliding with a nucleus inside a gold atom. The vast majority of the alpha particles were not interacting with this positively charged nucleus and just sailed on through the gold foil. These results could only be possible if each nucleus took up a very small volume within each atom. In fact, we now know that the width of a nucleus is around 100,000 times smaller than that of the atom it sits within.

         Quite literally in a flash, this experiment and the subsequent new description of the atom completely revolutionised physics. Fortunately for science, Rutherford was not done there. 13

         Remaining neutral

         In 1920, Rutherford predicted the existence of neutrons – subatomic particles with zero electric charge – which as we will see later have important implications for fusion reactors. By this point, Rutherford was head of the Cavendish Laboratory at Cambridge. In 1932, this was where his colleague, assistant director of research James Chadwick, discovered the neutron. British physicist Chadwick won a Nobel Prize ‘for the discovery of the neutron’ in 1935, an honour which Rutherford had himself received in 1908 ‘for his investigations into the disintegration of the elements, and the chemistry of radioactive substances’.

         It was later figured out that nuclei consist of positively charged protons and electrically neutral neutrons. So, the simplest version of the currently accepted model of the atom, with its negatively charged electrons orbiting around a positively charged nucleus, is a product of these early 20th-century experiments and explanations.

         As is often the case, there is an exception to the rule. In this instance, the model of the nucleus containing protons and neutrons holds for every type of atom except hydrogen. Hydrogen is different in that the nucleus of its most common form houses just the one proton with no neutrons to keep it company. If you look at the Periodic Table of the elements, you will see that hydrogen occupies the first spot in the table and is numbered one. You will also notice that the next element helium has the number two associated with it, lithium three and so on, rising in increments of one through the table. This number is the so-called atomic number. For a given element, the atomic number represents the number of protons in the nucleus of each of its constituent atoms. 14

         Protons have a positive electric charge identical in size to the negative charge on electrons and, as we have just seen, neutrons are electrically neutral. Given that atoms isolated on their own are not electrically charged, this means that there are the same number of protons as there are electrons in an atom. Their charges simply cancel one another out. So, as the numbers of protons and electrons in an atom is equal, the atomic number can also represent the number of electrons in an atom.

         Under certain conditions, the number of electrons in an atom can change, leaving the atom with an overall electric charge. This is a point we will return to shortly, as it is fundamental to creating nuclear fusion reactions. But before we look at how to trigger fusion, we first need to understand the fusion reaction itself. To do so, it is helpful to return to the times of Rutherford and his collaborators.

         Delving deeper

         While Rutherford was helping to change the face of physics at Manchester, back at McGill University, Frederick Soddy was continuing the work on transmutation that he had begun with Rutherford. This led him to make a discovery inextricably linked to neutrons – he found there were different variants of elements with differing numbers of neutrons in their nuclei. These variants are known as isotopes.

         Isotopes are inherent to the fusion energy story because it is isotopes of hydrogen that will fuel most of the next generation of experimental fusion reactors. But it is not just hydrogen that has isotopes. Most of the elements in the Periodic Table have different isotopes. While every isotope 15of a given element has a different number of neutrons in their nuclei, they have the same number of protons. Taking hydrogen’s three known isotopes as an example, we have already seen that hydrogen has one proton in its nucleus, so all three isotopes will have just the single proton. But while the most common version of hydrogen doesn’t have any neutrons, the hydrogen isotope known as deuterium has one neutron, and the tritium isotope contains two neutrons.

         The chemical properties of an atom are not changed by differences in the numbers of neutrons. The stability of the nucleus is, however, affected. This makes some isotopes, including tritium, radioactive.

         Both protons and neutrons can be referred to as nucleons, and the number of particles in the nucleus, known as the nucleon number, gives a label for each isotope of an element. For example, carbon-12 has a total of twelve nucleons (six protons and six neutrons) in its nucleus, while carbon-14 has two more neutrons. Carbon-14 is a well-known and an extremely useful isotope. Not least because it is used for carbon dating of artefacts and trees, a process that was first proposed by American physical chemist Willard Libby in 1946, who went on to win the Nobel Prize for this development. Isotopes are used in a wide variety of settings. Nuclear medicine, for instance, uses a range of radioactive isotopes, including iodine-131 for treating thyroid cancer and technetium-99 during diagnostic scans, and the nuclear fuel used in fission reactors is a radioactive isotope of uranium known as uranium-235. But for the purposes of this story, we are mainly interested in deuterium and tritium, two of the most vital ingredients for achieving controlled fusion reactions.

         Sometimes deuterium is referred to as ‘heavy’ hydrogen, 16since the extra neutron in its nucleus means it weighs more than ordinary hydrogen. While the atomic number for all the isotopes of hydrogen is one, the mass number, which is the total number of protons and neutrons in the nucleus of an atom (also known as the ‘nucleon number’) for deuterium is two. Similarly, the mass number of tritium is three, accounting for the two neutrons and one proton in its nucleus.

         What is particularly interesting is that if you add up the masses of the individual particles that make up a deuterium atom, you will find they weigh more than the atom itself. So, what is going on? At first sight this seems to make no sense, but it turns out that when neutrons and protons bind together to form a nucleus, they release energy. This comes about because they are in a more stable state, which has a lower energy, when they are joined together in a nucleus. Hence, they jettison the extra energy when they come together.

         But how does this energy release relate to the mass difference? To understand this, we need to turn to arguably the most famous equation in the world. This is the mass–energy equation put forward in 1905 by German–Swiss–American theoretical physicist Albert Einstein:

         
            E = mc2

         

         E stands for energy, m for mass and c for the speed of light. In the equation, c is squared, which leads to a very large number because the speed of light is approximately 3 × 108 metres per second, in other words 300 million metres per second.

         It is because of this relationship between energy and mass that the nuclear reactions of both fission and fusion release energy. In nuclear fission – which was discovered 17in 1938, a year after Rutherford had died – heavy nuclei are split into lighter nuclei. By contrast, in the nuclear fusion process, light nuclei join together to form heavier nuclei. In both cases, because the speed of light squared is such a huge number, it is clear to see that there is an awful lot of energy released in the reaction.

         Coming together

         The basic concept of fusion is an idea we are all familiar with. Whether we are talking about glue fusing two pieces of paper together, fusion cuisine blending culinary traditions or fusion music merging different musical genres – the idea is the same. In all cases, things are combined together to make something more than the individual pieces.

         In physics, the word fusion is used in a similar way since nuclear fusion involves two or more light nuclei fusing together to form a heavier nucleus, releasing both energy and subatomic particles in the process. As Einstein’s equation reveals, we are talking about a really sizeable amount of energy coming from both fission and fusion reactions. For example, the amount of energy released per kilogram of the nuclear fission fuel uranium-235 is a startling 2–3 million times more than would be released from burning an equivalent amount of coal or oil. The energy yield from fusion fuel promises to be even greater, at around four times as much as that from an equivalent amount of fission fuel.

         Because the two nuclei involved in the fusion process are both positively charged, just like the alpha particles being scattered by the positive charges of the gold atoms in Rutherford’s Manchester experiment, the electric charges 18on the two nuclei act to force them apart. The best way to overcome this force pushing them away from one another is for the nuclei to gain lots of energy from moving around. They get this by being at very high temperatures so, to initiate fusion, the conditions must be hot. And by hot, we are talking about temperatures of around 150 million degrees Celsius (270 million degrees Fahrenheit). As we will discover later, reaching such temperatures is an engineering challenge in itself.

         That challenge is made slightly easier by using atomic nuclei with low atomic numbers for fusion experiments. This is because the larger the atomic number of the nuclei involved in a fusion reaction, the more energy those nuclei need in order to fuse together so the hotter they need to be. It would simply not be practical trying to reach the temperatures required for the fusion of heavier nuclei. Even so, the light nuclei that are chosen for fusion must become so hot that they form a state of matter known as plasma.

         Plasma is the fourth naturally occurring state of matter, the first three being solid, liquid and gas. (Other states of matter do exist, but they are laboratory-created.) Plasmas start life as gases and occur either when a gas is heated to an extremely high temperature, or when electric current is passed through a gas. In the former case, this is what we find in stars, including our Sun, and the latter is seen in the plasma balls used in classrooms and given as gifts. In both cases, the electrons are stripped away from their parent atoms, so the gas now contains equal numbers of separate electrons and positively charged atoms. Any electrically charged atom or molecule is known as an ion, and in this case the ion is positive because a negatively charged electron, which was keeping the atom neutral, has been 19removed. Within the plasmas artificially created for fusion experiments, the atoms in question are isotopes of hydrogen, so removal of an electron from these atoms leaves behind nothing but the positively charged nucleus. Because the temperature is so high, these nuclei moving around in the plasma have enough energy to overcome the forces pushing them apart so can fuse together.

         Although a variety of different fusion reactions occur in stars, and can also be created in laboratories, there is one reaction which is the most efficient and therefore stands out as the primary candidate for generating fusion energy. This is fusion between a deuterium nucleus and a tritium nucleus. This reaction, illustrated below, results in the creation of a helium nucleus and a neutron, together with the release of a considerable amount of energy. The ‘spare’ neutron results because a helium nucleus contains two protons and two neutrons, but there are two protons and three neutrons coming together in the reaction.

         
            
[image: ]The deuterium–tritium fusion reaction gives out a helium nucleus, a neutron and a great deal of energy.
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         20It was fusion experiments through the second half of the 20th century, some of which we will explore in the next chapter, that confirmed this so-called D–T reaction (where D stands for deuterium and T for tritium) to be the fusion reaction that gives out the most energy at the lowest temperature. That being said, the 150 million degrees Celsius temperatures needed to initiate it are, incredibly, ten times hotter than the temperature required for the hydrogen reaction taking place in our Sun as we do not have the advantages of the immense gravitational forces compressing the fusion fuel together. (A point we will return to later in Chapter 5.) Nor do we have the Sun’s huge physical size and density, which result in the nuclei not being able to escape colliding with each other many times and eventually undergoing fusion.

         Star maker

         Our Sun is not the only natural fusion reactor. It is fusion reactions that create the energy in all stars. Inside a star’s core, elements are also being created via nuclear fusion. But not all stars are working the same way; there are several different types of fusion processes that can take place. These will differ depending on the age of the star, its size and composition.

         The sorts of temperatures you will find in a young star like our Sun, of around 15 million degrees Celsius (27 million degrees Fahrenheit) at the core, are exactly what are needed for fusion to take place there. In all young stars there is hydrogen in the centre. Because of the enormous temperatures and pressures, this is in the form of plasma, 21which consists of hydrogen nuclei and separate electrons. The hydrogen nuclei hit into one another in the hot, dense centre of the star, and some of them undergo fusion reactions when they collide. They fuse together to form helium, a reaction which simultaneously releases vast amounts of energy. Our Sun has been creating helium and generating energy via this process for almost 5 billion years.

         In fact, that is not the whole story as a peculiar quantum mechanical effect known as quantum tunnelling can help the nuclei overcome their electrostatic repulsion, and thereby lead to more fusion in stars than would result from high temperatures and pressures alone. One way of visualising quantum tunnelling is to first think about the forces pushing the nuclei apart as an energy barrier that must be overcome. If you then imagine this barrier as a small hill and a nucleus as a ball, if the hill was fairly low and you could give the ball a good push, it might be able to roll right over the top of the hill. But if the ball did not have enough energy to make it over the hill, it would simply roll back down again, remaining on the side where it started its journey.

         In this scenario, the ball would be either one side of the hill or the other depending on how much energy it had from its motion. But atoms and any particles smaller than atoms do not behave like balls. The motion of balls is described by classical physics, whereas atoms and subatomic particles are governed by quantum physics. This means that thanks to the inherent weirdness of quantum mechanics – where probabilities reign supreme – there is a very small chance that a nucleus without enough energy to get over an energy barrier can in fact make it to the opposite side of the barrier to where it started out. It is as though the nucleus has tunnelled its way through the barrier. By some of the Sun’s 22nuclei ‘tunnelling through’ their electrostatic repulsion from one another, additional fusion can take place.

         The Sun is classed as a small- to medium-sized star. All stars begin their life as clumps of matter moving around in space. As they near one another, gravity causes them to clump together tightly, forming a star. There are two main forces acting on a star. There is an inwardly directed force of gravity created by the star’s mass and an outward force from the energy generated in the fusion reaction happening in the star’s core. Throughout most of a star’s lifetime, this inward-facing force balances the outward-facing force.

         Over time, the hydrogen in the centre of a star starts to run out, and at this point there are helium nuclei in the core colliding with one another. Eventually, hydrogen fusion ceases. Without the pressure from the hydrogen fusion, the core of the star then has to shrink in size in order to keep the forces acting on it in equilibrium. This shrinkage, which astronomers and cosmologists call gravitational contraction, increases the pressure and temperature of the core considerably. In fact, the temperature rises to around 100 million degrees Celsius (180 million degrees Fahrenheit), which combined with the pressure increase is enough to set off a new round of fusion reactions involving the helium nuclei.

         But again, this cannot last for ever, as there is only a finite amount of helium available. Something has to give.

         In smaller stars like our Sun, once the helium supply runs low things are nearing the end. The star develops instabilities, which lead to its outer layers becoming a shell of gas that expands further and further outwards, eventually dispersing into space. This leaves behind the star’s core which shrinks and cools down becoming a white dwarf.

         For larger stars, the core can shrink again and the 23temperature become so high that further fusion reactions, involving heavier elements, can take place. In fact, elements along the Periodic Table right up to iron can be formed via this process repeating itself, depending on the size of the star. It ceases at iron because to fuse iron energy would need to be put into the star. And once energy needs to go in, the star can never be in equilibrium, so it begins to die. With all its nuclear fuel now exhausted, the core contracts until it eventually implodes and sets off a supernova explosion.

         Reaching an understanding

         These stellar processes first began to be revealed less than a decade after Rutherford was carrying out his experiments on alpha particles and had discovered the existence of nuclei. In 1916, the British astrophysicist Arthur Eddington began focusing his research on the interiors of stars, and ten years later, one of the key tenets of our understanding of stellar reactions – that the gravitational force acting inwards must be exactly balanced by the outwardly directed pressure forces from gas and radiation – appeared in his book The Internal Constitution of the Stars.

         Eddington was also the first to suggest that it was radiation, not as previously believed convection, that transferred the heat energy from the centre of a star to the outer areas. By 1920, Eddington had suggested that it was the fusion of hydrogen into helium that was responsible for the incredible amount of energy coming from stars.

         His model for fusion seemed to tally pretty well with the energy output coming from our Sun. But it couldn’t account for the output seen from larger, hotter stars. The mystery 24was partially solved by German–American physicist Hans Bethe, who published an astrophysics paper in 1938 that provided more details on the fusion reactions creating elements in large stars. This corresponded with data on the energy being given out by large, hot stars. But Bethe’s work did not explain the origin of the carbon-12 that was the catalyst for the cycle of fusion reactions he was proposing. It would be another nineteen years before that part of the puzzle was completed.

         Carbon, with six protons, is produced in stars such as our Sun in the helium fusion part of their life cycle. Up until the 1950s, the prevailing idea was that three helium nuclei would fuse together into a carbon nucleus. However, British astronomer Fred Hoyle, whose studies in the 1950s encompassed the formation of elements in the universe, realised that this just didn’t stack up. There was simply too much carbon in the universe for it to have been produced by this reaction that only happened infrequently. So, what was going on?

         Hoyle began studying another mechanism that, rather than comprising just one fusion reaction, consisted of two stages instead. The first involved two helium nuclei fusing to form beryllium. This was then followed by a beryllium nucleus undergoing a fusion reaction with a helium nucleus to create the carbon. Hoyle, along with colleagues, eventually worked out the details of how this reaction was taking place. They published their results in a landmark 1957 paper, which described how the elements heavier than hydrogen and helium are created within stars.

         It is a sobering thought that at the same time Hoyle was trying to get to grips with the particulars of stellar fusion, research was pressing ahead on using hydrogen fusion to 25create weapons. The United States tested its first hydrogen bomb on 1 November 1952, with the Soviets following a few months later. Fortunately, by the time Hoyle and his collaborators published their seminal results, scientists and engineers had already begun looking into the feasibility of recreating some of these stellar fusion processes for the peaceful use of electricity generation. They were soon to discover that releasing as much energy as possible in a very short time frame – an essential requirement for a bomb – is a much easier feat to achieve technologically than a controlled fusion reaction. The latter case involves much more complex systems that can contain, sustain and harness plasma in a fusion reactor.

         While a variety of ideas were tried out initially, as we will hear in the next chapter, nowadays, there are two main experimental approaches for fusion energy.

         Emulating nature

         Whatever method is to be used, when it comes to creating a fusion power plant, the plan is to create what basically amounts to a mini-Sun here on Earth. In order to generate electricity from nuclear fusion, the reactor will first have to achieve a state of ‘ignition’. This is the point at which the fusion reaction becomes self-sustaining and about four times more energy is released compared with nuclear fission. The heat created thanks to this reaction would then convert water into steam, which would be used to drive giant turbines that generate electricity.

         No one is yet certain exactly what design of reactor might prove to be the winning formula for a fusion power station. 26But although there are a range of potential designs, they can all be classified into one of two methods for achieving fusion. These two approaches are known as magnetic confinement and inertial confinement.

         In the former, a plasma of fusion fuel is created and then ignited, creating the temperatures needed for fusion to occur. This super-hot plasma is held away from the reactor walls using incredibly strong magnetic fields. This is possible because the charged particles (ions and electrons) that make up the plasma create their own magnetic fields as they move around, which then interact with the applied magnetic field. The external magnets act to force the charged particles along magnetic field lines that effectively form a cage to confine the plasma.

         By contrast, inertial confinement involves firing lasers or particle beams at a small pellet of hydrogen fuel. This compresses the pellet to such a high density that the hydrogen nuclei are pushed into one another and fusion occurs.

         There is no getting away from the fact that the technology which led to this point was created on the back of atomic weapons research. But exactly how did something so destructive turn into a purely constructive project? To find out we need to look back to the final year of the Second World War.
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