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For Amy, with whom I walk in Lakeland







I believe all young people think about how they would like their lives to develop; when I did so, I always arrived at the conclusion that life need not be easy provided only it was not empty.

—Lise Meitner, Bulletin of the Atomic Scientists, 1964
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Prologue

The radiation probe starts crackling when I hold it against the small metal disc in my gloved hand. My heart quickens. No need to worry, though. This is exactly what I expected would happen.

Click, click… click, click, click… click…

Most of the samples in the lab are radioactive. Some are less radioactive than a banana. Others are so radioactive that we store them behind walls built from lead bricks. My labmates and I work with these samples every day, but the thrill of detecting their radioactivity never fades.

Click, click, click… click… click… click, click…

This morning, I’m repairing the front end of a mass spectrometer, an instrument that splits matter into its constituent atoms like a prism splitting a beam of sunlight into a rainbow. The small metal disc has borne the brunt of the sample I’ve just measured, and so has become sullied.

Click… click… click, click… click…

The radiation makes itself audible by sparking tiny currents in the probe. With each click, a radioactive atom has transformed from one element into another. Matter alchemises before me.

Atoms are everywhere, but they’re easy to miss. Not in a nuclear lab, though. The crackling tumult of decaying atoms takes you into the nuclear realm at the bottom of material reality. Thinking in terms of atoms turns everyday objects into miniature universes.

Click… click… click, click, click…

I take the radiation probe away from the metal disc. It falls silent. The only noises remaining are the dulcet hums of the fume hood extractor and the whirs of the vacuum pumps. I push the metal disc into the front end of the mass spectrometer and screw it carefully into place. There’s no point cleaning it; I’ve got more samples to measure.

Using the radiation probe, I dutifully frisk every square inch of my gloved hands. No clicks. Good, I’m not contaminated. (This isn’t surprising; it’s never happened to me before.) I take off the gloves by turning them inside-out – careful not to touch the outside with my bare hands, just in case – and drop them into the low-level nuclear waste bin.

For good measure, I frisk my arms and upper body with the radiation probe, too. Another reassuring absence of clicks.

I power up the mass spectrometer and start running the digital chart recorder. The trace scrolls as a flat line from left to right. I load a new sample, and as the concoction flows through the various capillaries and conduits, the mass spectrometer springs to life: it splits the sample into atom-sized pieces and beams them into the detector that feeds the chart recorder.

Flat line, flat line, flat line, and then… a series of pulses appear, like an ECG tracing out a heartbeat.
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Each pulse marks the presence of a distinct type of atom.

The first beat appears at atomic mass number 233. It’s uranium-233, an atom capable of firing the furnace inside a nuclear reactor. Like all the atoms on the chart recorder, uranium-233 is radioactive. Left to its own devices, it spontaneously transforms into new atomic varieties, some of which – when treated with due care and respect – can be turned into an advanced treatment for fatal diseases.

Onwards, the chart recorder scrolls.

The second beat appears at atomic mass number 235. It’s uranium-235, the atom that changed the world when humans began orchestrating nuclear chain reactions in the 1940s. In splitting atoms of uranium-235, we acquired the weaponry that catalysed the atomic arms race of the twentieth century. At the same time, we tapped a source of energy so plentiful that it could safely power our energy-hungry civilisation into the far future with little detriment to the natural environment. Uranium-235, more than any other atom, will decide whether or not we successfully renounce fossil fuels and decarbonise our energy systems.

The chart recorder continues to scroll.

The next beat appears at atomic mass number 238. It’s uranium-238, the most common form of uranium. It doesn’t sustain nuclear chain reactions, but it can be cultivated as a seed from which new types of nuclear fuel grow. Whilst uranium-235 could help us reach net zero by 2050, uranium-238 could power the world cleanly for a millennium.

Uranium-238 is also the heaviest atom to exist naturally on planet Earth. If this were an everyday material in a normal chemistry lab, the chart recorder would flatline here. But this sample is neither natural nor normal. Some of its atoms saw their origins inside a nuclear reactor.

The next beat on the chart recorder is at atomic mass number 239. It marks the presence of an atom that exists only because of our acquaintance with and profound understanding of the chemical world: plutonium-239.

Plutonium was the first human-made chemical element that we created in quantities large enough to see with the naked eye. Initially, we synthesised plutonium by the millionth of a gram on chemistry benchtops. In time, we forged many thousands of tonnes inside the cores of nuclear reactors. I’m measuring mere billionths of grams in the lab today, but the biggest civil plutonium stockpile in the world – containing hundreds of tonnes – lies at Sellafield, where I work. Synthetic elements in such profuse quantities make this site one of the most chemically exotic square miles on the planet.

To make plutonium, we transform the chemical building blocks of matter through nuclear reactions. We, humans, are not mere features in the chemical world; we are shapers of it. The existence of plutonium is so profound that geologists have proposed using its appearance on Earth in the 1940s to define the beginning of a new epoch: the Anthropocene. Geologically speaking, plutonium may come to define our planetary legacy.

Still onwards, the chart recorder scrolls.

The final traces reveal the rarer and heavier types of plutonium: plutonium-240, plutonium-241, and, finally, plutonium-242.

The penultimate beat, plutonium-241, draws my eye. Some of my colleagues recycle waste plutonium-241 for its radioactive progeny – americium-241 – to make nuclear space batteries. These batteries will someday power spacecraft across the solar system. They might even power human habitats on the Moon, or perhaps Mars. Astronomically speaking, plutonium may come to define our interplanetary legacy.

After plutonium-242, the chart recorder flatlines. This is as far up the periodic table as this sample goes. No heavier atom lies beyond.

I programme the mass spectrometer to measure the next batch of samples. I frisk the rest of my body and the underside of my shoes with the radiation probe, and I leave the lab satisfied. After passing through the security checkpoint guarding the lab entrance, and one last frisk, I head back to my office for a coffee.






Going Nuclear: An Introduction

It feels as though we’re in perpetual crisis, especially when it comes to what makes our world go round: energy.

Global warming intensifies as we burn more and more fossil fuels. Our culture is saturated by environmental anxiety. There is an overwhelming mood of foreboding, especially amongst young people. In their bid to renounce fossil fuels, governments are desperately seeking emissions-free sources of energy capable of growing economies and elevating living standards.

Causes for optimism seem scarce. But deep inside the atom, there lies a credible antidote to the despair: the nucleus. Brimming with energy like a candle in the dark, the nucleus could power the world securely, reliably, affordably, and – crucially – sustainably. With nuclear power, we can enjoy energy abundance and preserve the natural environment.

However, a landmark survey in 2023 quantified what has long been apparent: the most climate-concerned environmentalists are the least supportive of nuclear power. Campaign groups – including Greenpeace, Friends of the Earth, the World Wide Fund for Nature (WWF), 350.org, and the Sierra Club – all oppose nuclear power. And the general public is often suspicious. Opposition to emissions-free energy – at a time when we need it most – is one of the great contradictions of our age.1

In the pages that follow, I’ll show why this mistrust is misplaced, and how nuclear power is the only way we can decarbonise our world whilst sustaining economic growth, protecting the environment, and continuing the human progress that has characterised the past century. Splitting atoms of uranium inside nuclear reactors is our best shot at reaching net zero by 2050. Beyond the immediate and pressing energy transition, we’ll see how we can use nuclear science to recycle radioactive waste and alchemise the chemical elements that could power the world cleanly for a millennium.

We’ll discover that nuclear science has far more to offer the world than just (‘just’) clean power, too. We’ll meet the mavericks who use radiation to eradicate pests and the atomic gardeners who grow super-crops in gamma gardens. We’ll rifle through the radioactive chemistry set that scientists and physicians are turning into novel cures for cancer. We’ll encounter the forensic investigators who use nuclear science to solve crimes. And we’ll learn how nuclear power enabled us to explore the solar system, and how, soon, it will permit humanity to thrive on the surfaces of other worlds.

At the heart of Going Nuclear lies my belief that science and technology – implemented across the globe by our shared institutions – are two of our best tools for promoting human prosperity and protecting the natural world. I wrote these words in the hope they will inspire others to advance those causes, sustainably and responsibly, in a spirit of rational and daring optimism.






Chapter 1. Wresting Fire from the Gods


By convention sweet and by convention bitter;

by convention hot and by convention cold;

by convention colour;

but in reality, atoms and void.

– Democritus, c. 460–370 BC



Imagine we have a grape. Instead of crushing it into wine, we slice it in half with an impossibly sharp knife. Now imagine we take one of those halves and slice that in half, and again, and so on. After a dozen slices, we’d find ourselves with a piece of grape smaller than a grain of sand.

Now imagine we keep going. After a dozen more slices, our morsel would be the width of a human hair. Another dozen slices and it would be the size of a red blood cell. Seven slices more, and it would be the size of a bacterium.

If we persevered until we’d halved our grape 80 times, we’d encounter the smallest unit of ordinary matter from which our world is made. The ancient Greek philosopher Democritus would have named our impossibly small piece of grape ἄτομος – ‘atomos’ – meaning, appropriately enough, uncuttable. In his spirit, we’d call it by a similar name: an atom.

Atoms are tiny. If you scaled up a grape to the size of Earth, its atoms would be about grape-sized. This means there are a great many atoms in the smallest of things. In our grape, for instance, there are as many atoms as there are stars in the observable universe.

Democritus and his contemporaries had no way of knowing that atoms really existed. There was no physical proof that they did: they were the subject of philosophical musings, an inspired lucky guess. But over the past two centuries of scientific inquiry, we’ve got to know them well.

We know, for instance, that the atoms in our grape are encircled by fuzzy clouds of electrons – aptly so named because they’re electrically charged. These charged clouds give rise to the electrical force that binds atoms to one another and governs their interactions. The branch of science that describes and forecasts these electrical tempests is known as chemistry.

But suppose we thought our efforts unfinished. What would happen if we kept on slicing our grape? We’d find that Democritus, whilst brilliant, wasn’t quite right. Our atom, far from being ‘atomos’ – uncuttable – could be divided further. We would, perhaps inevitably, split it.

Deep within the electron cloud, we’d find a dense kernel of matter called the nucleus. It took us 80 slices to cut our grape down to the size of an atom; it would take another 45 to cut our atom down to the size of a nucleus, because the nucleus is 20,000 times smaller than the atom as a whole.

So, what would we find in the space between the electrons and the nucleus? We wouldn’t find air, because air is itself made from atoms. The answer is… nothing. Atoms, it turns out, are made mostly from empty space. The world is mostly void. It’s a thought that makes my mind explode.

Now, imagine that we continued slicing our grape, just a few more times. What then? We’d find our nucleus is composed of protons and neutrons. The branch of science that describes these subatomic particles and their interactions is called nuclear science. (We could go further and divide our protons and neutrons into quarks… but we have to stop somewhere.)

Like electrons, protons are charged. But whilst electrons are negatively charged, protons are positively charged. They say that opposites attract, and whilst that’s not necessarily true for humans, it is true for charges. Unlike charges attract; like charges repel. The electric forces between negative electrons and positive protons hold the two together.

Neutrons, as their name suggests, are electrically neutral. They carry no charge.

Slicing our nucleus into pieces would be tiresome work. Whilst electrical forces bind electrons to the nucleus, nuclear forces glue the nucleus itself together. And those nuclear forces are far stronger than their electrical counterparts. They’re mighty enough to overcome the mutual electric repulsion of the protons and keep the nucleus intact. Combined, these atomic forces make the world – mostly void – appear solid.

Atoms come in 118 chemical varieties called elements. Each element is defined by the number of protons in its nucleus, and chemists arrange them on the periodic table as such. For instance: hydrogen, element number 1, always has 1 proton in its nucleus, and so occupies the 1st tile; platinum, element number 78, always has 78 protons in its nucleus, and so occupies the 78th tile; and so on.

The Nobel Prize-winning physicist Ernest Rutherford reportedly once quipped that ‘all science other than physics is stamp collecting’. Well, if that’s true, the periodic table is humanity’s finest stamp collection.

[image: A periodic table of elements displaying all known chemical elements arranged by atomic number, groups, and periods.]
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On Earth, there are 88 naturally occurring elements.I Our grape was made mostly from half a dozen: hydrogen, carbon, nitrogen, and oxygen, and a dash of potassium, calcium, and a few other metals. Air is a mixture comprised chiefly of three: nitrogen, oxygen, and argon. Water is a concoction of just two: hydrogen and oxygen. Diamond is a crystal of only one: carbon.

The other 30 elements on the periodic table do not exist naturally. These are the synthetic elements, which only exist because we, humans, made them by either sticking existing nuclei together or pulling them apart.

Now, as much as I delight in the periodic table, it has a major shortcoming. It only tells half the story, because it fails to consider neutrons.

Neutrons have almost the same mass as protons (they’re a paltry 0.1 per cent heavier), and by varying the number of them in an atom’s nucleus, the mass of the atom changes. We call atoms of the same element with different numbers of neutrons isotopes.

The word ‘isotope’ is another nod to Democritus: it comes from the ancient Greek ἴσος – ‘isos’ – meaning same, and τόπος – ‘topos’ – meaning place. Isotopes occupy the same place on the periodic table because they’re the same element. They differ only in how heavy they are.

There are 118 elements, but there are thousands of isotopes. Carbon, for instance, has three: ‘carbon-12’, ‘carbon-13’, and ‘carbon-14’.II Every atom of carbon, by definition, has 6 protons, but its isotopes have different numbers of neutrons. The number following the element name – the atom’s mass number – is simply the sum of the protons and the neutrons. Carbon-12 atoms, therefore, have 6 protons and 6 neutrons; carbon-13 atoms have 6 protons and 7 neutrons; and carbon-14 atoms have 6 protons and 8 neutrons.

Given their electrical neutrality, neutrons have no bearing on the chemical character of an atom. Different isotopes of an element are doppelgängers with identical chemical properties, which is why chemists normally get by without giving them much heed.

But not so in nuclear science. Neutrons are of paramount importance, because they affect the nuclear character of an atom. Isotopes of the same element often have different nuclear properties, amongst them the ability to radioactively disintegrate or split in two and release tremendous amounts of energy.

And after pondering these things, we mustn’t forget to reassemble our nucleus, put our atoms back together, and rebuild our grape. Then, we’ll have earned our wine.


A cloudy week in Paris

MONDAY, 24 FEBRUARY 1896

Parisian physicist Henri Becquerel is experimenting with the uranium – element number 92 – that he inherited from his father. He’s using it to better understand phosphorescence, a curious phenomenon where a substance apparently ‘charges up’ in sunlight and slowly radiates its energy as an eerie afterglow.

Becquerel’s experiment is simple: he wraps a photographic plate in thick paper, sprinkles the uranium on top, and basks it in sunshine for a few hours. The thick paper stops the sunlight reaching the plate, but when he develops the photograph, the ghostly image of the uranium appears. The uranium atoms seem to absorb energy from the Sun and re-emit the rays with enough vibrance to shine through the opaque paper. How peculiar.1

Two days later, Becquerel prepares a second experiment. He wraps another photographic plate in thick paper, sprinkles more uranium on top, and basks it in… but no. It’s cloudy. With no sunlight to ‘charge up’ his uranium, he terminates the experiment. Defeated, he stows the photographic paper – uranium and all – in the darkness of his bureau drawer for a sunny day.

The clouds above Paris do not lift for the rest of the week. Thursday… grey. Friday… still grey. Saturday is no better.

By Sunday, Becquerel’s patience is strained. He retrieves the experiment from his drawer and develops the photograph anyway. He expects to see nothing. But there, as clear as if he’d left it out in bright sunshine, he sees the ghostly image of the uranium.2 How can this be? Where have the rays come from if the uranium had been kept in the dark?

The answer is inescapable: uranium atoms do not get their energy from the Sun. Their energy was there all along. It’s inherent in the uranium itself, and it has enough vigour to shine through thick paper and fog photographic plates. News of the discovery galvanises the scientific community.

Two years after Becquerel’s discovery, German chemist Gerhard Carl Schmidt and Polish-French chemist Marie Curie each independently find another element that does the same thing: thorium (element number 90).3 Thorium, like uranium, radiates energy into its surroundings without external stimulus. So extraordinary is this phenomenon that no word exists to describe it. Curie coins one: radioactivity.

Within 2 years, Marie Curie and her husband, Pierre, discover two more radioactive elements. They name one (element number 84) polonium after Marie’s homeland, Poland. The other (element number 88) is so radioactive that it glows in the dark, so they name it radium after the Latin radius, meaning ‘ray of light’. In 1903, they become the first married couple to win a Nobel Prize in Physics, sharing it with Becquerel.

In 1911, Marie Curie would win a second Nobel Prize – this time in Chemistry – for the discovery of polonium and radium. (Pierre died tragically in 1906 after a horse-drawn carriage ran him over, and the Nobel Committee doesn’t award prizes posthumously.) She remains the only person to win a Nobel Prize in two separate sciences. Little did she know that they would kickstart a scientific revolution that would turn our understanding of material reality on its head.





Easy as α, β, γ


We know today that radioactivity comes in different varieties. The most common types by far are the ones I encounter the most in my lab: alpha, beta, and gamma radiation, named with another nod to Democritus according to how easily they pass through matter.

Different radioactive elements – or, more precisely, different radioactive isotopes – emit distinct types of radiation. All naturally occurring isotopes of uranium, for instance, emit alpha radiation. So do the Curies’ polonium and radium. On the other hand, naturally occurring potassium-40 – which comprises 1 in every 10,000 of all potassium atoms on Earth4 – emits beta and gamma radiation. Grapes, and anything else that contains potassium, such as bananas, potatoes, and building materials, are therefore slightly radioactive.

Atoms that radioactively decay have too many or too few neutrons in their nuclei. They are off-kilter. They radiate energy spontaneously through radioactive decay to regain balance. This radiation, like atomic-scale artillery, carries with it enormous energy.

But it turns out that alpha and beta radiation aren’t ‘rays’ at all. They’re particles, small fragments of atoms.

Alpha particles are hefty and energetic. They’re bulky clusters comprising a pair of protons and a pair of neutrons stuck together. This means alpha particles are actually helium nuclei, lacking only the accompanying electrons that would make them fully fledged atoms. They’re fired like cannonballs from their parent nuclei at more than 30 million miles per hour, and they transmit their energy into their surroundings when they collide with other atoms.

Alpha decay fundamentally changes an atom’s nature. The parent atom loses 2 protons and 2 neutrons; this means its mass number decreases by 4. But crucially, by losing the pair of protons, its element number decreases by 2. This means it becomes a new element. Radioactive atoms naturally transform from one element into another, without any human intervention. Upon firing out an alpha particle, the parent atom moves 2 spaces down the periodic table. When uranium (element number 92) alpha decays, it becomes thorium (element number 90); when thorium alpha decays, it becomes radium (element number 88); when radium alpha decays, it becomes radon (element number 86); and so on. The cascade continues down a long chain, from one radioactive isotope to another. Eventually, a non-radioactive isotope is encountered, at which point the cascade stops. In the case of uranium, the chain cascades all the way to element number 82, lead.

The spontaneous transformation of one element to another adds a layer of complexity to working in a nuclear lab. My labmates and I are mindful that our samples change their chemical nature continuously; what we put on the shelf today won’t be the same tomorrow.

Since they’re so burly, alpha particles don’t travel far before coming to a halt. They crash into other atoms and lose their energy quickly. A thin sheet of paper blocks them easily. So does the top layer of your skin. Even a finger’s width of air is enough to stop an intense stream of alpha particles dead in its tracks.

Beta particles, on the other hand, are zippy and weigh very little. They’re not clusters of protons and neutrons but nimble electrons, more bullet-like than their cannonball cousins. They approach light speed, dissipating their energy far and wide as they jostle past the atoms in their surroundings. Beta particles can traverse several metres of air, and a thick layer of plastic or a thin sheet of metal is required to stop them.

Like alpha decay, beta decay changes the parent atom’s nature. One of its neutrons turns into a proton; this means the atom’s mass number stays the same, but its element number increases by 1. Thus, as with alpha decay, it becomes a new element. Upon firing out a beta particle, the parent atom moves 1 space up the periodic table. When radioactive potassium (element number 19) beta decays, it becomes calcium (element number 20); when radioactive carbon (element number 6) beta decays, it becomes nitrogen (element number 7); and so on.III

Gamma radiation is the oddity of the trio. It is made from rays, not particles. Gamma rays are individual flashes of light, albeit light that lies so far along the electromagnetic spectrum that it’s invisible to our eyes. They travel at light speed and carry tremendous energy, and they’re stopped only by a head-on collision with the nucleus of an atom. As atoms are mostly void, gamma rays shine through matter with ease. To block them, you need something like a thick wall of lead or dense concrete. Sheldon Allman got it right in his 1960 sci-folk number ‘Radioactive Mama’: Well, your kisses do things to me in oh so many ways, I feel them going through me, all those gamma gamma rays. Gamma decay does not change the parent atom’s nature. Rather, the atom simply rids itself of excess energy.

Occasionally, I switch on my radiation probe and it erupts into a chorus of click click clicks because of beta and gamma radiation coming from a sample a few feet away. One time, a sample on the other side of the lab sent my radiation probe into a frantic clatter. I raised an eyebrow at my labmate. ‘Yeah, that’s a spicy one,’ he said. At the levels in our labs, though, the exposure is harmless. Besides, we do a good job of blocking beta particles with sheets of aluminium. And when it comes to gamma rays, they’re no match for the lead bricks we stack around the samples.




Alchemy

Anybody who has attempted to cut a single atom from a grape will have learned quickly that you cannot get inside atoms using ordinary means, because ordinary things – like knives – are themselves made from atoms. Extraordinary insights require extraordinary tools: radiation.

Kiwi physicist Sir Ernest Rutherford is remembered by history as ‘the father of nuclear physics’, even though, ironically, he won the 1908 Nobel Prize in Chemistry. He discovered the atomic nucleus, indulged in a spot of stamp collecting by adding the 86th tile to the periodic table (radon), and classified Becquerel’s radioactivity into alpha particles, beta particles, and gamma rays. He also derived the mathematical underpinnings of radioactive decay.

In 1919, Rutherford began shelling nitrogen atoms with alpha particles. He observed something bizarre. Occasionally, an alpha particle would smash into the nucleus of a nitrogen atom, and when it did, it broke the nuclear forces glueing the nitrogen nucleus together. Small pieces were blasted away by the collision. Rutherford named his atomic fragments protons, thus adding the proton to his already impressive repertoire of discoveries.5 By smashing protons out of nitrogen nuclei, Rutherford hadn’t quite split the atom, but he had knocked a chip off the old block.

But what became of his alpha particles after their head-on collision? It took British experimental physicist Patrick Blackett 6 years to uncover the answer.

In 1925, Blackett followed Rutherford in firing alpha particles at nitrogen atoms. (He would win the 1948 Nobel Prize in Physics.) Blackett found that his alpha particles didn’t just ricochet off the nuclei after the collisions. They merged with them.6

Nitrogen is element number 7. Merging it with an alpha particle adds 2 more protons; losing a proton in the blast takes 1 away. That makes 7, plus 2, minus 1. It wasn’t element number 7 anymore. It was element number 8, oxygen.

[image: An illustration showing a nuclear reaction where an alpha particle interacts with nitrogen, producing oxygen and a proton.]
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By transforming nitrogen into oxygen, Rutherford and Blackett had changed the fundamental nature of an atom at will. They had sparked the first human-made nuclear reactions, achieving the seemingly impossible and fulfilling the alchemist’s dream of turning one element into another, albeit they hadn’t quite transformed dull lead into glittering gold.

That’s what makes nuclear reactions profoundly different to chemical reactions. In chemical reactions – burning methane gas, for example – the atoms are simply reshuffled into new configurations; the carbon and hydrogen in methane (CH4) react with oxygen (O2) in air to make carbon dioxide (CO2) and water (H2O). The atoms before are the same as the atoms after. They’re in a different order, but they themselves don’t change.

In nuclear reactions, though, the atoms aren’t merely reshuffled. The atoms change.




Atom splitting

Firing alpha particles at atomic nuclei is tricky business. They’re both positively charged, and their mutual repulsion intensifies as the alpha particle approaches. The electrical force field surrounding the nucleus deflects alpha particles off-course. Most swerve and miss entirely, and the repulsion is so strong that some do a complete 180 and hurtle back whence they came. Only occasionally does one strike the dense nucleic kernel head-on and spark a nuclear reaction.

But there’s an easier way to get inside atoms: by firing neutrons at them. In their neutrality, neutrons sail towards charged nuclei unperturbed by electrical forces. This is exactly what Italian physicist Enrico Fermi started doing in 1934. Fermi and his colleagues at the University of Rome fired neutrons at atoms in the hope of making new elements, but their target wasn’t nitrogen. It was uranium, right at the other end of the periodic table.

Uranium naturally radiates alpha particles. After Fermi bombarded his uranium with neutrons, he found that it fired out beta radiation, too. This meant that his sample was no longer just uranium, proving that he’d sparked a nuclear reaction and created a new isotope. But which element was it? Painstaking tests failed to pin it down. No other element on the periodic table in the vicinity of uranium matched the chemistry he saw.7

Moreover, the properties of the beta radiation indicated the presence of more than one new isotope. Fermi and his colleagues hadn’t created a new isotope; they’d created new isotopes, plural. They were dumbfounded.

Four years later, German chemists Otto Hahn and Fritz Strassmann repeated Fermi’s experiments at the University of Berlin. They, too, found a medley of radioactive isotopes in their uranium after they’d bombarded it with neutrons.

They identified one as barium. Barium ! Uranium is element number 92; barium is element number 56. That’s a difference of 36 protons! At the time, it was thought impossible to knock more than a couple at a time out of an atom’s nucleus because the nuclear forces glueing them together are so strong. How had they managed to knock out 36? It made no sense. Their disbelief is stark in the paper they submitted to Naturwissenschaften on 22 December 1938:


… we cannot bring ourselves yet to take such a drastic step which goes against all previous experience in nuclear physics. There could perhaps be a series of unusual coincidences which has given us false indications.8



At a loss as to how they’d made barium, they sought help from their friend and colleague Lise Meitner.

Meitner became professor of physics at the University of Berlin in 1926. She fired neutrons at uranium alongside Hahn and Strassmann until Adolf Hitler’s troops poured into Austria and annexed it in 1938. Meitner, who was Austrian-born with Jewish ancestry, lost the protection of her Austrian citizenship. With the help of Hahn in July 1938, she sneaked over the German border into the Netherlands as a refugee.9

Meitner and her physicist nephew, Otto Frisch, spent the Christmas period of 1938 fixated on the seemingly impossible barium. By the time Hahn and Strassmann’s paper was printed on 6 January, Meitner and Frisch had solved the problem. The answer hit them like an apple falling from a tree.

Just as opposite charges attract, like charges repel. The electrical forces of repulsion between the protons in an atom’s nucleus relentlessly try to blow it to pieces. But attractive nuclear forces are far stronger than electrical forces. They triumph over the protests of the mutually repulsive protons, thereby holding the nucleus together.

However, nuclear forces only work over short distances. You can think of them like glue: the protons and neutrons have to practically touch for them to stick together. Electrical forces, on the other hand, work over large distances: you can think of them as magnets that push and pull, despite being separated spatially.

Meitner and Frisch visualised the uranium nucleus not as a solid sphere, but as a liquid drop. The nuclear droplet, perturbed by a striking neutron, starts to wobble. In one of its fluctuations, the nucleus becomes elongated. This marks the point of no return: the two ends of the elongated droplet are too far apart for nuclear forces to pull them back together; repulsive electrical forces get the upper hand and push them even further apart. The protons and neutrons at each end of the stretched-out nuclear droplet, however, are pulled together into round bulbs by attractive nuclear forces. The nucleus begins to resemble a dumb-bell. The two bulbs repel each other further still. The thread joining them becomes thinner, and thinner, and thinner, and then… snap.

The uranium nucleus splits in two.

A pair of smaller nuclei appears in place of uranium. The fragments, each carrying a share of the uranium’s protons, occupy entirely different parts of the periodic table. The uranium doesn’t split in half, exactly; it’s an asymmetric split. One of them might be barium (atomic number 56), for example, in which case the other would be krypton (atomic number 36).IV The barium–krypton duo is just one of many possible pairs.

Hahn and Strassmann used neutrons to split the atom. Meitner and Frisch worked out how, and for the first time used a name to describe it: nuclear fission.10

[image: A diagram illustrating the nuclear fission process of a uranium nucleus after being struck by a neutron.]
A uranium nucleus splits – or fissions – into two smaller nuclei after being hit by a neutron. Description 4






E = mc2


Recalling the moment he and Meitner had their epiphany, Frisch said, ‘Then Lise Meitner was pursuing a separate trend of thought, and was saying that if you really do form two such fragments, they would be pushed apart with great energy.’11 Meitner was right. After a nucleus splits, the pair of fission fragments are too far apart to feel the pull of attractive nuclear forces, but they’re plenty close enough to feel the mutual push of repulsive electrical forces. Propelled by their like charges, the two rocket away from each other at some 8,000 miles per second. It would take about a minute to fly to the Moon and back at that speed.

For her contributions to our early understanding of fission, element number 109 – meitnerium – was named in Meitner’s honour. But where does this energy come from? Albert Einstein – whose name was bestowed on element number 99, einsteinium – explains.

Imagine for a moment a vintage set of weighing scales. With impossibly steady hands, we place a single atom of uranium on one of the pans. On the other pan, we place a pair of fission fragments.

With bated breath, we watch as the balance tips slowly in favour of the uranium. A uranium atom, it turns out, is heavier than the fragments it splits into. It loses mass when it fissions.

But where does this missing mass go? Einstein’s famous equation – E = mc2 – tells us that mass (m, in kilograms) can be converted into energy (E, in joules) and vice versa. The exchange rate, c2, is the square of the speed of light (in metres per second). Our missing mass wouldn’t be ‘missing’ at all. It would just have been converted into energy.

Upon scrutinising our vintage scales, we’d find the difference in mass would be something like 0.0000000000000000000000000004 kilograms (27 zeroes). That’s not a lot of mass. But in E = mc2, we get an enormous amount of E from a tiny amount of m, because the numerical value of our c2 exchange rate is absolutely enormous: 89,875,517,873,681,764.

Plugging our m and c2 into Einstein’s equation yields an E of 0.00000000003 joules (ten zeroes). It’s easy to lose yourself in absurd numbers of zeroes, and so we express this burst of energy in units of electron-volts, in which case it conveniently becomes 200 million.12 That’s not a lot of energy per se – it’s 3,000 times less energy than is carried by a single mosquito in flight – but it is an astronomical amount of energy for a single atom. And there are 2,500,000,000,000,000,000,000 atoms in a single gram of uranium.

By pale comparison, chemical reactions – like burning coal and gas – typically release a couple of electron-volts per atom.

There’s as much nuclear energy in a gram of uranium as there is chemical energy in more than a tonne of coal. Put another way: if you powered a typical lightbulb using 1 gram of coal, you’d have less than 15 minutes of light; if you made full use of 1 gram of uranium, you’d have light for 30 years.13 Nuclear fuel, when compared to chemical fuel, is in a class of its own.




Chain reactions

Fission fragments aren’t the only things blasted away when uranium atoms split in two. Neutrons, too, usually in pairs or triplets, are expelled. And in the presence of other uranium atoms, loose neutrons are like flint-sparks in a haystack.

When a neutron spark collides with another uranium atom, it ignites another fission reaction. This generates more neutron sparks. Then those neutron sparks ignite fission in other uranium atoms, thus creating more neutron sparks. This loop of positive feedback gives rise to a fission chain reaction that, once caught, sustains itself. One fission quickly becomes many.

[image: Diagram of a nuclear fission chain reaction showing a neutron splitting a nucleus into fission fragments and releasing energy and more neutrons.]
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An important number used to describe this neutron propagation is the k-value: the average number of neutrons from a fission that will spark another. The numerical value of k dictates whether a chain reaction will go out with a whimper or off with a bang, or burn along steadily.

Some neutron sparks are absorbed by other atoms. Some miss other uranium atoms entirely. If enough of them meet either of these fates, then k is less than 1, and our chain reaction is sub-critical.

Chain reactions where k is greater than 1 are governed by the mathematics of exponential growth. Each fission will spark more than one subsequent split. Tiny numbers of fissions become many in a small number of links, and our chain reaction is super-critical.

[image: A plot showing the number of neutron sparks over time for sub-critical, critical, and super-critical states.]
Neutron curves for different k-values. Description 6



To illustrate the power of exponential growth, say k equals 2 (the number of links doubles every time). The number of fissions escalates quickly out of control: 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2056…

After 20 links, there are more than a million fissions; after 40 links, there are more than a trillion. After 266 links, you’d run out of atoms in the observable universe. What begins as a single neutron spark can surge into a firestorm.

If our k-value is equal to 1, then our chain reaction is in the Goldilocks zone. Each fission sparks one other on average. In this steady state, our chain reaction is critical.




The A-bomb

It dawned on physicists that if they sparked a super-critical nuclear chain reaction, E = mc2 and the mathematics of exponential growth would liberate vast amounts of energy rapidly. Devices that liberate energy rapidly are known as ‘bombs’.

A bomb that derived its explosive power from nuclear fission would be a new type of weapon. It would be an atomic bomb. Such a device had never been seen in the arsenal of any nation. Conventional bombs, which derive their energy from chemical reactions, would detonate with mere whispers by comparison.

With the eve of World War II darkening the skies of Europe, the thought frightened physicists. In the summer of 1939, a letter appeared on United States President Franklin D. Roosevelt’s desk, penned by Einstein and fellow physicist Leo Szilárd, with a grim warning:


… it may become possible to set up a nuclear chain reaction in a large mass of uranium, by which vast amounts of power and large quantities of new radium-like elements would be generated.14



It wasn’t a huge conceptual leap from the idea of chain reaction to the atomic bomb:


… and it is conceivable… that extremely powerful bombs of a new type may thus be constructed.



It was possible in principle. Why not in practice? Alarmed, Roosevelt set up a committee tasked with studying the nuclear characteristics of uranium. If such a device could be constructed, it was vital that Nazi Germany didn’t build one first. This committee, in time, morphed into the Manhattan Project.15

But in 1939, only tiny numbers of atoms had been split in carefully controlled benchtop chemistry experiments. Scaling up the experiment to spark full-blown chain reactions where k exceeded 1 was purely hypothetical. This is where Italian physicist Enrico Fermi re-enters our story.




Super-criticality

Fermi was awarded the Nobel Prize in Physics in 1938 for his work on bombarding uranium with neutrons. He attended the award ceremony in Stockholm in mid-December and used the trip as his chance to flee Benito Mussolini’s increasingly antisemitic and Nazi-allied Italy; his wife, Laura, was Jewish. With his family, he took refuge in the USA, arriving mere weeks before the discovery of fission broke in the scientific press.16 At his new posting at the University of Chicago, Fermi would lead the effort to spark nuclear chain reactions in the world’s first nuclear reactor.

But Fermi had a problem: neutrons are born fast. When uranium nuclei burst apart, the neutrons stream outwards at 12,000 miles per second, fast enough to circumnavigate the Earth in 2 seconds.17 At such breakneck speeds, they tend to sail right past their targets. They’re like bullets whizzing past a scattering of fridge magnets, not feeling the slightest pull. Only a tiny fraction end up engaging in nuclear fission, and the chain reaction fizzles towards sub-criticality.

To increase the chance a neutron will collide and interact with a nucleus, it must be slowed down, or moderated. A slightly slower neutron can be drawn in by nuclear forces. This puts us in the counterintuitive situation where the slower a neutron travels, the more likely it is to cause fission. Slow neutrons yield chain reactions with more vigour.

To slow down his speeding neutrons, Fermi passed them through the mineral form of carbon: graphite. It was cheap, it was easy to get hold of, and it could be purified in huge quantities.

In the end, Fermi’s reactor comprised 350 tonnes of graphite and 36 tonnes of uranium. More graphite meant more slow neutrons; more uranium meant more targets for those neutrons. The only place big enough for the contraption was the old squash court beneath the spectator stands of the university’s football pitch.18

Construction of the reactor began on 6 November 1942. Fermi and his fellow scientists laboured around the clock. And it was gruelling work. Each slippery graphite block weighed 10 kilograms, and there were thousands of them. They were hand-cut and heaved, one on top of the other, into the intricate lattice prescribed by Fermi. The most efficient overall shape of the final structure was determined to be a sphere, and the scientists approximated it as best they could with their large, angular building blocks.

The reactor went in alternating layers: a layer of just graphite, followed by two layers of graphite interspersed with slugs of uranium. Fermi calculated the reactor would go super-critical once the 57th layer had been laid.19

As the reactor grew, so too did the wooden scaffold that supported it. The whole thing looked – and I don’t mean this disparagingly – homemade. But in a sense, it was homemade. It was brand-new technology constructed using nascent knowledge. They were writing the manual as they went.

There was also safety to consider. What if the chain reaction escalated out of control? Fermi, as always, had a plan.

Elements that absorb neutrons without fissioning are called neutron poisons. They eliminate neutrons from the chain reaction, thus severing links and depressing k. That’s undesirable when you want your reactor to go critical; nuclear scientists to this day work hard to eliminate neutron poisons from their reactor materials. But it’s a good thing if you want to intentionally absorb neutrons. If poisons are slid into a reactor, k plummets and the reactor is scrammed.

Fermi used cadmium as his neutron poison. It wasn’t engineered into the precision rods you’d find in a modern nuclear reactor, though. It was nailed, in sheets, to 12-foot-long planks of wood. The poison planks were pushed by hand into slots running horizontally through gaps in the graphite blocks to control the flow of neutrons. It was rustic… but it worked.

There were also slots running vertically through the reactor. Poison planks, suspended by rope, would automatically drop should the neutron flux climb too high, and scram the reactor.

As a back-up to the automatic scram, physicist Norman Hilberry was given an axe. He later recalled, ‘I was ushered to the balcony rail, handed a well sharpened fireman’s axe, and told that was it, “if the safety rods fail to operate, cut that rope.”’20

And as a back-up to the axe-man-back-up, a three-person ‘Suicide Squad’ was assembled. It was their job to stand on top of the reactor with buckets of cadmium solution, ready to douse the reactor and snuff it out should all other scram mechanisms fail. The leader of the squad, physicist Samuel Allison, later insisted that it was his brawn, not his brain, that qualified him for this ultimate last-ditch failsafe.21

On the chilly night of 1 December, the 57th layer of graphite was laid. Fermi stood before his masterpiece. The blocky graphite spheroid – radiant black, 6 metres pole to pole and almost 8 metres wide at the equator – loomed over him.

[image: A black-and-white illustration depicting a group of people observing a scientific experiment involving a large, layered structure in a room.]
2 December 1942. Fermi and his colleagues watch Chicago Pile-1 – the world’s first nuclear reactor – go critical at the inauguration of the Atomic Age. You can see the Suicide Squad atop the reactor. Image courtesy of US National Archives and Records Administration/Science Photo Library. Description 7



The next morning, Fermi and 48 of his colleagues gathered on the squash court balcony.22 This was it. A journey that began 46 years previously when Becquerel discovered radioactivity beneath cloudy Parisian skies was about to culminate in the dawn of a new age.

Fermi ordered the host of electrically operated poison planks to be withdrawn from the reactor. The click, click, clicking of the neutron counters became a little twitchier. But k was less than 1. It wasn’t critical.

Then Fermi ordered that the penultimate poison plank – nicknamed ‘Zip’ – be retracted. Hilberry stood by the rope that hoisted it out, axe in hand, just in case. The neutron counters began clicking as a swarm. The only thing standing in the way of criticality was the final plank. Femi directed 35-year-old physicist George Weil to slide it out of the reactor, inch by inch.

‘Pull it to 13 feet, George.’

For 5 strained hours, Weil withdrew the final plank further and further. Each time, k inched towards 1. The clicking became more frenzied. Fermi’s eyes darted from one dial to another, his brain whirring as his fingers worked his ivory slide rule. With each nudge of the plank, he checked the neutron flux against his calculations. Everything was going exactly as he’d predicted.

‘Move it 6 inches,’ Fermi called from the balcony. Each time, Weil obliged.

And then, the final command. ‘Pull it out another foot.’

The reactor flickered to life. The feverish clicking of the neutrons blurred into a cccccccc. The chain reaction was self-sustaining; k equals 1.0006. Super-criticality. ‘The pile has gone critical,’ Fermi announced through a grin. It was 15:49 on Wednesday, 2 December, 1942.23 Dawn broke over the Atomic Age.

The enormous reactor was generating half a watt of power, barely enough to flicker a lightbulb. No fuses blew, no wires sparked – it was unspectacular. But k exceeded 1. Left uncontrolled, things would become spectacular, in all the wrong ways. After 90 minutes, the reactor would climb to 1 billion watts, killing everybody in the room and melting the pile through the squash court floor.

But Fermi shut it off after 4 minutes. ‘Okay – Zip in!’ The poison plank severed the chain reaction. Scram. It was all over. (Neither axe-man nor Suicide Squad were needed.)

The first controlled release of nuclear energy was an epoch-defining moment for humanity. Fermi and his colleagues marked the occasion by quietly drinking Chianti from paper cups. They had earned their wine.



Prometheus wrested fire from the Olympian Gods and gave it to humankind. With it, we swiftly learned how to kindle brilliance and ignite terror. We use fire to shine light into darkness, abate the cold, and accrue material wealth. We also use it to burn books and raze buildings. The choice of what to do with fire always was, and will forever be, ours.

The moment Fermi’s reactor went critical, we wielded a new type of fire. As the fire of old before it, the flame of nuclear fission brought us to the forked road of promise and peril.

One path is paved with energy abundance and leads to a long future of human flourishing. Nuclear energy, in its potency and profusion, could power our world peacefully and perpetually with little environmental desecration. The other path, cast in the shadows of mushroom clouds, leads to oblivion. When the reactor in Chicago went critical, Szilárd shook hands with Fermi and, tormented by thoughts of the atomic bomb, lamented, ‘This day will go down as a black day in the history of mankind.’24

I think Szilárd was unduly pessimistic.

Humans are curious and inventive. Seeing what things do is part of our nature. Sustaining chain reactions that release vast amounts of energy just happens to be something that certain types of atoms do. Our discovery of nuclear fission was as inevitable as our discovery of fire. It just so happened that nuclear physics reached the brink of Promethean knowledge as war broke out in Europe.

Thus, atomic bombs and nuclear reactors became entwined in the public consciousness. But whilst they’re built on the same fundamental physics, atomic bombs and nuclear reactors are not the same thing; comparing the two is like comparing a high explosive with a tealight candle. Bombs release as much energy as possible as quickly as possible in uncontrolled chain reactions. Nuclear reactors do the opposite: they release energy slowly, in carefully orchestrated chain reactions, to generate the energy on which peaceful civilisation depends.




	
I. The sticklers will remind me that there are actually more like 94, but I’m ignoring six: technetium (element 43), promethium (element 61), astatine (element 85), francium (element 87), neptunium (element 93), and plutonium (element 94). They exist in such minute quantities that whilst they technically exist, they practically do not.

	
II. The same sticklers will remind me that there are more than three isotopes of carbon. But I’m ignoring all but three, because they’re the only ones that occur naturally on Earth.

	
III. There’s a rare type of beta decay called beta-plus decay whereby a proton turns into a neutron. This releases a positron (the anti-matter counterpart to the electron) and moves the element 1 space down the periodic table.

	
IV. The element numbers of the fragments must add up to the element number of uranium (92).








Chapter 2. How Nuclear Power Works


It’s a hell of a way to boil water.

– Karl Grossman, author, 1980



Our relationship with energy is a defining feature of our species. No other animal has become acquainted with so many of its guises or acquired need for it in such vast quantities. Nor has any other species uncovered the physical laws that govern how it flows from place to place, making the world whirr as it goes. The long arc of human history is characterised in part by the ways we harvest energy and how we use it.

There was a time when, fuelled only by food, we relied solely on the power of our own bodies to get by. That all changed some 1 million years ago when our pre-human ancestors untapped a new source: the chemical energy stored in wood, extracted from dead trees by kindling them to flame.1 Our forebears used this energy to make their lives a little better. They cooked food, told stories by dancing firelight, and kept the cold at bay.

When we traded the hunter-gatherer lifestyle for farming some 10,000 years ago, our demand for energy went up a notch. Our blistered hands and aching bodies could not meet the demands of agriculture, and so we began extracting energy from beasts of burden. We enlisted oxen to tow our ploughs, donkeys to turn our millstones, and horses to haul our carriages.

In time, we learned to draw energy from new places. We added waterwheels to our repertoire during the first century AD, and we began harnessing wind to turn our millstones in the tenth.2 We started using fire in new ways, too, such as for baking ceramics from clay and smelting metal from ore.

Wood, animals, water, and wind remained our primary sources of energy for almost a thousand years. During that time, we sustained but a small global population tormented by low life expectancies, devastating infant mortality rates, and hand-to-mouth living. But everything changed when we discovered the potency of fossil fuels: coal, oil, and gas.

In the eighteenth century, the United Kingdom set a new precedent. It transitioned from an economy sustained by agriculture to one forged by industry. Machines replaced hands in the making of things. Trains and barges replaced horses in the hauling of goods. Engines replaced water and wind in the turning of wheels. Production lines replaced cottage industries, and people left the field in favour of the factory. Coal enabled this transformation.

Using fossil energy, society became more productive and standards of living increased. Goods became cheaper, labour went further, and people became wealthier.

By the turn of the nineteenth century, we were piping gas into urban areas. Our invention of the internal combustion engine and the availability of affordable cars required copious amounts of oil, sending our already high energy demands into the stratosphere.

Other nations transitioned from agrarian societies to industrial powerhouses, too, first in the West and increasingly in the rest of the world. Today, we consume 3,100 per cent more energy than we did at the beginning of the nineteenth century. We consume more and more each year.3

By learning to harvest massive amounts of energy, we inaugurated the modern world: an increasingly technological civilisation – 8 billion people strong – with a rapidly improving quality of life practically everywhere. In the past century, we hauled billions of people out of extreme poverty, more than doubled the average human lifespan, and reduced child mortality from more than 1 in 3 to less than 1 in 23. Since the dawn of the new millennium, over 2 billion people have gained access to clean drinking water, 4.3 billion have connected to the internet, and the average person has become 50 per cent wealthier. Never in human history has there been such a rapid betterment of living standards as in our present epoch. There have been blips and bumps along the way – and those gains aren’t felt everywhere all the time – but the clear direction humanity as a whole is heading in is ‘up’.5

[image: A plot showing global energy consumption by source from 1800 to 2020, with fossil fuels dominating in recent decades.]
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And none of it would have been possible without energy abundance. Energy use and national wealth are tightly correlated. Developed nations with low energy needs do not exist. Human progress and energy consumption are lines drawn in parallel:6

[image: A scatter plot showing the relationship between G D P (Gross Domestic Product) per person and energy consumption per person for various countries.]
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Making as much energy as possible available to as many people as possible ought to be our collective goal. In serving that goal, we must also inflict the minimum harm necessary on human health and the natural environment. Striving to meet these ideals is essential and ethical, and represents one of the biggest challenges of the twenty-first century.


A friend with many faces

Of energy’s various forms – heat, light, motion, sound – there is one that stands in distinction: electricity. Its versatility is unmatched. It conditions the air temperature of hospitals, homes, and offices. It chills food in fridges and roasts it in ovens. It illuminates rooms, animates machines, and powers production lines. It turns the wheels of cars and buses, and conjures music from speakers and headphones. It beams information through our global communications systems and transmits our voices through telephones.

More people plug into the grid all the time. A quarter of a century ago, fewer than 4.5 billion people enjoyed access to electricity; that number has since risen to 7.3 billion, encompassing 91 per cent of the world’s population. Hannah Ritchie, Pablo Rosado, and Max Roser from Our World in Data point out that every day since the dawn of the new millennium, more than 300,000 people on average gained access to electricity for the first time. Every. Single. Day.7

The world’s annual electricity generation has tripled since the mid-1980s. Today, we generate nearly three-quarters of it in power stations by a straightforward process: we draw heat from fuel, the heat boils water to steam, and the steam drives an electricity turbine.8 We have two choices as to how we kindle that heat: extracting chemical energy from fossil fuels or nuclear energy from fissile fuels.

Fossil fuels dominate the global electricity supply. As a share of total electricity generation, they’ve never dropped below 60 per cent. Whilst this electricity helps economies flourish, it comes at a terrible health and environmental cost: the emissions released as a by-product of burning fossil fuels cause the climate to change, the oceans to acidify, and the air to become polluted.9

As an alternative to setting fossil fuels on fire, we can draw heat from fissile fuels by sending them critical. In stark contrast to their fossiliferous counterparts, fissile fuels don’t emit air pollution. Climate-warming and ocean-acidifying gases such as carbon dioxide – and lung-blackening soot – literally do not enter the nuclear equation. This makes nuclear energy a fount of the emissions-free electricity that we so desperately need.




Atoms for Peace

Nuclear science advanced quickly in the early decades of the Atomic Age. Within 4 years of fission’s discovery, Fermi had sent his reactor critical; just 9 years later, in December 1951, scientists in Idaho used a nuclear reactor to illuminate a string of four lightbulbs.10 If it was possible to power lightbulbs using uranium, why not the world?

The optimism during those early years was palpable. In what became one of the most consequential orations of the twentieth century, United States President Dwight Eisenhower pronounced before the General Assembly of the United Nations in 1953:


… peaceful power from atomic energy is no dream of the future. That capability, already proved, is here – now – today.11



‘Atoms for Peace’ – with its grand ideal of using nuclear science to serve the betterment of humanity – mesmerised policymakers and energy leaders. This ideal persists amongst nuclear scientists today. Eisenhower’s speech precipitated the establishment of the International Atomic Energy Agency, of which almost every nation on Earth is a member today.12 The agency, which promotes the safe and peaceful use of nuclear technology, outlines its purpose in the second article of its statute:


The [International Atomic Energy] Agency shall seek to accelerate and enlarge the contribution of atomic energy to peace, health and prosperity throughout the world.13



Three years after Eisenhower’s speech, Queen Elizabeth II – then only 4 years into her reign – stepped off the Royal Train onto a red-carpeted platform at Sellafield railway station in northern England. It’s the same station I pull into when I catch the train to work. She wore a blue velvet coat to brace herself against the characteristic Cumbrian chill. The station walls were festooned with flowers, and a chorus of welcomes followed the royal procession as it drove across Sellafield towards Calder Hall Nuclear Power Station. On that day, Sellafield was the most important place on the planet.14

‘Today… all of us here know we are present at the making of history,’ she announced in her clipped accent. The hushed crowds held on to her every word.

A short distance from her podium lay the core of Calder Hall’s reactor, inside which billions of uranium atoms were splitting apart every second in a precisely orchestrated chain reaction. Like coiled springs let loose, their atomic nuclei were bursting apart and liberating the energy pent up inside.

Calder Hall’s primary purpose was initially to support Britain’s atomic weapons programme. But the engineers at Sellafield decided to try something new and domestic alongside: they transformed the surplus nuclear energy – which otherwise would have dissipated into the air as heat – into electricity.

‘It is with pride that I now open Calder Hall, Britain’s first atomic power station.’ With that, Queen Elizabeth II pulled a lever, diverting nuclear electricity into Britain’s National Grid for the first time. Electricity flowed 15 miles up the coast to Workington, which became one of the first towns in the world to be nuclear-powered. Nuclear electricity spun washing machines and turned vinyl records.

Whilst other nuclear reactors existed at the time, Calder Hall was the first to operate commercially.I By the end of the 1950s, a fleet of nuclear reactors, 11-strong and spanning four nations – the UK, the USA, France, and Russia – was powering towns and cities.15 It was a sign of things to come.





Fissile fuels

Nuclear power stations turn heat into electricity. They generate their heat inside nuclear reactors by splitting atoms in the fuel, controlling chain reactions with neutron poisons, and slowing down neutron sparks with moderators.

Uranium is the fuel (with rare exceptions, which we’ll get to in Chapter 7), and it normally assumes its simplest oxide form, uranium dioxide (UO2), a jet-black powder that resembles coal dust. The uranic powder is pressed into grape-sized pieces and sintered into hard ceramic pellets. From one pellet, a few dozen of which would fit easily in the palm of your hand, a typical nuclear reactor can generate as much electricity as a tonne of coal. Here’s one approximately to scale:

[image: A black cylindrical object with a flat top and bottom.]

The pellets are stacked in sheaths of corrosion-resistant metal, typically a zirconium alloy, to create a fuel rod. Zirconium is neutron-transparent, and thus allows free passage to neutron sparks so they might find other uranium atoms to fission. Each fuel rod – 3 to 4 metres long and as wide as a finger – contains a few hundred pellets.16

A typical reactor burns through about 50,000 fuel rods – together housing 30 tonnes of uranium – every year. To generate the same amount of electricity in a coal-fired power station, you’d burn through more than 2.5 million tonnes of coal.17

And, just like Fermi, we use control rods made from neutron poisons to fine-tune k. These days, we tend to make rods from boron, as it’s one of the most powerful and cheapest neutron poisons on the periodic table, but we still use good old cadmium sometimes. Tweaking the power output of a nuclear reactor is as simple as moving the control rods in and out of the core: in, and the reactor spins down; out, and the reactor revs up. Nuclear reactors generate the electricity we need exactly when we need it.

All nuclear power reactors serve the same end – generating electricity by splitting atoms – but they come in different types. The half a dozen or so varieties of commercial reactors fall into two families, based on their neutron moderator: water or graphite. Just 1 in 20 use graphite today, which makes water-moderated reactors the second-biggest source of emissions-free electricity in the world, after hydroelectric dams.18




Hot water

The pressurised water reactor is without doubt the most successful type of nuclear reactor. Since its commercialisation on the banks of the Ohio River in Pennsylvania in 1957, it has become the most prolific design in the world. The 300 or so pressurised water reactors spread across 27 nations today represent more than three-quarters of the world’s nuclear capacity.19

Pressurised water reactors are aptly named, because – you guessed it – they operate under immense pressure. The scalding core is encased in a pressure vessel some 12 metres high and 5 metres across, with walls forged from steel almost a foot thick.20 The whole thing is full of water. They’re like giant pressure cookers.

The piping fuel rods, made hot by the energy from nuclear fission, super-heat the water in the core to 325 °C. That’s hot enough to melt lead. But the pressure – all 150 crushing atmospheres of it, just shy of the pressure you’d experience a mile beneath the ocean – prevents the water from boiling.21 (Water boils at about 340 ºC at those pressures.)

But if water can’t boil, it can’t turn to steam. And if it can’t turn to steam, it can’t drive a turbine. How, then, does a pressurised water reactor generate its electricity?

The core is in fact part of a circuit, the primary circuit. A pipeline conveys the super-heated water from the core through a heat exchanger – basically a giant radiator – and then returns the cooled water to the core to be reheated. This serves a dual purpose: it stops the core from getting too hot, and it passes the heat into the secondary circuit. The water in the secondary circuit is at low pressure, allowing it to boil, turn to steam, and drive a turbine.

Finally, a chiller condenses the steam downstream of the turbine, and the liquid water is pumped back into the heat exchanger for another boiling.

[image: A diagram illustrates the primary and secondary circuits of a nuclear power plant, showing the flow of heat and energy conversion.]
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Everything in moderation

Fermi used carbon in the form of graphite to slow down his neutrons. But there’s another element that moderates them, too: hydrogen, most commonly found bonded to oxygen atoms in water molecules (H2O).

One of the smart things about a pressurised water reactor is that the water flowing through its core acts as a coolant and a moderator; the water draws heat from the fuel rods and moderates the neutrons. It’s win-win. This quirky design creates a negative temperature coefficient, which makes these reactors incredibly safe.

When k is greater than 1, the rate of fission increases. This causes the core to get hotter and hotter. Left uncontrolled, the nuclear chain reaction would run amok, and the soaring temperature would turn the reactor into a radioactive pipe bomb.

But not in a water-moderated reactor. As the core’s temperature rises, the moderating water expands slightly. The atom-sized gaps between the water molecules widen as they push a little further apart. This grants easier passage to the streaming neutrons. Fewer collide with the water molecules, which means fewer slow down. The neutrons, on average, become faster. Recall: fast neutrons are less likely to split uranium atoms. The value of k, therefore, dips below 1, the chain reaction peters out to sub-criticality, and the core cools off. Pipe bomb averted.

This conspires to create the counter-intuitive situation where an increase in temperature slows down the nuclear reaction. It’s a negative feedback loop in which the heat cannot soar out of control. And when the reactor cools down, the moderating water contracts, more neutrons are slowed down, and k climbs above 1 to super-criticality. Then, the reactor gets hotter again; water-moderated reactors self-regulate, like they’re controlled by a thermostat. It’s an engineering stroke of genius.

But there’s a problem with using water as a moderator.

Hydrogen exists naturally as two isotopes: hydrogen-1 (so-called ‘light hydrogen’) and hydrogen-2 (‘heavy hydrogen’). Light hydrogen is a worse neutron moderator than its heavier counterpart. In fact, light water – where the H’s in H2O are light hydrogen – isn’t a good enough moderator to send natural uranium critical. But heavy water is.

The rub with heavy hydrogen is its rarity. If you painstakingly counted 6,500 hydrogen atoms from a bucket of water, you’d find only 1 was heavy. The other 6,499 would be light.22 Natural water – from the ocean, from taps, from the water in wine – is overwhelmingly light.

Pressurised water reactors use natural water as their moderator, which is why they sometimes go by the name ‘light-water reactors’. The quenching effect of light water makes it impossible for k to climb above 1. And when k can’t climb above 1, chain reactions can’t get going. To get around the problem, nuclear engineers have an isotopic trick up their sleeves: uranium enrichment.




Enrichment

There are two naturally occurring uranium isotopes: uranium-235 and uranium-238.II Of the two, only uranium-235 is fissile. It’s the only one that sustains chain reactions using slow neutrons.

As was the case with hydrogen, it’s as though nature conspires against us: the more useful isotope is the rarest. If you hadn’t run out of patience counting all those hydrogen atoms, you might dig up 1,000 uranium atoms from the ground and count them, too. You’d find that only 7 were fissile uranium-235. The other 993 would be inert uranium-238.23

Using natural uranium as fuel is like trying to ignite a bonfire where 99.3 per cent of the sticks won’t catch. You could still get it going, but it would be difficult. It was one of the reasons Fermi struggled to ignite his reactor; it took 350 tonnes of moderating graphite to overcome the stubbornness of his natural uranium. Using light water as a moderator just adds damp to the fire.

A simple fix – and one employed in most reactors today – is to increase the proportion of uranium-235 in the fuel. This process, called enrichment, vastly increases the fuel’s potency.

Enriching uranium to the point of super-criticality was one of the most daunting technological hurdles encountered during the Manhattan Project. Uranium-235 and uranium-238 both have 92 protons. They’re chemically identical and therefore can’t be separated chemically. Therefore, the two isotopes must be separated physically, by exploiting their slight difference in mass. We do this today using a gas centrifuge. As its name implies, a gas centrifuge requires uranium to be in gaseous form. But uranium isn’t a gas; it’s a metal, all the way up to its blistering boiling point of 4,100 °C. We therefore cheat the system by combining uranium with fluorine to form uranium hexafluoride – UF6 in chemical shorthand but known affectionately as ‘hex’. And hex is a gas.24

The two isotopes of uranium produce two types of hex: light hex, where the ‘U’ in UF6 is uranium-235, and heavy hex, where the ‘U’ is uranium-238.

The mixture of light and heavy hex is puffed into vertical cylinders, similar in size and shape to the pipes of a church organ. The pipes are spun at 60,000 revolutions per minute.25 At those speeds, the walls of the cylinders pull about 400,000 g-force. Heavy hex throws its weight around a little more than light hex, and so preferentially squishes itself to the outside wall. The light hex, which weighs 3 neutrons less, is muscled towards the cylinder’s centre. Voila, the isotopes are physically separated.

Light hex is tapped off from the centre of the spinning pipes. What began as hex comprised of uranium-235 in its natural abundance – 0.7 per cent – is now enriched slightly. By running the uranium through the process again, and again, and again, it becomes more, and more, and more enriched.

Vast halls of spinning pipes enrich the uranium in tandem, all the way up to about 5 per cent uranium-235. At that point, the uranium is stripped of its fluorine atoms, combined with oxygen to form uranium dioxide powder, and sintered into fuel pellets. The pellets are loaded into a light-water reactor where they generate electricity. Job done. The carbon intensity of the electricity required to spin the pipes depends on the local composition of the grid; either way, the amount of electricity required is tiny compared to the energy drawn from the finished product.

I work with enriched uranium all the time, albeit normally by the nanogram. The biggest sample by far I’ve handled amounted to a few crumbs. It was the kind of sample that you’d lose to the four winds should you sneeze on it. Even so, its immense energy-density meant that if I’d pressed and sintered the smidgen into a fuel pellet, I could have generated enough electricity in a light-water reactor to power a lightbulb for 5 years. From a comparable amount of coal, I’d scrounge enough electricity to power the lightbulb for about 100 seconds.

Now, for every puff of hex that’s enriched in a centrifuge, there’s a commensurate ‘hex tail’ that has diminished in uranium-235. These leftovers are known as depleted uranium.

Depleted uranium is run back through the centrifuge repeatedly to extract the remaining uranium-235. But harvesting every last atom isn’t economical. There comes a point when it isn’t worth giving the depleted uranium another whirl (generally at around 0.1 per cent uranium-235), at which point it’s normally put in long-term storage. The global stockpile of depleted uranium exceeds 1.2 million tonnes.26

Enrichment is a means to an end. It’s vital if the quenching effect of light water is to be surmounted. But there’s another way to solve the problem. Instead of increasing the fuel’s potency by enriching it in uranium-235, we can increase the effectiveness of the moderating water by enriching it in heavy hydrogen. This is exactly the approach taken by the pressurised light-water reactor’s big sister: the pressurised heavy-water reactor.




Heavy water CANDU it

Pressurised heavy-water reactors work in pretty much the same way as pressurised light-water reactors, but instead use heavy water as their moderator.

Whilst more than 99.9 per cent of all hydrogen atoms in natural water are hydrogen-1, heavy water is more than 99 per cent hydrogen-2.27 The difference between light water and heavy water is so stark that if you held a glass in each hand, you’d be able to tell which is which from their weight alone. And if you put heavy-water ice cubes in your glass of lemonade, they’d sink.

Heavy water moderates neutrons so well that it’s enough to send natural uranium super-critical. It even brings depleted uranium to life. There’s no need for any enrichment. No nation has embraced this type of nuclear reactor more than Canada.

Canada practically invented heavy-water reactors in the 1950s and 60s with its so-called ‘CANDU’ – ‘Canada deuterium uranium’ – reactors. (Deuterium is the fancy name for heavy hydrogen, and the nuclear industry loves a forced acronym.) Canada married its rich indigenous uranium reserves with its expertise in elevating the proportion of hydrogen-2 in its moderator. Today, heavy-water reactors represent every nuclear reactor in Canada’s 19-strong fleet. It exported the technology to five other nations, too: India, Argentina, South Korea, China, and Romania.28




Electrical yardsticks

The currency of electrical energy is the watt-hour (equivalent to 3,600 joules). It takes about 25 watt-hours to boil enough water for a cup of tea. It takes 250 watt-hours to power my desk lamp for a day. And it takes 2,500 – or 2.5 kilowatt-hours – to drive 9 miles in a Tesla.29

For instance, 1 kilogram of uranium fuel enriched to 3.5 per cent generates 360,000,000 watt-hours or, most simply, 360 megawatt-hours.30 Calder Hall Nuclear Power Station churned out 1,000 megawatt-hours – or 1 gigawatt-hour (1 billion watt-hours) – of electricity every 4 hours. The total annual electricity consumption of a typical European nation falls into the tens or hundreds of terawatt-hours (1 trillion watt-hours) ballpark. There’s a cheat sheet for these numerical prefixes in the Appendix, if you find yourself scratching your head over the coming pages.

How much electricity does a person need? It’s a tricky number to pin down because different nations use different amounts. An average Norwegian, for instance, uses 26 megawatt-hours per year. An average American uses half that amount. An average citizen of the European Union uses half as much again.31

A good yardstick – and one that I’ll use throughout this book – is the annual electricity needs of an average person living in an OECD nation. Almost all 38 OECD nations rank ‘very high’ on the Human Development Index, and they take more than three-quarters of the top 40 spots on the Human Freedom Index.32 They’re geographically disparate and culturally variegated, too: they span from the southern tip of South America to the northern reaches of North America, encompass everywhere in between (and including) Mediterranean and Nordic Europe, and include parts of the Middle East, East Asia, and Oceania.

The OECD nations are, by and large, pleasant places to live. Their high standards of living – and the large amounts of electricity they use to maintain those standards – are what the developing world is heading towards rapidly.

So, how much does it take to electrify an OECD nation? A typical resident uses 8 megawatt-hours of electricity every year. By comparison, the global average – which, incidentally, is rising year on year – is 3.7 megawatt-hours.33

Eight megawatt-hours. That’s our yardstick. Now we can put nuclear reactors in context.




The mighty atom

Often, a single nuclear power station hosts several reactors. Calder Hall, for instance, hosted four, which generated enough electricity every year to sate the needs of 200,000 people, before they were switched off in 2003 after 47 years of duty.34 That’s not bad for 1950s technology. But the nuclear reactors we’ve built since are far more powerful.

In the 1960s, a single light-water reactor typically generated enough electricity for 200,000 people. By the 1970s, enough for over 700,000 people. By the 1980s, almost a million people.35 Even after accounting for downtime, a typical reactor today serves the electrical needs of more than a million people. It does this by burning through 80 kilograms of uranium fuel each day.36 I’ve burned through more wood than that in a single evening by a campfire. Such is the potency of fissile fuels versus chemical fuels.

When we bundle multiple reactors into the same power station, enormous amounts of electricity flow from a single place. In the mid-1970s, a pair of reactors at the Peach Bottom Atomic Power Station in Pennsylvania went live. Over the next decade, they together generated enough electricity for 1.3 million people.

And they got better. Or rather, we got better at running them. In the 1990s, the pair at Peach Bottom generated enough electricity for 1.9 million people; in the mid-noughties, they generated enough for 2.3 million; nowadays, they generate enough for 2.7 million people.37 That’s enough electricity to serve the population of Chicago. Peach Bottom is not unusual in this respect; we often draw more electricity from aged power stations than we did when they were brand new because the people running them get better at it.

More recently, in 2019, a sixth reactor – Yangjiang-6 – revved up in China’s largest nuclear power station in Guangdong province. Together, the sextuplets generate enough electricity for 6.3 million people, setting the standard for what’s possible in a modern nuclear power station.38

There are more than 400 nuclear reactors spread across 32 nuclear nations today. They span every continent in the world bar Antarctica. But of the 32, the top 5 – the USA, China, France, Russia, and South Korea (in that order) – generate 73 per cent of the world’s nuclear electricity. The next 5 – Canada, Japan, Ukraine, Spain, and Sweden (in that order) – generate the next 13 per cent. The distribution of nuclear electricity is so top-heavy that the bottom 27 nuclear nations generate less electricity than the USA alone.39 As the old saying goes, we harvest the majority of the peas from a minority of the pods.

But when it comes to nuclear’s relative contribution to the electricity supply, there’s no place like Europe. All 10 nations that generate more than a third of their electricity from nuclear are European. And France, Ukraine, and Slovakia use it to generate the majority of their electricity. On a continent-wide scale, Europe generates around a fifth of its electricity from nuclear, making it the biggest source of emissions-free electricity. It’s bigger than solar and wind combined.40



Sellafield is like a working museum. You’d easily get lost if you didn’t know your way around. A network of roads and footpaths, sprawling over a square mile, connects its thousands of buildings. If I ever have time to spare, I meander my way through this nuclear metropolis to one of the seven nuclear reactors dotted about the site. Of the seven (none of which still work), four are bundled into my favourite corner of the entire facility: Calder Hall Nuclear Power Station. I’m always excited to see it, but I walk away tinged by slight sadness.

Calder Hall is past its prime. The cheering crowds and flashing cameras of 1956 are gone. Sea spray and the unforgiving Cumbrian weather have made Calder Hall’s once-proud exterior grotty. Its decrepit heat exchangers, which dutifully passed nuclear heat to electricity turbines, stand rusty. Its vast turbine halls lie silent, save for the wind that blows through their broken windows. Its distinctive cooling towers were demolished in 2008. And whereas thousands of nuclear professionals once called it ‘work’, flocks of Sellafield seagulls now call it ‘home’. But the power station still stands as a monument to the power of science to bring technological dreams into reality. Calder Hall ought to be a World Heritage Site.

Following the wiring of Calder Hall into Britain’s grid, global nuclear power arrived in three waves. North America dominated the first, Europe the second, and Asia the third. Like all waves, their edges are fuzzy, but they look like this when plotted as a bar chart.

[image: A bar plot showing the number of new nuclear reactors built annually from 1955 to 2020, with notable events and trends labeled.]
The number of new nuclear reactors connected to the grid each year since the dawn of the Atomic Age.41 Description 11



The first wave rolled in during the 1970s and saw 161 reactors revved up within the decade, up from 71 in the 1960s. More than one in three were in North America. The wave peaked in 1974 when, globally, we built 26 in a single year. Whilst we danced to ABBA, we fell in love with nuclear.

Then in 1979, the Three Mile Island accident happened in Pennsylvania. The first wave broke, and the number of new reactors sank to single digits. It damaged the USA’s nuclear legacy permanently; it would be 35 years before it built another reactor. But the global swell recovered quickly. By the first year of the 1980s, the number of new reactors was back in the twenties, and the first sign of the second wave was rolling through grids across Europe.

The second wave was bigger than the first. More than half of the reactors were built in Europe, with more than a fifth built in France alone. It peaked at an all-time high in 1984, when we switched on 33 reactors in a single year; 1985 kept the momentum going with 32.

Then, in 1986, Chernobyl happened. Our confidence in the atom broke, and the second wave collapsed. We built more nuclear reactors in the 1980s alone than we’ve built since.

Thus began the Nuclear Dark Age. In 1990, the world retired more nuclear reactors than it built, submerging them below replacement level for the first time. The number of new reactors we built each year sank steadily through the 1990s and into the new millennium. In 2008 we revved up a grand total of none. That hadn’t happened since 1962.

Then, slowly, the tide began to rise. In 2009, we connected one new reactor to the grid. And then in 2010, another five. And then another six the year after. But then a tsunami, triggered by an earthquake off the Pacific coast of Japan, rocked the boat; Fukushima swallowed the growing wave, and the nuclear resurgence faltered before it reached full height.

Since then, there’s been a hint of a third wave, but it’s nothing like the two that came before. After Fukushima, nuclear new-builds numbered six per year on average. China dominates the third wave (52 per cent of new reactors since 2010) with smaller contributions from Russia (13 per cent) and South Korea (8 per cent).
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