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For Alice




PROLOGUE A CRAZY IDEA


“We need a massive amount of research into thousands of new ideas—even ones that might sound a little crazy.”

—Bill Gates, talking about ways to solve the energy crisis1



My star-building adventure starts at a restricted-access nuclear facility fifty miles east of San Francisco’s Financial District. The building I’m in is the size of three football fields—American football fields, naturally. It’s called the National Ignition Facility, or NIF. Within, scientists are pushing matter to its limits, re-creating the conditions and reactions that happen inside stars.

My guide is Dr. Bruno Van Wonterghem, the operations manager for NIF. Back in 1998, he helped design the enormous facility in which we now stand. (It would be over a decade before the machine created at this site was turned on.) What he and the other NIF scientists have built here under the Californian sunshine is the world’s biggest and highest energy laser.

I’m here to see what happens when this huge laser fires. It’s so powerful that it can only be used in brief spurts, momentary pulses each of which the scientists call a “shot.” As I wait nervously with Bruno, the director of this particular shot enters, his radiation leak detection badge swinging from his shirt, and calls us to the control room.

As we enter the darkened space, I see that it’s laid out like NASA’s ground control: computer terminals encased in plastic arranged in curved rows; operators peering at graphics, lines of computer code, and scrolling text. Perhaps Bruno knows what I’m thinking because he tells me that the laser system I’m viewing is at least as complex as the space shuttle, with 5 million lines of computer code running the show. In front of us, screens cover the wall. Bruno sees me look at the color-filled panels. “That’s the list of checks that have to be completed.”

An hour earlier, screens dotted around the facility began to show a colored map of the laser system. Messages sent out over the public address system instructed people to “leave laser bay 1 now, I repeat…” and, later, to “leave laser bay 2.” In an abundance of caution, each bay was then carefully swept to ensure it was empty of human life. As each inspection was completed, the map of the facility began to show red segments indicating that this or that area was ready. The most complex shots take thirty hours of preparation.

In the control room, I glance behind me and see a couple of people looking nervously through the Plexiglas. One, a man in his mid-thirties with stubble, paces up and down. It’s his experiment, and given that the typical target costs $100,000 to $150,000, you can understand why he’s anxious. The National Ignition Facility, which is hosted at America’s Lawrence Livermore National Laboratory, conducts a range of experiments relating to science and national security. Today’s shot is classified, so I don’t find out too much about what the experiment is—apart from that it concerns the survivability of materials that are subject to extreme radiation. What I’m really here to learn about are the shots aimed at creating a tiny star in the reactor chamber.

As I wait, it’s almost silent apart from the crackle of a walkie-talkie as one of the twenty or so scientists communicates with colleagues across the building. Bruno says that they’re charging the power supply, the world’s largest capacitor bank, essentially a ginormous fast-release battery. When set off, it will loose four hundred megajoules of energy, equivalent to lighting four hundred sticks of dynamite.

The shot director begins the countdown, “Ten… nine…,” and the smaller rectangles on the big screens begin to flip from grays and reds to greens. “Eight… seven… six…,” intones the shot director through the public address system, and I see the biggest red bar, for the capacitor bank, begin to fill with green. “Sometimes there’s a last-minute failure or a power supply fails and everything shuts down,” Bruno says, and I anticipate a sudden failure, with all of the greens going to gray. But the countdown continues: “… five… four… three… two… one… SHOT!”

In the cable-choked master oscillator room behind me, a short beam of infrared light is created. It’s just six meters (approximately twenty feet) long, equivalent to flipping a light switch on for twenty nanoseconds. It contains only a single nanojoule of light energy, nothing when you consider that it takes a whole joule—a billion times more—to lift an apple one meter (approximately three feet).

The fledgling beam is split into two sets of twenty-four smaller beams by precisely engineered optics. Each set travels down optic fibers to two bays of amplifiers that run almost the length of the building. There, the beams get a 10 billion times boost in energy from another laser. This is merely the start. Again, the light is split, now into a total of 192 different beams traveling in parallel. Lenses are used to expand the width of each beam to the size of an adult’s chest. Any smaller, and the sheer intensity of the light would irrevocably damage the glass as the beams passed through it.

The capacitors, brimming with electrical energy and each weighing eleven tons, reach a peak power of a terawatt—greater than the entire US national grid—as they fire more than seven thousand xenon flashlamps. The lamps are similar to those used by photographers, except here, where extremes are common, they’re stacked two meters (six and a half feet) high and cooled by nitrogen. The laser beams arrive and the flashlamps fire, streaking bright white light into huge slabs of neodymium-doped phosphate glass (it looks just like ordinary glass except for its pinkish tinge). As the glass absorbs the energy, the neodymium atoms within it enter an unstable, excited state. As the infrared laser beams sweep through the glass, the excited atoms relax, firing out their own infrared light. The effect is to amplify the surging laser beam many, many times over.2

Mirrors, each minutely deformed by little motors, reflect the incoming beams perfectly evenly so that they go back and forth through the flashlamps for yet more amplification. Start to finish, the initial beam energy is boosted 4 million billion times over. Of the four hundred megajoules in the capacitors, less than 1 percent make it into the laser beam; nevertheless these 192 infrared beams comprise, by a wide margin, the most energetic laser pulse ever created.

The beams follow mirrored paths up, around, and along the building. They pass around the control room with Bruno and me inside. They’re heading for the target chamber, their 1.5-kilometer (just under five thousand feet) trip nearing its end. Each beam passes through two giant slabs of crystal. The first changes the color of the incoming laser light, converting much of the infrared to a vibrant green. The two colors pass through a second slab of crystal where they mix like paint to make a third color of light. This new beam is packed with high-energy ultraviolet photons that are beyond our visual range.

The beams enter the target chamber, a ten-meter-radius (approximately thirty feet) sphere of ten-centimeter-thick (approximately four inches) aluminium panels rounded off with thirty centimeters (approximately one foot) of concrete. Inside, it’s mostly empty space kept under a strong vacuum. The beams enter, and each is focused to a round spot the diameter of a human hair.

On an unclassified star-creating experiment, a cylinder of gold sits in the center of the chamber. The 192 laser beams are aimed at its ends, 96 on each, to a precision of fifty-millionths of a meter. This level of precision is like trying to hit a dartboard’s bull’s-eye from a kilometer (approximately 0.6 miles) away. The gold cylinder is nine millimeters (a little over one-third of an inch) long and chilled to an incredible 19 degrees above absolute zero (-254 degrees Celsius)—colder than the surface of Neptune. The beams, entering through the ends, hit the cylinder’s inner gold walls. The timer starts, and improbable though it sounds, what happens in the subsequent twenty nanoseconds could change the world.

In the first eight nanoseconds, the beams pack so much energy into the cylinder walls that the gold atoms are ripped apart. The ionized gold pumps the energy straight back out as yet another type of light—X-rays. Unlike laser light, which moves in lockstep, the X-rays race off in every direction.

The bath of X-rays fills the cylinder, and fourteen nanoseconds in, they reach a capsule at its center. The capsule is about the size of the pupil in your eye and so perfectly spherical that if it were as big as the Earth, the largest imperfection would be just 10 percent of the height of Mount Everest. Making a sphere so small and so perfect took hours of dexterous work with futuristic tools. The outer layer of the capsule is, incredibly, made of diamond. There’s a middle layer of cold, solid hydrogen, and an inner layer of gaseous hydrogen. X-rays vaporize the outer layer, pushing hot material away from it. Just as a rocket expels hot material in one direction to move in the opposite direction, the rapid vaporization of the outer layer in one direction forces the capsule to contract. The speed is dramatic; the collapse of the capsule proceeds at a pace in excess of 350 kilometers per second (approximately 800,000 miles per hour).

The solid layer of hydrogen and its gassy center accelerate inward on themselves. They eventually reach just a thirtieth of the original capsule radius; it’s as if the Earth shrank to a ball 260 miles across—much like trying to squeeze a soccer ball down to the size of a pea. The solid layer of hydrogen becomes so tightly squeezed that a teacup full of it would have a mass of over 200 kilograms (approximately 440 pounds).

In the capsule’s gas center, the implosion ratchets up the temperature. The atoms in the capsule may be different, but the temperatures, pressures, and densities are similar to those found in the Sun: a tiny star has been lit. The pressure alone is 300 billion times what we experience on Earth. At the temperatures within the capsule, ripped apart hydrogen atoms crash into one another so energetically that their nuclei begin to react. But not in the chemical reactions that you might have seen in school science classes. These are nuclear reactions, nuclear fusion reactions.

Nuclear fusion reactions are very special. They’re perhaps the most important reactions in the universe: they’re what fills it with light.

Just as in stars, in each fusion reaction the nuclei of atoms are squeezed together, coalesce, and give birth to new atoms. As they do this, they also unleash vast quantities of energy. At NIF, hydrogen nuclei combine to make helium nuclei. The fusion-released energy manifests in the frenzied speed of the helium, each nucleus rushing out at 13 million meters (a little more than 42 million feet) per second. As the outgoing nuclei crash into surrounding hydrogen nuclei, they heat those nuclei up, increasing the chances that more hydrogen will react, making more fast helium nuclei, and so on.

Nearly twenty nanoseconds after the lasers have entered the cylinder, in excess of 10 million billion reactions have happened. Each one turns matter, the stuff we’re all made of, directly into energy.3

Eventually, the ball of hot fusion fuel is unable to remain whole. It’s not natural to have an object 0.1 millimeters (approximately four thousandths of an inch) across, as hot and as high pressure as the Sun’s core, fusing in the center of a ten-meter (a little more than thirty-two feet) vacuum chamber. The fuel quivers and wobbles; it’s only held in place briefly by its own inertia. Sound waves, positively sluggish compared to the particles, travel through it, breaking it up. The reactions are over. The star is dead. At least, until the next shot from the laser, and the next target.

“Not very spectacular,” Bruno says after the shot is over. I don’t believe him, not even for a nanosecond.

Star Power

The idea of building a small slice of star matter on Earth has, since the 1940s, captivated scientists, governments, billionaires, entrepreneurs, celebrities, a pornography magnate, and even a few dictators. The scientists of the National Ignition Facility aren’t alone; for years, groups all around the world have been devising elaborate star machines that stretch human ingenuity to the breaking point. Now those star machines are being built and operated. The machines range from contraptions cobbled together on a shoestring to a seven-storey mechanical doughnut rising out of the French countryside. The star-trapping tricks they use are straight out of science fiction: force fields, lasers, and pneumatic pistons. The teams that build them are comprised of physicists, engineers, mathematicians, and computer scientists who’ve dedicated their entire careers to containing and controlling the nuclear forge that is a fusion reaction. They are the star builders.

At best, creating a mini-star on our home planet sounds highly inadvisable. At worst, it sounds like the diabolical plan of a villain from a James Bond or Star Wars film. In this book, I’m going to show why the star builders’ ideas, crazy as they might seem, could actually save the planet, and who’s ahead in the race to control and exploit star power.

The real goal of the star builders isn’t to re-create a star exactly, but to re-create and control the power source of stars—nuclear fusion—here on Earth. Nuclear fusion is different from nuclear fission, the reaction that occurs in today’s nuclear power plants. In nuclear fission reactions, large nuclei—the cores of atoms—are ripped apart into smaller nuclei. In contrast, nuclear fusion creates larger nuclei out of two smaller nuclei. Both types of reaction get their name because they happen to the core of an atom, the nucleus. But their risks, the amount of energy they release, the nuclei that will undergo them, and the technologies needed to make them happen are very different.

Controlled nuclear fusion is just the last, unconquered part of a quartet of nuclear technologies. The other three are controlled fission as used in today’s nuclear reactors, uncontrolled fission as used in atomic bombs, and uncontrolled fusion as unleashed in thermonuclear, or hydrogen, bombs. All of the other three were demonstrated in the 1940s and 1950s. We still don’t know how to do the fourth, but the star builders are trying hard: and they say that they’re getting close.

What does it mean to control, or achieve, nuclear fusion? For star builders, it’s not just about making a few atoms fuse together to form bigger atoms. Actually, as nuclear physics goes, that’s easy enough. Plenty of people have done it already, whether in laboratories with thousands of staff or in the school classroom, like the boy who trawled eBay for parts to build a fusion machine. But the amount of energy generated by these rigs is piffling compared to the energy used to make them work.4

Star builders are trying to show that fusion can produce more energy than it uses, that fusion is a viable power source. Producing more energy from reactions than it takes to get those reactions going in the first place is the first step. “Breakeven,” “net energy gain,” or the self-perpetuating “ignition”—star builders use lots of terminology, but it all means “more energy out than in.” And teams of star builders around the world are racing to be the first to do it.

Net energy gain is exactly what you get when you light a log with a match; it doesn’t take much energy to light a match, but the roaring fire it ignites releases that energy many times over as heat and light. Star builders often talk about this in percentage terms, with 100 percent being breakeven and greater than 100 percent being net energy gain.

But getting to 100 percent, as much energy out as in, is an enormous scientific and technical challenge. No one has yet done it. And that feat is the key to unlocking fusion as a power source. Once star builders have shown that fusion can deliver just as much energy out as was put in, it’s just a matter of optimization to get even more energy out. Only then will fusion be able to change the world. It’s the difference between the Wright brothers’ plane not flying at all, and its flying 250 meters (approximately 820 feet). Making the leap from flying 250 meters to flying for miles is easier than being rooted to the ground and figuring out how to fly. Psychologically, getting to the first level of accomplishment is everything.

Eventually, star builders want to achieve a gain of 3,000 percent (thirty times energy out for energy in), or even 10,000 percent (one hundred times). To the star builders, really achieving fusion means creating a genuine power source based on the nuclear reaction that keeps the Sun shining.

This is phenomenally difficult. If I say that controlling fusion to produce energy is the biggest technological challenge that we’ve ever taken on as a species, it will sound like hyperbole. But it’s true. Fusion at NIF needs, first, temperatures in the hundreds of millions of degrees, and second, matter as densely squished as the material in the Sun’s core. The complexity of the machines is beyond anything we’ve ever designed. There are tens of millions of individual parts to a star machine. NASA’s space shuttle had just 2.5 million. I’ll keep returning to the space analogy because, honestly, there are few other close comparisons when it comes to the scale of the challenge—and there are few environments anywhere near as extreme as those in star machines.5

There are two practical ways to create the magic conditions that make fusion happen. One is called magnetic confinement fusion and the other is inertial confinement fusion. There’s gravity too, of course, but for that you need scales bigger than can be created on Earth: you need, quite literally, a star. The magnetic approach is to bind the hot matter in a reactor with an invisible web of magnetic fields. The inertial approach sets matter crashing into itself, thereby both heating and compressing it, and aims to get all the fusion done before the assembled star matter falls apart again. NIF uses lasers to do this.

You may wonder why anyone would bother trying to re-create the fusion taking place in stars. Is it sheer arrogance? Such attempts to dominate nature can sound like human folly. It’s true that star builders are partially attracted by the sheer challenge. The theoretical physicists and computer scientists want to know if their models and simulations can come close to reality. The experimentalists want to understand and measure untold extremes. The engineers want to build machines that can withstand such extremes. But there’s another reason too, one that’s much more important for the rest of us. Building a star and perfecting power from nuclear fusion could provide humanity with millions, perhaps billions, of years of clean energy. When the BBC asked Professor Stephen Hawking what world-changing idea he would like to see humanity implement, he said, “the development of fusion power to give an unlimited supply of clean energy.” No wonder star power is sometimes described as the “Holy Grail of energy production.”6

Like the Holy Grail, fusion has been elusive. This has spawned a delightful range of jokes. Most star builders have their favorite, but perhaps the most pointed is “Fusion is the energy of the future… and always will be,” with common variations along the lines of “Fusion is thirty years away… and always will be.” The British prime minister had his own go in 2019, saying of a European Commission–run fusion lab: “They are on the verge of creating commercially viable miniature fusion reactors for sale around the world. Now I know they have been on the verge for some time. It is a pretty spacious kind of verge.”7

Certainly, it wasn’t meant to be this way. “It is the firm belief of many of the physicists actively engaged in controlled fusion research in this country that all of the scientific and technological problems of controlled fusion will be mastered—perhaps in the next few years,” said early star builder Richard Post, a scientist at the predecessor of Lawrence Livermore National Laboratory. That was in 1956.8

For a long time, the commitment of a scientist to fusion was measured in decades rather than years. The tribe of star builders around the world transcends language, political leaning, and cultural differences. A good example is how, at the height of the Cold War, a British team went over to Russia to find out about and verify the then astonishing progress of a new, Soviet-designed magnetic confinement fusion device. Or how China, Russia, the US, the EU, India, South Korea, and Japan are working together today on the direct descendent of that Soviet machine. Even with an unusual spirit of collaboration, government backing, and very talented people, great patience has been required. As lifelong star builder Marshall Rosenbluth put it in 1985, “May our grandchildren live to see fusion power.”9

Perhaps one of the issues making nuclear fusion difficult is its name. Say that a technology involves “nuclear” anything and you may find yourself getting a frosty reception. You can see why nuclear has a bad reputation in some quarters. Most commonly, it’s associated with nuclear fission power, which divides opinion and produces radioactive waste that we’ll have to store for thousands of years. At worst, it’s associated with the death and destruction wrought by nuclear weapons. Star builders have a lot to say about why nuclear is not automatically bad. Nuclear is a tool like any other technology. We’ve seen its worst already, they say; now it’s time to see its best.

Their arguments that nuclear fusion could help save the planet have stirred interest among the public. Sir Steve Cowley, a professor who now runs a star machine at Princeton University, has given a talk on fusion that has received more than half a million views; Taylor Wilson, who built his first fusion reactor at fourteen, has a TED Talk that’s racked up millions of views.10 Some fusion start-ups have tapped into the interest directly through crowdfunding websites.11 Even Hollywood has caught the fusion buzz: both Batman and Spider-Man have grappled with evil star machines.

Whether all the talk about fusion has propelled fusion research or, rather, scientific breakthroughs have increased the chatter, there’s no question that the race to achieve fusion is heating up. There’s a wave of new or overhauled star machines coming online. There are more competing teams than ever. There’s been a sudden rise in the number of private fusion start-ups, creating the biggest shake-up in star building since the 1960s. Despite the risks of dealing with matter at extremes, investors are betting that private firms can succeed where governments have failed. By 2019, the new fusion start-ups had received funding in excess of $1 billion.12

“An energy miracle is coming, and it’s going to change the world,” says Bill Gates, who has sunk some of his cash into one fusion start-up. PayPal founder, billionaire, and member of former President Trump’s inner circle Peter Thiel has done the same, investing $1.5 million in 2014.13 Other Silicon Valley entrepreneurs involved in fusion include Jeff Bezos, executive chairman of Amazon, and, before his death in 2018, Microsoft cofounder Paul Allen.14 Goldman Sachs has plowed money into an effort, Lockheed Martin has its own initiative, and even fossil fuel firms like Chevron are hedging their bets by investing in fusion. In a sign of the times, one fusion scheme is backed by Brad Pitt; another by a reality TV star, Richard Dinan of the UK’s Made in Chelsea. Dinan has posted pictures on social media of what looks to be a photo shoot inside a reactor vessel (“Just chilling in my fusion reactor”).15

Such is the activity that a fusion industry lobby was recently formed and the US House of Representatives passed a bill unlocking hundreds of millions of dollars of funding for public-private fusion partnerships.16 It’s not just eccentric Silicon Valley entrepreneurs funding fusion; Legal & General Capital, the early-stage investment arm of Europe’s second largest institutional investor, is making “modest” investments in nuclear fusion. Senior investment analyst at Legal & General Nicola Daly said, “Nuclear fusion has the potential to be a game-changer in a world that needs some game-changers.”17 But it goes bigger still: the governments of Canada, Malaysia, and Russia are hedging their bets by putting cash into challenger fusion firms alongside their existing science programs.

The British PM may have joked that fusion was taking longer than expected, but his speech also announced an additional £200 million (approximately $270 million) of funding. The Obama administration’s science advisor argued that fusion needs much more investment. In 2016, the German chancellor Angela Merkel, who also holds a PhD in quantum chemistry, launched a new experimental fusion reactor with the words “Every step we are taking on the long road towards a fusion power plant is a success.”18

As well as the international experiments that are in progress, governments around the world are beginning to pursue home-grown fusion reactors. International collaborations can be slow because they become mired in discussion about where facilities will be built (and so who receives the benefits of investment) and who will build their components. Running a parallel in-house scheme is expensive but could allow a nation to leapfrog the competition.

“Currently, megajoule scale lasers are under construction in both France and Russia. The Chinese have completed and are operating the second most energetic laser in the world and are publishing papers with designs for lasers fifty percent to three times the size of NIF,” testified Dr. Mark Herrmann, director of NIF, to the US House of Representatives in 2018.19

China will begin construction of a net energy gain–capable magnetic fusion device in Hefei in the 2020s, using the knowledge they have honed on a smaller but similar machine called EAST. They also have an inertial confinement site called the Shenguang-III laser facility. A Russian news agency released a video in 2019 confirming their government was building a facility to rival America’s National Ignition Facility, although details have been scarce. In 2020, there were eighty-eight fusion reactors in operation around the world, with a further nine under construction. Public and private, big and small, star machines are taking off.20

Everyone is talking about the new wave of innovation.21 One estimate by the International Atomic Energy Agency suggests that the annually published number of peer-reviewed research papers on fusion for energy has more than tripled since the mid-1990s. Net energy gain used to be decades away, and always would be. Now both start-ups and national laboratories are saying that net energy gain is a question not of if, but when. Not decades, but years. Not how, but who—who will get there first? In this book, we’re going on a journey to find out why fusion is so important to the Universe, how it could be transformative for planet Earth, and who is closest to taming its tremendous energy. Whoever does achieve net energy gain first is going to fundamentally change how fusion is seen. Just as occurred with flight, once “fusion for energy” is clearly demonstrated, an explosion of innovation will be unleashed. And from there the path may open to powering the planet.




CHAPTER 1 THE STAR BUILDERS


“If, indeed, the sub-atomic energy in the stars is being freely used to maintain their great furnaces, it seems to bring a little nearer to fulfilment our dream of controlling this latent power for the well-being of the human race, or for its suicide.”

—Arthur Eddington, “The Internal Constitution of the Stars,” 19201



Who are the fusion pioneers aiming, like Prometheus, to steal the secret of fire from the heavens? The individuals who are bold enough—some might say “crazy enough”—to try to bring star power to Earth? Throughout this book we’ll be meeting them and learning why they’ve dedicated their lives to the fusion dream.

The first star builder I meet as I try to find out who is ahead in the nuclear race is Dr. Mark Herrmann, the gentle-mannered director of the National Ignition Facility (NIF) based at Lawrence Livermore National Laboratory.

Like everyone I meet here at NIF, Mark opens our conversation by stressing that managing the United States’ stockpile of nuclear weapons is the primary mission of both NIF and Lawrence Livermore National Laboratory. The scientists here are tasked with maintaining America’s nuclear deterrent and understanding how aging nuclear weapons deteriorate over time. This is why the entire site is protected by armed guards and lined with serious-looking double fences. As I walked along Livermore’s winding paths to get to my meeting with Mark in the NIF visitors’ center, I passed numerous other buildings that were strictly no entry for those without security clearance. Inside, the weapons secrets of the most powerful nuclear state on Earth are held. The combination of high security and the brightly colored visitors’ center might seem incongruous, but everyone I talk to is friendly and seems to have found peace with their responsibilities, Mark especially.

Livermore does a vast range of science in addition to weapons research and nuclear fusion; super-computing, climate change, and the creation and discovery of new elements (including livermorium, which is named after the lab). Make no mistake, this is big science—NIF alone has 650 staff who are managed, ultimately, by Mark. I begin by asking him how close the lab is to demonstrating net energy gain.

“By the end of the 2020s we’ll have achieved ignition or have an ignition facility under construction,” he says, his eyebrows jumping above the rim of his thick glasses to make the point. “Ignition” means a high net energy gain from nuclear fusion in which the reactions really take off and become self-sustaining, like a roaring fire. Mark has been working on unlocking energy from atoms for more than two decades, and leading NIF since 2014. Although he has graying hair and a salt-and-pepper goatee, he’s full of energy and enthusiasm for NIF’s mission.

Mark was previously employed at the Sandia National Laboratory, where he was the director of the Z Pulse Power Facility, another machine that combines classified and open science. When I ask why he’s at NIF, he tells me that he got into fusion research because of the interesting science and the long-term benefit for humanity. His first step in the field was completing his PhD in 1998 at Princeton and writing an award-winning thesis on the rival magnetic confinement approach. Shortly after, he joined Livermore to work on inertial confinement fusion.

Despite Livermore’s focus on stockpile stewardship, one of the laboratory’s long-term goals is inertial fusion energy, and always has been since its founding in 1952. Mark is clear that NIF is the world’s best hope for understanding fusion, and he tells me that it’s the only facility that has the prospect of achieving net energy gain in the next decade. That’s controversial given that other fusion laboratories and start-ups are claiming that they’re ahead. Earlier in the day, Dr. Bruno Van Wonterghem, NIF’s operations manager, told me that the extent to which Livermore is explicitly pursuing fusion has gone through “highs and lows,” perhaps hinting that the political weather might be why everyone I spoke to began our conversation by telling me the primary objective was maintaining the United States’ nuclear arsenal.

I ask Mark about the tension between managing nuclear weapons and pursuing fusion energy. “Holistically it’s all stockpile stewardship.” What he means is that the physics of fusion reactions is similar whether those reactions are occurring in a thermonuclear weapon, in a fusion reactor, or in space.

One person in particular is representative of the strides that NIF has made since 2013, and is also most emblematic of the paradox of mass destruction and planet-saving energy provision that characterizes Livermore’s portfolio: Dr. Omar Hurricane, NIF’s chief scientist. You’d be forgiven for thinking that he was the star of an action film with a name like that; as it is, he’s something of a star in the inertial confinement fusion community. His thesis advisor was the UK’s previous star builder–in-chief Professor Sir Steve Cowley, but after Omar finished his PhD at UCLA in 1994, he left magnetic confinement fusion in favor of an inertial confinement fusion job at Lawrence Livermore.

“I got hired into the weapons program instead,” he tells me, as we sit down to talk. He was irked by his rejection but made the most of the unexpected career he found himself in. After nuclear testing ended in 1992, a different type of stockpile stewardship was required. “How can we be confident about certifying the nuclear stockpile,” Omar says, “when we’re not doing experiments anymore? That led to the stockpile stewardship program, my generation.” He was involved in extending the lifetime of the W87, a thermonuclear bomb that is used in intercontinental ballistic missiles.

Omar isn’t afraid of celebrating his successes: “I’m pretty good at making mathematical models of things, even things that aren’t my area,” he says, and explains that, following the worse-than-expected performance of fusion experiments at NIF, “the director of the lab saw it wasn’t going well and asked me and a few others from the weapons program, ‘Would you be willing to jump in and help?’ And so I jumped in with other colleagues. The experiments were quite successful [and in] late 2013, early 2014, we started getting some exciting results. All of a sudden, I got asked whether I wanted to be chief scientist.”

Under Omar’s leadership, laser fusion experiments performed at NIF in 2018 released sixty times the energy of experiments on the same machine in 2011. But NIF isn’t the only front-runner with decades of experience in nuclear fusion.

Five thousand miles away, a UK government laboratory called the Culham Centre for Fusion Energy has the latest iteration in a line of fusion machines that goes back decades. It’s now the world’s leading operational magnetic fusion facility. Unlike Livermore or Sandia in the USA, Culham doesn’t do classified weapons science. The site isn’t protected by armed guards, although on my way in I did see some pretty mean-looking ducks. Star power is the sole mission.

Professor Ian Chapman leads both the laboratory and the UK Atomic Energy Authority, the arm’s-length civil service organization tasked with star building. Ian Chapman is exactly what you’d expect if you crossed a scientist with a civil servant. He wears a suit and tie (unusual for scientists), but it’s out of respect for the seniority of his position rather than pretense. He has close-shaved hair and a broad grin. He’s thoughtful, talkative, and polite, but he’s also not one to mince his words. That’s useful if you’re trying to steer a fifteen-hundred-person laboratory. Most of his staff are scientists, each with their own interests, and I imagine the internal management of Culham involves a degree of cat-herding. He sees his role in leading the world’s largest (for now) magnetic fusion experiment as a duty, though he clearly misses being in the details.

“I’m chief executive and my role here is fundraising, stakeholder management, dealing with the government, Brexit”—he chuckles, acknowledging the scale of that particular challenge for Culham, whose biggest fusion experiment is funded directly by the European Commission—“all that not very fun stuff.”

We’re talking in Chapman’s office, which, despite his responsibilities, looks like the inside of an office trailer on a building site. The only hints that it might not be are the equations on the whiteboard. Ian is another award-winning scientist, having bagged the latest of many trophies in 2017 for research on the stability of magnetic fusion experiments. I ask him about the prize and he’s characteristically self-deprecating.

“I used to be a scientist—yeah, I just received an award for science I used to do. I spent thirteen years doing proper science, but I’ve written off doing any real work while Brexit is happening, as that’s going to occupy me for years.”

It’s worth noting that the award was for outstanding early career research. Ian has risen remarkably fast. He went from finishing his PhD in 2008, to making groundbreaking contributions to science, to running the world’s most successful fusion experiment in less than a decade.2 Given his inexperience, his appointment was described by some as a risk.

“It’s a risk in that I didn’t have decades of experience running big organizations with thousands of people. Conversely, had you appointed someone who knew how to organize but didn’t have a passion and a knowledge about fusion, you’d be taking a risk at the other end. It’s clear that I have a passion about fusion. I’m also the right age profile to make it happen, shall we say,” the thirty-eight-year-old adds, smiling.

Culham’s biggest machine currently holds the world record for fusion energy. Chapman has a plan to push it even further than before. “I’m hoping we can smash our record,” he has said.3

Established star builders like Mark Herrmann and Ian Chapman face stiff competition from elsewhere: the Cambrian explosion of private fusion firms. Like the industrialists of the early twentieth century, these challengers are less concerned with the science than in making the machines work. They reject the “bigger is better” paradigm that is conventional wisdom in fusion physics. Instead, they’re developing smaller and, they argue, more practical machines. Increasingly, investors are committing their cash to this scaled-down, simplified approach—though of course no fusion device is without vast complexity.

One such efficiency-emphasizing operation is Tokamak Energy. Although Tokamak Energy’s scientists and engineers are following the lead of Culham in using magnets to trap the stuff of stars, they believe their machine is a smarter way of doing it. Not only are they aiming to demonstrate that they can reach the conditions for fusion soon, they want to deliver power to the grid by 2030. This ambitious plan will involve mastering new intricacies in not just physics, but engineering and economics too. In 2020, Tokamak Energy received $13 million from the British government and another half a million dollars from the US Department of Energy to bring this plan to fruition.4

Fusion start-ups such as Tokamak Energy are ending the dominance of physics, and physicists, in the field. Tokamak Energy’s chief executive, Jonathan Carling, is the quintessential engineer determined to turn fusion from a science project into a bona fide power source. On the day of my visit I meet him over tea and biscuits in a room cut out of Tokamak Energy’s industrial warehouse headquarters. Jonathan is unlike the incumbents in the star-building business in that he’s never worked in fusion before. But he has taken big, complex engineering designs into commercial production.

“I came to be here because my background is in engineering and operations, and the business has reached a stage where it’s very focused on how we make this a commercial reality, not just how we demonstrate an energy gain of one-point-zero-something, but how we actually develop a commercial device.”

His record speaks for itself. His career began when he apprenticed at Jaguar to work on car engines, but he says that his passion for making technology work began much earlier.

“I became an engineer when I was about six,” he tells me. “We used to get drawing to do and I drew a car and my teacher would say ‘What’s that sticking out of the [hood]?’ and I said, ‘That’s a super-charger.’ At six years old, I was fascinated by machines, and I was always pulling things to bits and wanted to learn about them. So I did a mechanical engineering degree.”

After Jaguar, Jonathan went to another high-end car firm, Aston Martin, and became the chief operating officer. Not content with the complexity of cars, not to mention people, he then switched to aerospace at Rolls-Royce. If you’ve ever been on a plane, there’s a really good chance that you’ve been jetted around by an engine that Carling had a hand in. At my insistence, he reels off a list: the Airbus 380, 350, and 330, the Boeing 747, 777, and 767.

“Jet engines run hot all the time, and the intake temperature can be of the order of two thousand Kelvin, which is three hundred degrees or so above the melting temperature of the turbine that is extracting the power,” he tells me, going on to explain how such a feat is possible with clever engineering. If it sounds impressive, it’s nothing compared to what a working fusion reactor will need. So why did he swap two thousand degrees Kelvin for 150 million?

“The world doesn’t need another luxury sports car as much as it needs fusion energy,” he says.

There are start-ups pursuing the inertial confinement approach too, which as a reminder uses a trigger, often laser beams, to crush matter into a hot, dense blob that provides good conditions for fusion reactions to occur. One firm is on the other side of Oxford, just seventeen miles up the road from Tokamak Energy and in their own rather more swanky warehouse. They are First Light Fusion; their name refers to the light emitted by matter as it gets hot enough for fusion.

Dr. Nick Hawker, the CEO and CTO of First Light Fusion, is another engineer steering fusion toward reality. He’s young, having founded First Light directly after completing his PhD at Oxford. He has a very different style from the older bureaucrats of fusion, like Mark Herrmann and Ian Chapman. Nick wears sneakers, chinos, and solid-color T-shirts with a blazer over the top. He’s sharp and a bit intense, with a restrained entrepreneurial energy. Someone who decides to take on not one, but two of the key roles in an organization might be conceited. Yet, unusually, Hawker’s company has managed to raise enough money for a four-year plan. And his generally older and more experienced staff look up to him with a hint of reverence. When I finally speak to him at the end of a long day at First Light’s headquarters, I’m full of anticipation. Hawker answers my questions in clipped sentences and rarely cracks a smile throughout our conversation; he’s all business.

He tells me that, as CEO, his job is forging links with potential industrial partners and academia. But he seems to be involved with every aspect of the company and likes getting his hands dirty. His Twitter feed is full of results from First Light’s star machine, replete with video clips of experimental equipment exploding. One post shows a photograph of a thick metal plate with a hole punched right through, another a video of a 7 mega-ampere (25 million times more current than an old-fashioned filament bulb) short circuit.

I ask him about his dual role, and he says that it’s all about managing the personalities on the team so that they’re pointing in the same direction. “I’m on the pitch too,” he quips, referring to getting directly involved in the science via his CTO role.

And well he might get involved in the science. Nick has taken his work in Oxford’s engineering department, simulating extreme conditions in fluids, and made it the core of a new approach to fusion. That’s risky, but it also presents new possibilities for net energy gain that, he argues, might have been overlooked by the big laboratories, who tend to play it safe.

Certainly, decades of mainstream magnetic and inertial confinement fusion have continually surprised scientists with problems that couldn’t have been anticipated. But technology has also moved on, and fusion scientists can now combine simulation and theory in ways that would have been unthinkable ten years ago. “The real goal is to validate the simulations,” Nick stresses, echoing what Jonathan Carling also told me. To keep up the funding to get their fusion schemes over the line, the start-ups need to show that they’re credible, and that means showing that their models are capable of describing reality.

The big motivations for Nick seem to be those that have driven countless entrepreneurs before him: success and money. He believes that these will come faster in a private fusion venture.

“I’m very glad that we did go private because look how far we got,” he tells me. Not only does Nick live this paradigm, he has championed entrepreneurship in the press and mentored others starting businesses. He really believes that when it comes to technological progress, his way is the best way.

Nick Hawker is counting on getting to a net-energy-gain experiment by 2024. He tells me First Light Fusion is about to reach the temperatures where fusion reactions become detectable, a first step on the path to this ambition.5

First Light Fusion fits into the inertial confinement fusion bucket. There are fewer start-ups using this approach, the most prominent examples being New Jersey’s LPP Fusion and Canadian-based General Fusion. The other start-ups using the magnetic field approach include Lockheed Martin, TAE Technologies, Commonwealth Fusion Systems, and Renaissance Fusion. They’re all looking to challenge the big players of NIF and Culham with their greater agility and more focused objectives.

It doesn’t matter which star builder you talk to. All passionately believe that their scheme will be the first to deliver energy to the grid. But they can’t all be right. Some are over-promising. And the path to fusion energy is littered with failed promises, so, in a way, it’s surprising not to hear more modesty.

Despite having his own ambition to surpass records for fusion energy, Ian Chapman believes that the new competition is essential and inevitable: “I’m very supportive of all of their endeavors, and indeed we work with a lot of private companies.” But he does acknowledge that the start-ups can create problems and may not be as far down the road as they think they are.

The government labs may still have a few tricks up their sleeve too. They’re not incapable of innovating, and they have lots of people with the right skills to do so. Both magnetic confinement fusion, at Culham, and inertial confinement fusion, at Los Alamos National Laboratory, have smaller, highly experimental fusion schemes.

Perhaps the most impressive government “start-up” machine is the Wendelstein 7-X, recently opened by Angela Merkel in Greifswald, Germany. It’s run as part of the Max Planck Institute for Plasma Physics, which has eleven hundred employees and also operates a tokamak. W7X, as those in the know call it, has been making rapid progress by revisiting an idea right from the start of the fusion era, the stellarator (an Escher-like tangle of tubes that traps fusion fuel with twisting magnetic fields), with modern technology. Serving as the institute’s scientific director is Professor Sibylle Günter, an experienced academic star builder whose work on topics related to fusion began in the 1990s. It was the connection of fusion with her corner of northeast Germany that drew her in. When she discovered that W7X would be built near her hometown of Rostock, she decided to learn more.

Sibylle steadily ascended the ranks, becoming head of theory (a position for which seriously strong mathematical ability is required), then a director, and finally, in 2011, the scientific director. “I saw how important good management is and how much it takes to secure a sufficient budget,” she tells me digitally as we cope with a coronavirus-induced lockdown. “By being the director I have many opportunities to influence our big projects and I can change those things I only complained about earlier.”

Although she describes herself as a very impatient person, Sibylle is understated; the consummate professional scientist giving both sides of the argument and being honest about any limitations. When I ask how she feels about achieving fusion, she says, “The pressure is quite strong” but adds that, despite it, she still strives to ensure careful work and good scientific procedures. She thinks that, in the long run, the stellarator design of W7X could make a more viable energy-producing fusion reactor than tokamaks like Ian Chapman’s machine at Culham.

Although everyone disagrees about how and who, star builders do agree that the fusion future we’ve all been promised for so long is (almost) here. Net energy gain especially. “The key message isn’t about us,” Jonathan Carling told me. “The key message is that fusion is coming much faster than most people think.”

“It’s not science fiction; it’s going to be solved in the next decade,” Nick Hawker said. “ ‘Solved’ means it’s working. It’s going to take longer for a power plant, but the joke that fusion is ‘thirty years away’—no, it’s here. The thirty years are done and it’s going to be solved in the next decade.”

Ian Chapman, who leads the UK Atomic Energy Authority, said: “Fusion will work. It will happen.”

There’s just one more star builder I need to introduce you to: me. Well, former star builder: I worked on nuclear fusion research at Imperial College until 2015, when I left to become a researcher in economics in the public sector. Since then, I’ve been looking at star builders from the outside. In that time it has struck me that, more than ever, the rest of the world deserves to know what this motley bunch of scientists, engineers, and entrepreneurs is up to. This book is intended to help accomplish that.

It’s clear from talking to the star builders that they aren’t just creating fusion devices to show that they can master one of the universe’s most fundamental reactions, as important a breakthrough as that might be scientifically. They’re doing it because taming nuclear fusion might just save the planet.




CHAPTER 2 BUILD A STAR, SAVE THE PLANET


“What problem do you hope scientists will have solved by the end of the century?”

“Nuclear fusion. It would provide an inexhaustible supply of energy without pollution or global warming.”

—Stephen Hawking, 20101



The star builders we’ve met—Dr. Mark Herrmann at NIF, Professor Ian Chapman at the UK Atomic Energy Authority, Jonathan Carling at Tokamak Energy, Dr. Nick Hawker at First Light Fusion, and Professor Sibylle Günter at the Max Planck Institute for Plasma Physics—have many motivations, but there are a few that come up again and again. One is the sheer joy of pushing the boundaries of what human ingenuity can achieve. For the start-ups, success and money beckon. For scientists in government laboratories, it’s understanding the most powerful forces in the universe.

But the big motivation that unites all star builders, the one that gets them out of bed in the morning, is saving the planet.

Our home is a blue marble that sits in a thin protective layer of atmosphere. It’s currently hurtling through the Milky Way, following the star that has given it life. Earth has been witness to every joy that humans have known: every sight, every experience, every moment. (That’s if you don’t count the lucky few who have ventured into space.)

As much as everyone agrees that we should preserve our planet, keeping it pleasantly habitable for future generations of plants and animals, the star builders are acutely aware that, as a species, we’re charting a course to do it irreparable harm. “We’re doing an experiment with the only ecosystem we have,” Mark Herrmann told me. “Bad things very much could happen.” And so they have.

Simply put, Mark and the other star builders want to stop the human-caused climate change that is tipping the planet into a new and dangerous phase. Climate change threatens our way of life, especially our most vulnerable people. That’s the A-side; the B-side features the related challenges of pollution and habitat destruction.

There’s clamor for change—though, so far, not a lot of concrete progress. Teenage climate campaigner Greta Thunberg is touring the world telling politicians and officials to do more. In the UK, the Extinction Rebellion movement has protested by blocking streets and gluing themselves to government buildings. They want net zero carbon emissions by 2025. In the US, Democrats have campaigned for a Green New Deal that includes a commitment to net zero by 2030. By 2019, fifteen nations had committed to reach net zero by 2050. But it’s one thing to promise net zero carbon emissions, it’s quite another to achieve them.2

The star builders have an unusual plan to avert Earth’s unfolding climate catastrophe: they want to save the planet by building a star. Star power, they say, could help us avoid the worst of the planet’s climate crisis by providing an alternative source of energy. And it’s our relentless addiction to energy that has caused this unprecedented crisis.

No other animal uses energy like humans do. Way back in our evolutionary history, we used energy to cook food to improve its nutritional value.3 And since Homo sapiens first used fuel for fires, our hunger for energy has inched higher and higher.

We began to use energy as an input into technology, from baking ancient bricks in kilns to propelling steamers across the oceans. Over the last two hundred years, the increases in living standards that energy has enabled are astounding. Mastery of energy has seen us improve the quality of hospitals, communications, transport, and both the quality and quantity of our leisure time—to pick but a few examples. The average home is packed with labor-saving devices that would have been unthinkable three hundred years ago.4

Each revolution in technology has meant successively higher energy consumption. In the UK, where the Industrial Revolution began, annual energy consumption increased eighty times between 1700 and 2019. Worldwide, it’s up thirty times since 1810.5

We’ll almost certainly need more energy in the future. Just as they have in the past, life-improving technologies to come will likely use more energy. And future gains in productivity, which ultimately underlie prosperity, are likely to come from energy-hungry technologies like robotics.

More energy is needed right now just to even out existing inequalities in energy consumption. A large fraction of the world’s population doesn’t enjoy anywhere near the extensive energy consumption, and the benefits it brings, that people in developed nations do. The hope is that poorer countries catch up as quickly as possible. When they do, the scale of the increase we’ll need is huge: for example, energy consumption per person in Bangladesh is around eleven times smaller than in the UK, although the population is roughly twice the size.

The population of the planet is increasing too, especially in developing countries. Population growth gets bad press, but actually it means more brains creating more wonderful things across art and science.6 Nigeria, Africa’s most populous nation, experienced an astonishing growth rate of 45 percent between 2005 and 2019, compared to the US’s 11 percent for the same period.7 The overall rate of population growth is predicted to slow only gradually in the coming decades before stabilizing at around 10 billion people.8 We will need energy for those new arrivals.

It’s hard to avoid the conclusion that we have a big energy problem. “Frankly, any projection you look at says you need more energy,” Ian Chapman told me. “We’re going to need half as much energy again as we use now—50 percent more, it’s a huge amount more. In this country, if we had demand go up 15 percent we couldn’t cope.”

Energy is measured in joules. Remember, a single joule is roughly the energy it takes to lift an apple one meter. Over the course of a year, the average US citizen uses three hundred gigajoules, with a gigajoule being a thousand million joules. There are 330 million people living in the US, so, to account for the energy use of the entire country, or an entire planet, an even more extreme unit of measurement is called for: the exajoule. A single exajoule is a thousand million gigajoules.

Today, the world uses 620 exajoules of energy per year. Of those, the US uses around 95. The US Energy Information Administration estimates that the planet will need half as much energy again by 2050. Other estimates put it a touch lower. Even for everyone now on the planet to have the same energy consumption per person as in the EU or the US, we’d need to find another 370 or 1,650 exajoules respectively. That’s a lot of extra energy that we need to find—and it has to come from somewhere.9

The Energy Crisis

If you think that the energy crisis that worries star builders so much is being solved because campaign groups are pressuring and electorates are increasingly concerned, you’re horribly wrong. While there’s a lot of talk, and ambitions are high, the data tell a different story. Both the world’s total and per person energy consumption are increasing, partly for the very good reason that extra energy directly makes people’s lives better. Over the decade to 2018, global primary energy consumption grew by 1.4 percent a year.10

Most of the world’s energy (80 percent) is still generated by fossil fuels: oil, gas, and coal. That’s not new—throughout modern history, we’ve relied almost exclusively on a single type of chemical reaction for energy. The recipe: take hydrocarbons—chains of carbon atoms with hydrogen atoms attached—and burn them in oxygen to create water, energy, and carbon dioxide.11

There are good reasons why fossil fuels have achieved such dominance. It’s hard to imagine an energy source that is easier to use: you need only dig it out of the ground and set it on fire, no lasers or force fields required. In the past, the price was low relative to other energy sources. Fossil fuels are able to respond quickly to demand, in just a few seconds in some cases. They don’t stop operating because it’s overcast or there’s no wind. They generate the right amount of power for anything, whether you’re trimming grass with a mower or lighting a city. And even the fossil fuel power plants with the largest output barely take up any space—less than one square kilometer to power almost 3 million homes. A wind farm of equivalent power would take up substantially more land area than Washington, DC.12

Unfortunately, the overwhelming consensus is that we can’t continue to rely on fossil fuels; eventually they’ll just run out. As neatly summarized by David J. C. MacKay in Sustainable Energy—Without the Hot Air, the world was lucky enough to start the Industrial Revolution with 2 billion years’ worth of accumulated energy reserves in the form of fossil fuels. But at current production, there are 50 years left of oil and gas, and 132 of coal. It’s likely that we’ll find more fossil fuels if we look hard enough, but it won’t change the basic fact that they’ll run out sooner or later.13

Even if we were to find more fossil fuels, the security and environmental problems they pose are so serious that we need to wean ourselves off them anyway. They tend to be concentrated in a few geographical regions, lending power to those countries that, more or less by chance, have them. In 1973, a group of countries cut production and exports of oil so effectively that the price rose four times over. Energy security is itself a good reason to kick the fossil fuel habit.

Burning fossil fuels is also a major source of air pollution. Air pollution is thought to be a contributing factor in the deaths of nearly twenty-nine thousand people a year in the UK and, according to World Health Organization estimates, 8.8 million people worldwide (more than smoking). Even when it’s not killing you, pollution from fossil fuels has pernicious effects: one study of American students found that those who moved from a school with low ambient pollution to another with higher pollution experienced significant decreases in test scores and increases in behavioral incidents and absences. In the world’s most polluted cities, for example in India and China, the negative effects are even worse.14

On a global scale, it’s the carbon dioxide, or CO2, produced by burning fossil fuels that’s the biggest problem. Human-caused climate change is predominantly created by the greenhouse effect of CO2; the CO2 comes from energy generation. Levels of CO2 in the atmosphere have risen dramatically over the last few hundred years, increasing almost 50 percent since the Industrial Revolution. The Earth hasn’t seen levels of CO2 this high for at least eight hundred thousand years.15

Dr. David Kingham, vice chairman of Tokamak Energy, told me that the deep de-carbonization of the planet was going to be a bigger, more important challenge than getting to space. There’s certainly more at stake.

We don’t yet fully know the consequences of messing with the global climate system, but what we do know is very bad. The planet is a complex machine; each part interacts with every other part. The best models predict that human-caused climate change will create rapid changes in temperature, which will have a large and negative effect on life on Earth—human and otherwise. If we breach a 2 degree Celsius (approximately 3.6 degrees Fahrenheit) increase in average warming, a third of the planet will experience life-threatening heat waves every five years. Virtually all coral reefs will be wiped out. Crop yields will fall, and there will be extensive coastal and river flooding, huge climate-related loss of biodiversity, and an increase in extreme weather patterns. Many of these changes are irreversible, at least on human timescales. Getting it wrong on climate change could be catastrophic.16

Scarily, the catastrophe is already happening. The global average temperature for 2019 was 1.1–1.3 degrees Celsius (approximately 2.2 degrees Fahrenheit) above the levels of 1850–1900, according to several independently curated data sources. The World Health Organization (WHO) estimates that climate change is contributing to the deaths of around 150,000 people worldwide per year already.17

In 2018, the Intergovernmental Panel on Climate Change (IPCC) revealed just how little time we have left to act, injecting new urgency into the energy crisis. To avoid the worst effects, it was previously thought that the rise in temperature should be kept to, at most, 2 degrees Celsius. But as more data are gathered and more supercomputer simulations run, it seems that this just isn’t going to cut it. The IPCC now recommends that we should keep warming to under 1.5 degrees Celsius (approximately 2.7 degrees Fahrenheit). We’ve already breached 1 degree Celsius, so this leaves very little room, and time, to act. Newspapers reported this as, “We have just twelve years to limit devastating global warming.” Such a specific timeline invites skepticism; a complete CO2 emissions halt a day after the deadline would surely still be welcome. But the point stands that we need to effect a massive reduction in greenhouse gas emissions as quickly as possible if we wish to avoid the worst climate outcomes.18

Perhaps you think that we’re making progress on clean energy. Partly, yes. However, the consumption of oil, coal, and gas actually increased between 2009 and 2019 (though coal use may now be falling for good). Perhaps you’ve heard that electricity generation is greener because it’s easier for renewables to displace fossil fuels for that purpose. But even in restricting the discussion just to electricity, we encounter bad news: the shares of both non-fossil fuels and coal in electricity generation in 2019 were broadly unchanged from their levels of twenty years earlier. In 2019, coal was still the single biggest source of energy for making electricity.19

Figure 2.1 shows how fossil fuels absolutely dominate world energy production. Fusion’s cousin, nuclear fission, supplies around 4 percent. Biomass refers to biologically grown materials that can be burned for energy, including wood. Solar, wind, and other forms of renewables are barely large enough to feature except for a sizeable sliver attributable to hydroelectricity (6 percent). There is a lot of talk about solar and wind, but on the scale of the planet’s energy consumption, their contributions are so tiny that you can barely make them out. The sad truth is that our energy mix means global emissions of carbon dioxide are still growing: on average, by 1 percent a year over the last decade.20
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Figure 2.1: World energy consumption by generation type tells a tale of fossil fuel domination, while wind and solar are so small that you can barely see them. Biomass includes wood-burning and biofuel.21



How Can We Solve the Energy Crisis?

What the world needs is solutions. Star builders think they have one, but they’re not the only ones.

Some people are saying that we can become radically more efficient in our use of energy. It’s a nice idea, and we should certainly be doing it where we can. Improvements in technology have led to replacement of old style incandescent lightbulbs (which converted most of their energy into heat rather than light) by LED bulbs that are five times as energy efficient. And due to commercial pressures, jet planes became twice as fuel efficient per kilometer between 1968 and 2014.22

Energy savings are great, but they’re extremely unlikely to offer escape from the mess. One underappreciated reason is that if products are cheaper or better, people tend to buy or use more of them. This rebound effect means that technological improvements that make products consume less energy per unit can actually increase the amount of absolute energy consumed. Due to technological innovations, the price of six hundred hours of light fell from £35,000 (approximately $47,000) in fourteenth-century Britain to £2.89 ($3.86) in 2006; people can now work during the dark hours of the night, but only by using more energy. And we’re using a lot more jet planes than we did in 1968.23

Perhaps the most fatal flaw undermining the ever-increasing energy-efficiency strategy comes from the laws of physics: that is, most tasks take a minimum amount of energy to perform. To make a good cup of tea, it’s necessary to boil at least one cup of water. There’s a fixed and immutable energy cost to get a cup of water to 100 degrees Celsius (212 degrees Fahrenheit) that you can’t reduce with efficiency savings: you can’t beat physics.

There’s evidence that carbon taxes would help reduce demand for the kind of energy the world needs to cut back on.24 Economists don’t usually agree on anything, but most are in favor of carbon taxes as a way to cut emissions and combat climate change.25 But any serious solution will need to address the supply of energy too. For instance, to fill the gap that will be left if fossil fuels are removed from the mix, the size of scale-up in clean energy we will need is terrifying. The IPCC say that no more than 40 percent of our energy should come from fossil fuels by 2050. To achieve the IPCC goal will mean deploying carbon-free energy sources at a rate that is unprecedented.26

Star builders have been keen to tell me that massive adoption of renewable energy (solar power, wind power, tidal power, hydroelectricity, and so on) is part of the solution. Renewables have some fantastic advantages—the most obvious being that they will never run out. They also already produce net energy, unlike nuclear fusion. In recent years, the prices of some renewables have plummeted too. In particular, solar power just keeps getting cheaper.27

But, the star builders say, renewables alone aren’t going to cut it. They can’t provide energy at the scale, growth rate, and level of consistency that is needed to power the entire planet. As Sibylle Günter at the Max Planck Institute told me, the scale required puts them in competition for space and resources that serve other human needs, like food. The scaling problem is partly attributable to another inescapable bit of physics: the energy that renewable facilities tap into is diffuse. It’s impossible to mine a rich “vein” of sunlight because it’s distributed over the surface of the Earth. Coal, by contrast, is a dense ball of stored sunlight. The same diffusion problem posed by sunlight applies to energy extracted from waves and the wind.

With renewables, the small amount of energy obtained per amount of land area, and their not being at 100 percent capacity all of the time, means that huge plants are needed. For the UK, which has a similar land area to the state of Oregon, to rely on wind alone for electricity would mean covering up to 17 percent of the country with onshore turbines, or 2.7 percent for solar photovoltaics.I28 Offshore wind and tidal power also require impractically large areas, and hydro and geothermal power aren’t available in enough places.29 Not everyone wants to live next door to a large-scale renewable plant either.30

The renewable with the most promise, the one that could be scaled up the most significantly, is solar (though in some places, like Northern Europe, wind power will be more effective). Based on what has been learned from operating solar farms in the US, it would take two thousand solar power plants each the size of London to get close to providing current world energy consumption. It isn’t impossible, but it’s daunting and implausible. The UK government Committee on Climate Change thinks only about 60 percent of the country’s electricity will come from renewables by 2050, and few believe that even solar power will be able to supply more than 50 percent of electricity worldwide.31 Remember too that electricity is just one part of total energy use, and its share will need to increase substantially to beat climate change.

In a sad irony, climate change itself makes the haul of energy from renewables less certain. As the worldwide pattern of both weather and climate changes, it will create renewable energy winners and losers. The potential for solar power will likely rise in Europe and China but fall in the western USA, Saudi Arabia, and across Africa. Overall, the effects seem likely to be negative: solar cell efficiency drops by about 0.5 percent for every one-degree increase in temperature, and weather effects mean a reduction of direct sunlight by 5 percent.32 Even if these shifting patterns create a redistribution of potential renewable energy rather than a reduction, the change presents a problem for policymakers.

Another problem is that renewables, including solar, are inconsistent. On a still day, wind turbines produce next to nothing. Even if solar panels were pasted across most of the landscape, they’d still be vulnerable to the weather. Solutions could include building cross-continental power transmitters or smoothing out the uneven supply of electricity using enormous batteries. Unfortunately, those big batteries don’t yet exist. Tokamak Energy CEO Jonathan Carling is skeptical that batteries will ever do the job. “You can have a battery that extends the day a bit,” he told me, “but to have a battery that turns winter into summer is too much to ask.”

Dealing with intermittency is also expensive, especially when renewables get near to providing 100 percent of the electricity supply. If power is scarce, you need instant, on-demand power, either from batteries or from a neighboring state. When power is plentiful, there is a risk of over-generation—of power flooding the grid and causing physical damage. Faced with that imminent prospect, a nation or state might have to pay its neighbors to take power.33

Most studies put the plausible fraction of renewables’ share of total global energy at 27 percent by 2050. Renewables are going to be a key part of the solution to the energy crisis, a very large part, but not the whole story. They’re an absolutely necessary part of the solution, but they’ll likely be insufficient.34

Of every star builder I’ve spoken to about whether a combination of existing technologies will be enough, First Light Fusion CEO Nick Hawker seems to have thought the most deeply about it, even commissioning a study by a third party.

“We looked at the future of energy in the 2030s and ’40s,” he told me. “It’s instructive to ask what’s not the problem. It’s not cost. Solar and wind are already the cheapest form of energy generation. Full stop. And it’s not about energy intermittency either. We can debate about how you’re going to manage the last 10 percent of intermittency, but frankly if we’re in that world we’re doing pretty well.”

So what is the problem in his view?

“It’s the deployment and the maximum rate of deployment. The problem is scale, which is very bad news for climate change because none of the other options are very good, none of the other options are really proven—the only other one is nuclear fission.”

Fission, now, that’s an idea.

Nuclear fission already works. It produces next to no CO2 compared to fossil fuels, and even less than solar cells do.35 It’s not affected by the weather or climate, and it doesn’t require vast tracts of land. Powering the entire planet on fission would merely require fifteen thousand (1240-megawatt) fission plants. That’s a lot of nuclear power stations, but they’d take up a tiny fraction of the land area that solar power would need.

I should declare now that I’m a fan of fission power, and not just because it involves nuclear physics—countries that heavily rely on it are managing to get off fossil fuels. France and Sweden have gone further than most in de-carbonizing their electricity generation, with 75 percent and 40 percent, respectively, of their energy supplied by fission. France also exports a lot of that sweet, clean electricity to other nations.

But I’m in the minority: an IPSOS poll, conducted after the tragic meltdown at the Fukushima nuclear plant, found that fission had the lowest public support globally of any source of power, including solar, wind, hydro, gas, and coal. Some countries are phasing out fission power altogether. “Fission faces a great acceptance problem,” Sibylle Günter said.36

Nuclear fission certainly does have problems: radioactive waste, the possibility of dangerous events like reactor meltdowns, a finite supply of fuel, and the potential for the proliferation of nuclear weapons. I’ll dig into nuclear risks of all shapes and sizes more in Chapter 8. Fission can also be expensive, although it doesn’t have to be and the price varies widely depending on the context. The proposed fission reactor at Hinkley Point in the UK has a guaranteed price of £330 ($440) per gigajoule compared to £143 ($190) per gigajoule for the UK’s latest offshore wind sites.37

Nick Hawker doesn’t think there’s anything inherent about fission that makes it expensive; after all, France’s role as a major exporter of largely nuclear electricity suggests they’re able to make it cheaply. He thinks it’s the very tight regulations around fission that are to blame. “We’re doing a pretty good job of showing we can’t make it economical, and regulatory considerations suggest we simply can’t do it,” he says. “China can build nuclear fission, and South Korea can, but we can’t.”

Of course, those regulations may be there for good reasons. “When something does go wrong, it really goes wrong,” Jonathan Carling says of fission, “to the point where you’ve got to evacuate portions of the population and for that reason there are lots of places in the world that just don’t want to do that.” He also brought up the proliferation risk and that not many people want a fission reactor, which could melt down, in their backyard.

Too often, renewables and nuclear fission are viewed as either/or options. Honestly, looking at the scale of the challenge we face, we’re going to need both. But we should take people’s concerns and the risks seriously. Star builders are, and they don’t think we can rely on fission alone to fill the gap between what energy renewables alone can provide and how much energy we’ll need.

The Star Power Rescue Plan

What of the star builders’ grand plan? How would building a star help save the planet? On paper, nuclear fusion combines many of the advantages of other power sources.

Ian Chapman is clear. “It’s going to change the world,” he told me, adding that preventing catastrophic climate change with star power is what gets him out of bed in the morning. “If I didn’t believe that fusion was important for that I’d stop doing it and go do something else with my life,” he said. “The imperative to tackle climate change is only escalating and I could see that back in 2000.” Since that point, he says, we’ve “burned 80 percent more oil and gas. We need a seismic change in how we provide clean, affordable, safe, carbon-free energy, and fusion will be a big part of that, I’m convinced of it.”

His colleague, and the physics coordinator of one of Culham’s experiments, Dr. Fernanda Rimini, agrees. She told me that the planet would go on after a climate catastrophe, but she’s trying to bring star power to Earth for the next generation, for our way of life. I ask about alternatives, but she points out that fission just isn’t acceptable, and renewables aren’t enough. She sees a future that combines renewables and fusion. “Fusion could replace fission,” she says, “but be more environmentally friendly.”

Why are the star builders so in love with fusion? In short, they believe it will solve in one fell swoop many of the problems of the other power sources. The greatest problem of energy production is climate change: fusion will produce no more carbon dioxide than fission. How much carbon dioxide is that? Solar photovoltaics have life-cycle emissions that are 50 percent higher than fission and wind. Everything else, including biomass and hydro, has emissions that are at least twenty-five times that of fission and wind.38

Fusion also looks promising with respect to land use and scale. The star builders say that fusion plants will take up just a fraction of the space of an equivalent-power renewable plant. They’ll need a land area similar to what is taken up by fission plants today. And fusion neatly solves the problem of consistency. The star builders say that, once cracked, fusion will provide a steady supply of energy come rain or shine.

Yet another argument for fusion is that it produces a lot less radioactive waste than fission, and what is produced won’t last as long. Star builders say that it’s impossible for a nuclear fusion reactor to melt down or undergo a runaway reaction. The amount of regular waste would also be vastly less than fossil fuels produce.

Given that the most devastating nuclear weapons are based on fission and fusion, it’s rational to ask whether fusion power plants would pose even more of a risk of nuclear proliferation than nuclear fission plants. Seeking the perspective of someone who works at a site where the US’s nuclear arsenal is maintained, I talked to NIF’s Jeff Wisoff about this. He was clear: “Fusion is less of a nuclear weapons proliferation risk than fission.” I’ll revisit these claims later in the book.

And while energy security due to possible restrictions in fuel supply is a problem for oil, coal, gas, and the fissile material used in today’s nuclear reactors, it’s not a problem for fusion because almost every nation on Earth has direct access to it: the supply can be found in plain old seawater.

Fusion is a fuel-based power source, like fission or fossil fuels, so, in principle, it could run out. The fuel is a finite resource. It would be reasonable to wonder whether, if fusion is perfected, humanity could run out of fusion fuel and be right back in another energy crisis in a few years’ time. But, as the star builders point out, we won’t be running out of fusion fuel any time soon.

The two reactants needed for the simplest form of fusion (which requires the lowest temperatures) are the special types of hydrogen known as deuterium and tritium. Deuterium is outrageously common, with every briny bathtub of seawater containing five grams of the stuff. We know how to extract it too.39

The other ingredient for the simplest fusion reaction, tritium, is very mildly radioactive and, because it decays, doesn’t exist in significant quantities on Earth. However, it can be made from another element that is extremely plentiful: lithium. Lithium exists in ores and in seawater. It’s around fifty times more common in seawater than uranium, the raw ingredient for nuclear fission. While it’s not currently extracted at scale, if any metal is economical to extract from seawater, it’s lithium.40

Figure 2.2 shows how long different types of fuel would last if we relied on them, and only them, to provide everyone on the planet with the same energy use as the average US citizen. In the figure, the clear columns are the non-fusion fuels. The gray columns show how long the fusion fuels would last. The clear columns show that, by going all out on any one of oil, gas, coal, or existing reserves of uranium (assuming no new reserves were found), the planet would run down its energy supplies in fewer than one hundred years. Uranium extracted from seawater would enable fission to go on a lot longer.
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Figure 2.2: The number of years of energy left if we used just one type of fuel. Clear columns are non-fusion energy sources. The gray columns are types of fusion—deuterium-tritium fusion (using lithium from either the ground or the sea) and deuterium-deuterium fusion (which just requires seawater).41



The gray columns for fusion are labeled by the limiting factor in how long each type of fusion would last. Deuterium-tritium fusion is limited by the amount of lithium, either from ores or from seawater, because lithium must be used to create tritium. Deuterium-deuterium fusion is limited only by the amount of deuterium in the oceans. The simplest form of fusion, using mined lithium, would last two thousand years. Lithium extracted from seawater42 would stretch the fusion energy supply to 30 million years. Deuterium-only fusion would last over a billion years.

Our planet’s supply of fusion fuel is effectively limitless. Deuterium-tritium fusion would last long enough for continents to move, and species to rise and fall. That’s a geological timescale. Energy from fusion using deuterium alone would last for astrophysical timescales—long enough for the Sun to exhaust its own hydrogen fuel supply and expand to swallow the Earth. Fusion is a power source that could go on until the planet itself is uninhabitable.

Fusion buys the planet time. But in another sense, time is running out. When I visited Ian Chapman at the Culham Centre for Fusion Energy, a crop of fresh PhD students just beginning their star-building careers was presenting posters on their work and discussing it over a modest buffet lunch of sandwiches and potato chips. I had some time to kill before I went upstairs to meet their boss, so I asked a group of them about their motivations for working on fusion. I was especially interested if, as people likely to inhabit the planet longer than their older peers, they were drawn to fusion because of its potential to help with climate change. One or two said yes, fusion was going to help stop climate change. But the majority were skeptical that fusion energy would be ready in time to meet the IPCC’s dramatically short deadline for averting a climate catastrophe. They still believed that fusion could and should be an essential part of Earth’s energy supply in the future, but they didn’t believe it would arrive quickly enough to keep climate change in check. I was taken aback by their view, which was so different from that of more senior-ranking star builders. But given that the development of star machines has taken decades so far, I thought it was a good challenge, and I decided to put it directly to their boss. Upstairs, I asked Ian Chapman if fusion would be ready too late to make a difference; he shook his head emphatically.

“I don’t think it’s true. We don’t just get to 2050 and there’s a cliff edge and the world just stops or we’ve saved it,” he told me. “We’ll be on the right path, but there’ll still be a whole load of carbon technology we’ll need to displace.”

He also said that the IPCC deadline wasn’t a reason not to pursue nuclear fusion.

“You’ve got to remember that 80 percent of our energy is oil and gas. You can’t just say by 2050 we’ve got to be net zero—how are you going to deliver that? Eighty percent! That’s a huge challenge, and to be honest we’re not going to meet it with current technology.”

He’s strongly pro renewables, and pro investment in renewables. But he doesn’t think they’ll be enough on their own. “People are totally blasé about it,” he says. He is concerned, angry even. “We’re not behaving like it’s an emergency, and at some point that will bite.”

Other star builders agree that the quicker fusion energy is delivered, the better for the climate.

“I feel that in many ways, time is our biggest enemy. If we want fusion to be a big factor in combating climate change—tick tock, tick tock,” the director of MIT’s Plasma Science and Fusion Center, and cofounder of fusion start-up Commonwealth Fusion Systems, Dennis Whyte has said.43 Another star builder told me that eventually—whatever the specific timescale—the world will be driven to star power.

Star builders at start-ups were among the most bullish about the potential of fusion to defeat climate change. Scientists at both Tokamak Energy and First Light Fusion talked about building multiple net-energy-gain reactors in the 2020s or 2030s.

Given the long history of star building and the frustratingly slow progress thus far, it may seem surprising that so many star builders are so upbeat about the prospects of stopping climate change with fusion energy. In subsequent chapters, I’ll explain why they’re so strongly convinced they can get it working in time.

Nuclear fusion isn’t the only energy source that’s taken its sweet time to come to fruition, by the way. The utopian John Adolphus Etzler had the bright idea of solar power in a visionary 1833 book, and the inventor Charles Fritts’s first solar cell appeared in 1883. Newspapers in 1891 jubilantly promised that “the day is not unlikely to arrive before long” when economical solar power would be driving “all the engines on the Earth.” Forty years later, in 1931, they assured readers that “use of solar energy is near a solution.” Close to two centuries after the idea was proposed, the cost of solar power has become competitive with fossil fuels, although installed capacity is comparatively tiny. Maybe there’s hope for fusion yet.44

And yet… nuclear fusion is qualitatively different. Even Charles Fritts’s first solar cell managed a net energy gain, harvesting 1 percent of the sunlight energy that fell on it. Ignoring the energy cost of creating the cell in the first place, that first cell produced energy. So far, the only widely known artificially triggered fusion reactions that have produced net energy gain have been the ones in hydrogen bombs.

Nuclear fusion has always been essential for life on Earth to exist and to flourish. Essentially, all of our energy comes directly or indirectly from the massive, fiery nuclear fusion reactor in the sky that we know as the Sun. After all, solar power, the most promising renewable, is just indirect nuclear fusion energy. The star builders want to cut out the intermediary. They recognize the difficulty of their quest and that the stakes are as high as any we as a species have faced. But to have a hope of building a star and saving the planet, they need to understand nuclear fusion’s secrets.

I. There are surprisingly large number ranges for renewable energy density; these are based on renewable sites that were generating in the US in 2016.




CHAPTER 3 ENERGY FROM ATOMS


“A star is drawing on some vast reservoir of energy by means unknown to us. This reservoir can scarcely be other than the sub-atomic energy which, it is known, exists abundantly in all matter; we sometimes dream that man will one day learn to release it and use it for his service. The store is well-nigh inexhaustible, if only it could be tapped.”

—Arthur Eddington, “The Internal Constitution of the Stars,” 19201



This book is about scientists’ attempts to unlock energy from within the atom, and the star builders owe a great debt to the person who did more than anyone else to show the world this was possible.

That person is the physicist Ernest Rutherford, who, in the first decades of the twentieth century, discovered the structure of the atom, carried out the first nuclear reaction (without realizing it), and led the teams that discovered both nuclear fusion and nuclear fission reactions. But even the first ever artificial fusion experiment performed by Rutherford would show that achieving net energy gain was going to be very, very hard.

Ernest Rutherford was a brilliant, innovative, and hardworking physicist whose character and creativity won him many successes throughout his career. He helped to develop an early form of sonar; he built a world record–beating device for detecting radio waves at a distance; and his sensational early discoveries in radioactivity won him the 1908 Nobel Prize for Chemistry. He’s so important to the history of science that the UK’s Royal Society has kept some bizarre personal effects of his, including a potato masher. He was generous of spirit and, also, averse to affectation. His fellow physicist Niels Bohr said, “Although Rutherford was always intensely occupied with the progress of his own work, he had the patience to listen to every young man, when he felt he had any idea, however modest, on his mind.” Bohr also observed that Rutherford had “little respect for authority and could not stand what he called ‘pompous talk.’ ”2

Rutherford’s work on the atom began with his move to the University of Cambridge’s Cavendish Laboratory, from New Zealand, in 1895. Rutherford’s supervisor at the Cavendish was the great physicist Joseph John “J. J.” Thomson, the discoverer of the electron: the smallest distinct particle that makes up the atom. In 1904, Thomson had put forth a theory that could explain the facts about atoms as they were then known: the “plum pudding” model, a Christmas pudding–like dessert containing raisins (rather than plums). The model posits that atoms are made up of a positively charged “pudding” embedded with negatively charged “raisins” (electrons).3

In 1909, Rutherford moved to the University of Manchester, where he came up with experiments that tested his former supervisor’s theory. Rutherford ingeniously showed that—rather than a plum pudding—most of the atom was made up of empty space, with a concentrated lump of positively charged matter right in the middle. We now call this lump the nucleus (from which we get the word “nuclear”).4

The basic structure of Rutherford’s model is similar to how scientists think about atoms today: a massive nucleus in the center, occupying a small fraction of the space, and a cloud of very light, negatively charged electrons that are dispersed throughout the atom. Within the nucleus, there are two types of particles that have very similar masses: neutrons and positively charged protons.

The nucleus of the most common element in the universe, hydrogen, consists of just a single proton. The number of protons in an atomic nucleus determines what kind of atom it is: one for hydrogen, two for helium, three for lithium, and so on; adding one more proton to the nucleus turns it into a different element. Almost all chemistry, including reactions like burning or wine turning into vinegar (oxidation), is determined by the equal number of protons and electrons. The players in chemistry are the electrons, which are shared, swapped, or moved around in chemical reactions. As Bill Bryson observed, “Protons give an atom its identity, electrons its personality.”5

Neutrons, which have no charge, aren’t involved in chemistry, which is why atoms are usually called by one name regardless of how many neutrons are in the nucleus. For most purposes, there is no distinction between the two types of nitrogen in the Earth’s atmosphere; both have seven protons, but one has seven neutrons while the other has eight neutrons. The name for atoms with the same number of protons but different numbers of neutrons is isotopes. Because both isotopes of nitrogen have the same number of electrons, their chemistry is almost exactly the same.

But for nuclear physics, what’s in the nucleus matters. So the difference between isotopes is important, and can be the difference between life and death—as you’ll see in a later chapter when we come to the story of Bikini Atoll and the Lucky Dragon. Fusion and fission are nuclear reactions because they change the number of protons and neutrons in the nucleus. Deuterium and tritium, the fuel for the star builders’ preferred form of fusion, are isotopes of hydrogen. They all have one proton, but deuterium and tritium have neutrons too, which makes them more massive. The names give a clue as to how they relate to the more common form of hydrogen that has a single proton in its nucleus—deuterium is approximately twice as massive as usual hydrogen, while tritium is three times as massive. There’s one neutron and one proton in deuterium; and two neutrons and one proton in tritium.

Even the broad structure of the atom that Rutherford discovered was revelatory to scientists of the day. Ernest Mach, after whom the Mach numberI is named, said in 1910 that “if belief in the reality of atoms is so crucial, then I renounce the physical way of thinking, I will not be a professional physicist, and I hand back my scientific reputation.”6 The new theory was a huge paradigm shift that excited strong feelings. Rutherford clearly enjoyed mashing theories just as much as potatoes.

Rutherford is a hero for physicists because he did so much to shine a light on the structure of the atom. But he’s held in special regard by star builders because of experiments that went even deeper into the nascent field of nuclear physics.

One of the ways that physicists in Rutherford’s time were studying atoms and nuclei was by accelerating them to high speeds, and thus high energies, before smashing them into other atoms to see what happened. These very high energies allowed the nuclei of atoms to get close enough to interact, rather than more passively bumping off one another. A lot of knowledge about subatomic physics has been gleaned in this way, and the tactic of smashing particles for knowledge continues today in experiments conducted at the Large Hadron Collider at CERN, the European Organization for Nuclear Research.

In those early days of atomic research, the machines were a lot smaller, but the discoveries were just as big, if not bigger. Rutherford himself oversaw a series of experiments in which nuclei were accelerated to very high energies and smashed into other nuclei.

In one, in 1917, Rutherford performed the first artificial nuclear reaction; he transmuted nitrogen by firing a helium nucleus into it. Rutherford didn’t quite realize what he had done at the time: he thought he’d split the nitrogen apart, but in actual fact he had turned it into oxygen, releasing a hydrogen nucleus in the process.7

But it is two subsequent experiments that Rutherford was involved in that really started the quest for nuclear energy.

Atomic Energy

First, in 1932, two physicists working under Rutherford’s guidance at the Cavendish made a huge nuclear discovery that made headlines around the world and provided the first proof that energy could be unlocked from within the atomic nucleus.

The experiment was performed by John Cockcroft and Ernest Walton. Cockcroft and Walton were accelerating protons to high energies and slamming them into lumps of lithium. Most protons didn’t do anything interesting. But just occasionally—ten for every 1 billion fired—a proton would strike a lithium nucleus and split it clean in two. A nucleus of lithium-7 (the most common isotope of lithium, with three protons and four neutrons) became two helium-4 nuclei. The proton caused the lithium nucleus to have a surfeit of positive charge and so repulse itself, elongate, and break apart. It was pure alchemy; the researchers put in protons and lithium, and got out helium. They’d discovered that some atoms are fissile—that is, they can be split apart—an extraordinary insight into what is possible with the matter that makes up, well, pretty much everything.8

Cockroft, Walton, and Rutherford had split the lithium atoms. But the experiment was most interesting for what they saw when they added up the energies involved. They’d put 0.6 mega-electron volts (MeV) of energy into accelerating each proton—a tiny amount on a human scale, one-tenth of a million millionth of a joule. While you’ve been reading this sentence, you will have used up as many as one hundred joules. But at the atomic scale, giving a proton 0.6 MeV of energy is a bit like strapping a fly to a rocket. As big a number as this is, it’s dwarfed by the energy that came out of the reaction. In producing the two helium nuclei, 17 MeV of energy was liberated. The colliding protons had released almost thirty times the energy that had been put into them!

Cockcroft and Walton won a Nobel Prize. Later, it was discovered that more massive isotopes could be split to yield energy in a repeating chain of nuclear fission reactions, knowledge that would ultimately lead to the atomic bomb and today’s nuclear fission reactors. Cockcroft became director of the UK’s Atomic Energy Research Establishment, where he arranged for the very first star machines to be housed and supported the construction of what the star builders of the day hoped would be the world’s first net-energy-gain fusion device. Those hopes were dashed, but Cockcroft was nonetheless one of the most important early star builders.

But it’s his second experiment that’s the most important for the star builders, and the one that they can trace their entire creed back to. In 1934, Rutherford and two other physicists, Mark Oliphant and Paul Harteck, were using an improved version of the Cavendish’s particle-smashing machine. They were firing so-called heavy hydrogen—what we now call deuterium, the isotope of hydrogen with one neutron in the nucleus—at other atoms of deuterium in a target. What they found was that—every so often—a reaction happened in which a deuterium nucleus with 1 MeV of energy combined with another deuterium nucleus to transform into a tritium nucleus, a proton, and 4 MeV of energy.II They’d put one unit of energy and two deuterium atoms into their reaction and somehow ended up with a bigger nucleus (tritium) and four times as much energy out. They’d fused the deuterium together to make a new isotope, tritium: they had discovered that fusion of atomic nuclei was possible.9 They’d shown beyond doubt that simple, common elements, like hydrogen, could be combined to make bigger, more scarce elements. This single idea could explain how so much of the rich zoo of atoms in the universe came to be, and it would soon be used to explain how the Sun shone. It was a revelation. What’s more, it put the power to re-mold creation into the hands of humanity.

Fusion is the reaction that alchemists dreamed of—it really can turn base elements into gold.III10 It’s the reaction that makes the entire universe a Lego set—with the right base blocks, you can build anything. Is it any wonder that star builders are so captivated by it?

However, fission and fusion are more than just ways of rearranging the atomic building blocks that Rutherford and his colleagues had helped discover. Some rearrangements, like the fusion reactions that make the Sun shine, the splitting of lithium, and the fusion of deuterium with itself performed by Rutherford, release energy. Not chemical energy, because they don’t involve electrons, but nuclear energy, and a lot of it. What scientists had discovered was a new energy source hidden deep within the atom.

Star builders like Mark Herrmann, at NIF, and Ian Chapman, at the Culham Centre for Fusion Energy, are using deuterium-tritium fusion reactions, which produce even more energy than Rutherford’s. The two isotopes of hydrogen fuse together to create a helium nucleus, a neutron, and energy. In every successful reaction, scientists put just 0.1 MeV in and get a whopping 17 MeV out; that’s 170 times as much energy out as went in. On an atomic scale, this is huge: 17 MeV is two million times more per reaction than you’d get from a single fossil fuel reaction.

But physics is about understanding, not just documenting. Even after the discovery of fusion, physicists didn’t know why or how it was happening—they didn’t know what combinations of atomic Lego blocks would fit together, or where the energy was coming from. If you’re a star builder and you’re interested in both releasing and using nuclear energy, you need to know more about how fusion happens.

A first clue as to what was happening came from one of J. J. Thomson’s other students, a physicist called Francis Aston. In 1920, Aston came up with a more accurate and precise way to measure the masses of atoms. Surprisingly, he found that the masses of atoms weren’t in exact whole number ratios, with, say, helium being four times the mass of hydrogen because it has four times as many particles in its nucleus. That’s what you’d expect if you thought that protons and neutrons were like Lego blocks. Instead, the ratios were very slightly different: helium had a mass that was 99 percent of the mass of four hydrogens. This difference seems small and inconsequential, but it is the very reason why nuclear fusion works.

The physicist and great popularizer of science Arthur Eddington was struck by this apparent mistake in the arithmetic of the universe. Eddington was a nuclear visionary, suggesting long before Rutherford’s fusion experiment that the power source of stars was subatomic in nature. Eddington reasoned that four hydrogen atoms should really have exactly the same mass as one helium atom, not 99 percent of the mass. The only explanation was that in going from a single building block (in the form of hydrogen) to four (in the form of helium) some of the mass must disappear. This was pure heresy: mass didn’t just disappear. Matter might change form, say from a solid to a liquid, but the mass of the end products was always the same as the mass of the reactants. Conservation of mass was a central tenet of physics.

Eddington wondered whether a theory published by a brilliant physicist he greatly admired could shed light on the puzzle. It said that mass and energy were different sides of the same coin. Mass could become energy, and energy could become mass. It was a wild idea. Impressively, the physicist in question had published this theory along with three others that challenged fundamental concepts in physics in 1905. His name was Albert Einstein.11

The Secrets of Atomic Energy

The theory of Einstein’s that Eddington had in mind to explain the minute differences in mass of atoms said that the relationship between an object’s mass, when it is not moving, and its energy is

E=mc2

where E is energy, c is the speed of light (a gut-wrenching 300 million meters, almost a billion feet, per second), and m is the mass difference that Aston found. With effortless parsimony, this simple equation explains what’s going on in both nuclear fusion and nuclear fission.

Imagine a scale that measures the number of particles in an atomic nucleus. On one side of the scale, carbon (which has six protons and six neutrons) would measure exactly twelve units. Now put the inputs into fusion (deuterium and tritium) on one side of the scale and the outputs (a neutron and helium) onto the other.

On the side of the scale with deuterium and tritium, you’d have five particles between the two nuclei: three neutrons and two protons. But the scale would read 5.0304 units; almost 5, but, importantly, a little bit more. On the other side of the scale, the neutron and helium nucleus that are created have a mass of 5.0113 units. The scales would tip ever so slightly toward the deuterium and tritium. The difference between them and what comes out of the reaction is tiny, just 0.02 units of mass. Einstein’s equation tells us that it’s anything but tiny in terms of energy.

The m in Einstein’s equation takes the apparently small value of 0.02 units, but it gets multiplied by a very big number, the square of c, and this means that even a tiny amount of mass converts into an outrageous amount of energy. Plugging 0.02 units of mass into E=mc2 tells you that a whopping 17.6 MeV of energy was released from mass—just as found by experiment!

In fission, the same phenomenon occurs; the masses of the leftover pieces are a bit less than what went into the reaction. In both fission and fusion, Einstein’s theory says how much energy will come out for a given change in mass.

With Einstein’s equation, star builders are equipped to understand what combinations of isotopes will deliver energy if fused. One of the most amazing insights of these nuclear theories is that a little of the star builders’ preferred fusion fuel goes a very long way. Rich fuels produce more energy per amount used than poor fuels, or, put another way, they have higher energy density. Kilogram for kilogram, burning coal releases about twice as much energy as burning wood. That’s why coal was so important to the industrial revolution and, in part, why it’s the most popular source of energy on the planet today. Crude oil releases slightly more energy than coal. The most high-energy-density chemical fuel is hydrogen gas, which releases eight times as much energy as wood. Burning coal is a chemical reaction; it swaps electrons around. It doesn’t change nuclei. If you want to release a lot of energy, you need to go nuclear.

Deuterium-tritium fusion, the kind of fusion that most star builders are doing, releases 10 million times the amount of energy per kilogram as coal. Ten million. If you had a fusion reactor in your house, you’d have to go to the deuterium-tritium shed once for every 10 million times you went to the coal shed. What this means is that the mass of a single cup of water contains the equivalent energy of 290 times what the average person in the US uses each year. The mass of an Olympic swimming pool contains an amount of energy in excess of total world annual energy use.

Even the fission reaction that powers today’s nuclear plants isn’t quite as energy rich kilogram for kilogram as fusion is; fission releases only 25 percent as much energy. In fact, there is only one reaction in the universe that releases more energy per kilogram than fusion, and it’s the annihilation of matter and antimatter into pure energy so that no mass at all is left over. This reaction needs antimatter, which doesn’t exist anywhere in the universe in large quantities (let alone on Earth). Which means that nuclear fusion is the most energy-rich fuel available to humanity.

Now it’s clear why fusion fuel could provide energy to the planet for millions, perhaps billions, of years: not only is it plentiful, we don’t need very much of it.

But there’s a problem. Einstein’s equation can tell star builders how much energy they can expect to release, if the reaction happens. But how do they know what reactions can happen? Are some allowed and some not?

Fortunately, the star builders can rely on decades of work that have gone into understanding nuclear reactions. At the root of what can and cannot happen are the fundamental forces of nature. We’ll be seeing them again and again in this book, not least because they dictate how everything in the universe happens. And I do mean everything. They lie behind phenomena as diverse as the chemical reactions in a car engine, the creation of the elements, the way a stone falls, and the ability to see. It is these forces that allow objects to interact with each other; if what you’re sitting on now did not hold you up with a force, then you’d simply pass through it like a ghost.

The four forces are gravity, the electromagnetic force, the weak force, and the strong force. They are what make sense of the abstract properties that particles have, like charge and mass. Electrical charge determines how strongly a particle interacts through light and electromagnetism; mass determines how strongly a particle feels gravity.

The most familiar force is gravity because it keeps you from floating off into space. Electromagnetism describes electricity and magnetism—you can see how the two are related by placing a compass next to the cord of a hair dryer or electric kettle with the power on; the needle stirs due to the magnetic field created by electrons moving in the power cord. The weak force is responsible for radioactive decay. The strong force is the glue that holds together most of an atom’s mass in the nucleus.

The forces have different strengths. The strong force is the strongest, then the electromagnetic force, then the weak force, and finally gravity. It might be surprising that gravity is the weakest of the four forces, especially as astronauts have to use rockets to escape the Earth’s gravity. But even a puny bar magnet can overcome the gravitational attraction of the entire planet when you use it to suspend a paper clip above the ground.

The forces act over different ranges too. Gravity has infinite reach and is solely attractive. It doesn’t get canceled out by an “antigravity.” These unusual properties are why it’s gravity that determines how the structure of the universe evolves, despite its relative weakness. Electromagnetism also has infinite range but comes in positive and negative versions that tend to cancel out on large scales.

In contrast, the strong force has a very short range, and it’s this short range that determines how big atomic nuclei can get. It is so strong that it can bind protons together in nuclei even though they repulse each other due to their same electromagnetic charges. When the strong force is acting between particles within an atomic nucleus, it has a different name: the nuclear force.

The nuclear force says that for energy to be released by fusion, two slightly more unstable atoms—that have proportionately less glue-like nuclear force—must be combined to create a more stable nucleus. For energy to be released from fission, a big, ponderous, and unstable atom must split into more stable smaller atoms. The common atom that is the most stable of all, the Goldilocks of nuclear physics, is the isotope of iron with fifty-six particles in the nucleus, or Fe-56. Atoms smaller than this tend to release energy if fused together (like hydrogen and its isotopes) because the reaction makes bigger atoms that are closer to Fe-56. Similarly, atoms bigger than Fe-56 tend to release energy when split.

The forces determine which atoms we need to unlock the most energetic reaction we can ever hope to use as a species. Great, let’s do some nuclear physics!

The Problem

Not so fast. There’s a catch, a big one, and it’s why getting net energy from nuclear reactions is hard.

Remember Cockcroft and Walton’s nuclear reaction that produced twenty times the energy they put in? It only succeeded ten times for every 1 billion protons that they accelerated. To produce net energy gain from the experiment as a whole, they’d have needed it to succeed more than one time in every thirty. Their experiment actually used substantially more energy than it produced. The fusion reaction that Rutherford first demonstrated was similar, with a chance of one in a million—so low that the machine used much more energy than it produced.12

Doing nuclear physics the particle smashing way is like throwing darts blindfolded: you might know the rough direction, but you’re not going to get many bull’s-eyes. Einstein himself said that the “likelihood of transforming matter into energy is something akin to shooting birds in the dark in a country where there are only a few birds.” Rutherford agreed, saying of one nuclear experiment that “We might in these processes obtain very much more energy than the proton supplied, but on the average we could not expect to obtain energy in this way. It was a very poor and inefficient way of producing energy, and anyone who looked for a source of power in the transformation of the atoms was talking moonshine.”13

Just like throwing darts at random, there are probabilities for “hitting” the target when you’re firing one particle at another and hoping that you’ll get a nuclear fusion reaction to happen. And just like when I throw darts, the probability of a hit is low.

The reason is that the electromagnetic force repulsion between the protons of the two nuclei kicks in much sooner than the nuclear force that snaps them together. From the point of view of the accelerated particle, it’s like climbing a steep hill (electromagnetic repulsion) with a deep valley (nuclear force attraction) on the other side. Get the approach just right, and the incoming particle will have enough momentum to make it over the top of the hill and into the deep valley on the other side: fusion can happen. But most of the time, the incoming particle doesn’t make it—even when it has the perfect amount of energy, it’s still much more likely that the two nuclei will glance off each other rather than fuse together.

The favorite fusion reaction of star builders is the one between deuterium and tritium, which, compared to other fusion reactions, is easy to do. It’s one hundred times more likely to result in fusion than the deuterium-deuterium reaction, for the same input energy. Deuterium-tritium fusion also releases a lot of energy when successful, which is why NIF, the Culham Centre for Fusion Energy, Tokamak Energy, and First Light Fusion are all planning to use it to deliver net energy gain. There are only a handful of star builders not using this reaction.

However, even though the deuterium-tritium fusion reaction has the best odds of any fusion reaction, the chances of a successful collision are low; it’s still throwing darts blindfolded.

The particle-smashing approach leads to many more misses than hits, and always uses up more energy than is created by successful reactions.14 For the star builders, it isn’t good enough, says Professor Sibylle Günter of the Max Planck Institute for Plasma Physics. “If we just smash individual nuclei into each other, it can be easily demonstrated that the energy required for accelerating the particles would exceed the energy gained from fusion.” Particle smashing is never going to be a route to fusion energy. “The key issue is not to demonstrate the nuclear reactions,” she explained, “but to gain energy in a profitable way.”

For nuclear fission, physicists eventually realized that they could sidestep the problem entirely by chaining reactions together. In fact, it was Rutherford’s “moonshine” comment that prompted another scientist to work out how to do it. With the right nucleus, a neutron can cause a fission reaction that releases neutrons, those neutrons can split more atoms that release neutrons, and so on, with each step in the chain releasing nuclear energy. If there’s more than one neutron released, the chain grows too, increasing the energy released in each generation. Because there are stray neutrons in the environment, there’s not even any need of a particle accelerator; put enough fissile material in one place (a critical mass) and a chain-reaction spontaneously begins. The detritus from so many atoms splitting is what creates radioactive waste.

Fusion doesn’t split atoms, it combines them, so it can’t use the same trick. For fusion reactions to come anywhere close to being able to produce net energy gain, nuclei need to collide in phenomenally huge numbers repeatedly. It’s like buying millions of lottery tickets instead of one. Fortunately, nature has provided the perfect crucible for fusion reactions.

What Every Star Machine Needs

Star builders need a way to crash particles together not just once, but over and over again. To achieve this, they’ve turned to a strange state of matter; one that is rare on Earth, but prevalent in the rest of the universe: plasma. It’s the stuff that stars are made of, and it’s perfect for fusion.

Plasmas are the fourth state of matter, after solids, liquids, and gases. You’ve probably heard of solids, liquids, and gases, but you might not have heard of plasmas. They’re very different from their cousins, in ways that are beguiling, mysterious, and—for the star builders—often frustrating. To us, plasmas are the most rarely encountered of the four states of matter. But when we turn our telescopes to the visible universe, they’re the most common state of matter; they make up 99 percent of it. You can see plasmas on Earth too, whether in the form of lightning, the aurorae at the Earth’s poles (also known as the Northern and Southern Lights), or fluorescent bulbs—you might even be reading this book by light generated from a plasma.

While the other three states of matter are composed of atoms, plasmas are composed of atoms that have separated into their constituent nuclei and electrons. Plasmas are clouds of ripped apart atoms that don’t behave anything like the other three states of matter.

The state of matter of any element varies depending on the conditions it’s in, chiefly the temperature and the pressure. On Earth’s surface, nitrogen (which makes up 78 percent of air) is a gas, water is mostly a liquid, and silver is a solid. However, take nitrogen down to below -210 degrees Celsius (-346 degrees Fahrenheit), and it becomes a solid; water turns into a gas at 100 degrees Celsius (212 degrees Fahrenhiet); and you have to heat silver to 962 degrees Celsius (1,764 degrees Fahrenheit) before it turns into a liquid. Changes in temperature and pressure cause the same atoms to appear in a different form.

Temperature is a measure of average speed at the atomic scale, so more heat means more movement, and more vibration. The molecules in liquid water are bound together by relatively weak forces. Put in a little heat, and the water molecules vibrate more. With enough heat, the energy of the vibrations is more than the energy of the bonds and the molecules break free, turning into a gas. Once free, they zip along until they bounce off another molecule or a wall.

Add more energy to a gas, raise the temperature even higher, and eventually the bonds within the atoms will also sever—this is a plasma. Each atom of hydrogen separates out to become a nucleus and an electron. Because the electromagnetic force acts over long distances, the cloud of electrons and nuclei that exists in a plasma moves in complex synchronized motions; an endless, frenetic dance.

Only when the plasma is hot enough do nuclei collide with each other with enough energy to overcome the electromagnetic repulsion of their positive charges, and for fusion to occur. For nuclear fusion reactions to be successful, particles have to slam together at around 3 million meters (a little under 10 million feet) per second, and do so over and over again. In a successful collision, the nuclei snap together in a fusion reaction. Star builders must put lots of energy into their plasmas, obtaining temperatures of many millions of degrees, to maximize the chances that enough collisions will occur with enough energy to result in fusion. Plasmas are as important for fusion reactors as ice is for making an igloo.

While plasmas are the best bet for getting significant numbers of fusion reactions to happen, that doesn’t mean it’s particularly easy. Understanding and controlling plasmas is one of the biggest challenges facing star builders. The problem is that plasmas are incredibly complex. The frenetic dance of charged particles means that every part of the plasma is pushing or pulling on all of the other parts. Particle physicists, like those working at CERN, try to understand what happens when two particles collide. The long-range electromagnetic forces in a plasma mean that star builders are trying to understand what happens when 100 to 1015 (that’s 10 followed by 15 zeroes) particles collide simultaneously with one another. Plasmas are connected, kind of like a jelly: if you push on one bit, you’ll find everything else moving. The way that a plasma interacts with itself results in weird and unexpected behaviors; for example, plasma often caused a communications blackout during space shuttle reentry, and the wrapper of plasma in the Earth’s atmosphere, called the ionosphere, allows shortwave radio enthusiasts to speak to one another at distances of thousands of miles.

To make progress toward understanding—let alone controlling—plasmas, physicists have had to patch together classical mechanics, quantum mechanics, laser science, nuclear physics, extreme engineering, statistical mechanics, thermodynamics, experimental physics, computer science, and electromagnetism, to name a few. The most recent addition to this mix is quantum electrodynamics, the field of physics that describes how charged particles and light interact. The difficulty of understanding plasmas is why Sibylle Günter’s entire institute is dedicated to the study of them, and why the most prestigious prize in mathematics, the Fields Medal, was awarded for painstaking steps toward a better understanding of them in 2010. “It is only the plasma itself which does not ‘understand’ how beautiful the theories are and absolutely refuses to obey them,” Hannes Alfvén said in his 1970 Nobel Prize lecture.15 Plasma physics is complicated.

This matters. Star builders’ lack of understanding of plasmas is a threat to how quickly they can reach net energy gain. It’s been a problem right from the start. “Of plasma instabilities,” the person who first came up with using lasers for fusion, John Nuckolls, has reflected, “we knew nothing (and had a lot to learn).”16 And it’s still a problem today. Mark Herrmann, NIF’s director, confessed that he doesn’t think anyone fully understands the plasma physics involved in his machine. “There are parts of the problem that we understand better and there are parts of the problem that we understand worse.” Mark said that by driving so much energy into the plasma, as they do at NIF, it sets up waves within it, like a big rock chucked into a pond.

“Those [plasma] waves can conspire in lots of different ways; some of them can conspire to reflect light back out.” That’s not good for the success of their fusion machine.

The kind of fusion with which Ian Chapman’s machine is leading the world is also highly dependent on plasma physics. The plasma created at Culham can go from flowing smoothly to chaotically, as if a stream suddenly gushed like a waterfall. One of the Centre’s academic consultants, Professor Howard Wilson from the University of York, said: “I would contest that if it wasn’t for plasma turbulence we would have a fusion reactor working now; we probably would have had a fusion reactor working for some decades!”

At Tokamak Energy, “plasma!” was the response I got when I asked about their biggest scientific challenge. Their competitor, First Light Fusion, said that being able to fully predict what went on in a fusion plasma was “the dream” but “a bit far-fetched.” Although she is scientific director of the Max Planck Institute for Plasma Physics, Sibylle Günter’s response when I asked if she and her colleagues fully understand the plasma physics on their fusion machine was “No, of course not.” I asked Mark Herrmann whether a perfect understanding of plasma physics would allow net energy gain to be achieved. “That understanding would certainly tremendously speed up the rate of progress,” he replied with enthusiasm. Plasmas are key to building a star.

Getting the plasma hot is not the only thing that the star builders need to worry about. They need to keep the plasma hot too; to stop its energy from escaping by putting it into a container. But these temperatures are literally too hot to handle. There is no known material that can do the job. The highest melting point of any metal is that of tungsten, at over three thousand degrees. Fusion plasmas reach over 100 million degrees. If a fusion plasma touches a material, that material is vaporized. Catastrophically for fusion, the plasma also loses its energy and cools down.

Finally, getting more energy from fusion reactions than is put in is all about collisions between nuclei within the plasma. How close together the particles are in the plasma is just as important as the temperature. If you’re in a mostly empty train carriage, you’re unlikely to bump into other passengers despite the shaking of the train as it goes over the tracks. Now imagine it’s rush hour. There’s barely a patch of free space. No matter how small the bump, you’re so close to your neighbors that you’re constantly colliding with them. That’s why social distancing is used to slow the spread of pandemics. And it’s also why packing more nuclei into the same amount of space—or increasing the plasma density—means more collisions, and more chances for fusion.

For fusion to work, the plasma has to be kept hot, as dense as possible, and well confined.

Rutherford died in 1937, just one year before physicists demonstrated that chains of fission reactions could be strung together to scale up indefinitely the energy released. Because of that discovery, we’ve had fission power stations, and fission-based nuclear weapons, for decades. Star builders know full well what they need to show that nuclear fusion as a power source isn’t moonshine either—they just haven’t managed it yet.

The trio of temperature, density, and confinement are the most important properties of the plasma in any star machine. Get them right, and the odds for fusion can tip the scales in favor of net energy gain. Different star machines approach the task differently: some are hotter, some denser, and they vary in how they confine the plasma. But there are just three serious methods for confining hot, dense plasma for fusion reactions—by using gravity, magnets, or inertia. Okay, technically there is one more: creating a universe from scratch.

I. The ratio of the speed of an object to the speed of sound in the surrounding medium, best known in the context of supersonic flight by aircraft.

II. They also found a second reaction that produced an isotope of helium, a neutron, and 3.3 MeV of energy.

III. Three scientists did this in 1941 by bombarding mercury with neutrons. But the gold they created was contaminated with radioactivity, and the experiment would have cost much more than the gold was worth. So not a path to fortune.




CHAPTER 4 HOW THE UNIVERSE BUILDS STARS


“I am aware that many critics consider the conditions in the stars not sufficiently extreme enough to bring about the transmutation—the stars are not hot enough. The critics lay themselves open to an obvious retort; we tell them to go and find a hotter place.”

—Arthur Eddington, 19271



Nature is good at fusion. Really, really good. It’s galling for the star builders. On Earth, they’re trying to build the most sophisticated machines ever devised to trap the stuff of stars, plasma, and initiate fusion reactions in it. When star builders explain what they’re doing, their ideas can sound crazy, like barely plausible science fiction. But, out there in the universe, fusion is happening all of the time, and on scales that make fusion on our planet seem like a whisper in a whirlwind.

The star builders are inspired by the universe’s bounty of fusion-produced energy. It tells them how they might achieve fusion on Earth. More important, what is going on in the cosmos shows them that fusion is possible, likely, and even ubiquitous. A glance at the night sky demonstrates that nuclear fusion is the universe’s most visible, most prevalent energy source.

So how, and where, does nature do fusion so easily? And what can the star builders learn from it? To find out we have to go on a journey through space and time to the very start of the universe.

If you trace everything that has ever happened back far enough, every person, every atom, every packet of light, they all lead back to the Big Bang approximately 14 billion years ago. Currently, the universe is expanding, and like dots on a balloon as it inflates, everything is growing farther apart from everything else.

Run the events backward to right after the Big Bang, and the universe was very hot, and very dense. Initially, in the first millionths of a second, it was too hot for even subatomic particles to form; there was too much energy around. As the universe expanded, it cooled, and the balance shifted so that protons and neutrons could form. The universe’s regular isotope of hydrogen, with one proton, was born and remains to this day the most common element.

With what is astonishing precision, we can say that one hundred seconds after the Big Bang, nuclear fusion reactions began in earnest for the first time. The hot, dense environment hit a Goldilocks zone for fusion. Protons and neutrons fused to form deuterium. Deuterium and neutrons fused to make tritium. Tritium and protons fused to make much of the universe’s helium. Energy from fusion was confined not by a reactor vessel, but by the universe itself. The chain of different fusion reactions proceeded, making more and more massive nuclei as it went.

It wasn’t long, around nine hundred seconds, before the universe had expanded and cooled so much that fusion stopped. Particles had less energy when colliding; lower density meant they were less likely to bump into each other in the first place. In enough time to oven-cook a frozen pizza, the universe’s first fusion factory created the four elements up to beryllium, with trace amounts of more massive nuclei.

The question is: Can those trying to do fusion on Earth learn anything from nature’s first fusion symphony? Big Bang Nucleosynthesis, as this type of fusion is known, is hard to do if you don’t have a fresh universe at hand, and the star builders don’t. We can’t learn much from it about how to do fusion on Earth; all we can say is that it’s another example of how fusion is a natural process that, with the right circumstances, will happen. But there’s another type of fusion reactor that’s ubiquitous across the universe and by which generations of star builders have been inspired: the stars.

The First Fusion Reactors

When you look up at the night sky and see those pinpricks of light, you’re seeing the energy released by vast numbers of enormous fusion reactors whose power output greatly exceeds the wildest dreams of Earth-born attempts to control and use fusion.

To find out how the first stars came to be, I’ve come to talk to someone who studies the period when they formed: Dr. Emma Chapman, a Royal Society Dorothy Hodgkin Fellow at Imperial College London. We’re talking in her office on the top floor of the physics department, where all of Imperial’s astrophysicists are located—presumably, to be closer to the skies they study. The room is decorated in a style that might be called “academic—classic,” with books taking on a structural role. Emma is engaging and humble despite her vast knowledge, and frequently distracted by her own excitement. She’s perhaps best known publicly for her battles to improve how women are treated in physics. Unfortunately, she has personal experience with the worst of this; she was sexually harassed by a senior colleague at University College London. She has used her own negative experience to improve, and prevent, the same poor treatment of other scientists by campaigning hard for universities to recognize the problem and to treat victims more fairly. Today, however, I’m here to find out about her research.

Although the stars seem like an immutable fixture of the night sky, they haven’t always been around. Before there were stars, there was darkness. Four hundred thousand years after the Big Bang the universe had cooled so much that the hydrogen and helium plasma that then made up most of the visible matter began to combine to form neutral atoms and molecules. While plasmas constantly interact with, and emit, light, neutral atoms do so much less readily, and as a consequence, everything went utterly dark. It was as if someone pulled the plug on the entire universe. There was no visible light—not that anyone was there to see it, of course. Scientists call it the Dark Ages. The universe remained dark for 100 million to 400 million years—no one knows just how long.

“I study roughly the time from a few minutes after the Big Bang to about a billion years after the Big Bang,” Emma tells me, which is a period that, to say the least, puts scientists’ deductive skills to the test. She explains that we know a lot about planets, about our galaxy, and even about the moments right after the Big Bang. But there’s a gaping hole in our knowledge of the early universe.

“We’ve got one point of data at about four hundred thousand years after the Big Bang,” she says. “After that we’ve got nothing for about a billion years. If you compare that to a human lifetime, that’s the equivalent to missing everything from just after the point of conception to when the child first goes to school.”

It was during this period that an amazing event took place that would change the universe forever: the first stars formed and began to shine.

So how did nature build the stars from the materials available in the early universe? Gravity is the extra ingredient that turns a sprawling cloud of gas into a star. That’s how it happened then, and it’s how it happens today in patches of space that are stellar nurseries, like the Eagle Nebula. Because of gravity, a small cloud of gas attracts more gas to it, and that attracts yet more, clumping together. The only reason that gas clouds don’t collapse under gravity is because they’re supported by their own gas pressure, the kind of resistance you feel when you pump up a bicycle tire. Once a gas cloud gets big enough, the gas pressure is overwhelmed by gravity, and the matter collapses.

There’s something extra special about the first stars that Emma studies. Compressing a hot gas is harder than compressing a cold one. You may have heard that hot gases like steam can push hard enough to drive a turbine, so it’s no surprise that it takes more work to compress hot gases. The early universe was mostly composed of hydrogen and helium, which are less good at radiating away energy as light than other elements. As a result, they tended to form hotter gas clouds that were more resilient to gravitational collapse. Only when the gas clouds reached enormous sizes did gravity overcome gas pressure, triggering collapse.

“What you get,” Emma tells me, “are these giant gas clouds that condense into a star, [which results in] stars that have about one hundred times the mass of our Sun forming. Some simulations have stars with one thousand times the mass of the Sun forming, which is absolutely huge.” Those huge stars are gone now, but star formation today is still a dramatic process; in the interstellar medium, the collapses that occur are akin to taking an object the width of Australia and compressing it into something the size of a ball bearing.2

It was around 4.6 billion years ago that our own Sun formed from a cloud of interstellar dust, sucking up 99.9 percent of the mass of the solar system as it did so. The energy provided by gravitational collapse of that dust went into heating and compressing the matter into a dense ball. As the temperature of the core rose beyond two thousand degrees, its atoms began to be ripped apart and transformed into plasma. Over a few tens of millions of years, the temperature and density of the plasma rose, until particles began to crash together with enough speed for nuclear fusion reactions to begin: light, energy, heat—all unleashed as the solar system came alive.

Likewise, the universe’s Dark Ages ended as the tender young universe was flooded with light from fusion. That light swept through the clouds of molecular hydrogen, stripping the electrons from the nuclei, and creating a hydrogen plasma in the interstellar space. Before becoming plasma, the hydrogen emitted a telltale signal that still bounces around the universe today, faint but detectable. Gaps in this signal herald the first stars and it is these that Emma Chapman and her colleagues are trying to detect.3

Surprisingly, Emma does her scientific detective work by listening to the radio. It’s not a regular radio but a radio telescope—it can listen in on radio waves from deep space. The technology isn’t as sophisticated as you might think: “A radio telescope looks like an antenna that you used to have on your car, stuck in a field,” Emma says. She explains that although, ideally, astronomers would build a huge single telescope, it’s impossible to build one big enough. Instead, she’s part of a consortium putting up 130,000 antennas, each of which looks like a metal Christmas tree, in an isolated part of Western Australia. The trick is that they can all be connected together to act like a single giant telescope. “What we’ve done is built a telescope the size of Western Europe,” she says. It’s a big telescope, but it does more than just enable Emma and her colleagues to see extremely distant objects in space.

“With astronomy, the further you look, [the further you go] back in time,” she says. This is why we see the Sun as it was eight minutes ago; it takes that long for the light to reach us. The farther objects are away, the longer it takes for the light to reach us and—in effect—the farther back in time we see. When we look at Andromeda, a neighboring galaxy that’s on a collision course with the Milky Way, we see it as it was 2.5 million years ago.

What this means is that the farther away an object is through a telescope, the farther back in the past it is. Look far enough, and you can see right back to the start of the universe. Astronomers use the language of “seeing” with radio telescopes loosely: they don’t mean that they can literally see what happened. They simply mean that they can capture and measure the faint radio signals from billions of years ago.

The humungous new radio telescope that Emma and her colleagues are using is called the Square Kilometre Array. The physical scale is not the only challenge: raw data arrive at a terrifying 157 terabytes per second. “There are no hard disks that can store that amount of data quickly enough without exploding!” Emma says. And the signal that they’re looking for is just a small part of that data, a signal that’s one-ten-thousandth the strength of many other radio waves they pick up. These include radio waves generated by human activity as well as the noises of our own galaxy. If you want to hear the history of the universe, you better listen closely.

With this forest of radio antennas, Emma and her colleagues hope to better sift out the telltale signals from the period when the Dark Ages ended and stars and planets were formed from clouds of neutral hydrogen gas. “Planets and stars are formed from the same cloud, from the same stuff,” she tells me. “One is fusing, one is not, and that’s the difference.”

Since Emma is not a star builder but an early universe astronomer, I’m interested in what she thinks of nuclear fusion—though she’s quick to point out that it’s not her area of expertise. “If there’s one thing I would put my money in, it would be that, it really would, it would be nuclear fusion.”

Let the Sun Shine

Our closest star, the Sun, is both extraordinary and completely unremarkable. It’s unremarkable because there are more stars like it just in our local galaxy than there are people on the planet. It’s extraordinary because of its role in the human story. It’s a ball of plasma 109 times the radius of the Earth and 330,000 times Earth’s mass. So incomprehensible is the Sun’s power and scale that many civilizations have worshiped it as a god. Almost all life on Earth has been, in some way, dependent on energy from the Sun. Given this, those civilizations don’t seem too far off the mark.

The star builder who has come, literally, closest to our solar system’s only net-energy-gain-producing fusion reactor is Dr. Jeff Wisoff, NIF’s principal associate. He’s been to space four times. During those trips, he conducted three space walks, some to test the tools that would eventually be used to repair the Hubble Space Telescope. Remarkably, he’s not even the most experienced astronaut at Lawrence Livermore National Laboratory: he tells me that Dr. Tammy Jernigan, until recently a deputy associate director on the weapons program, has been up one more time than he has (Tammy is also his wife).

On a 4.9-million-mile journey into space and back in 2000, Jeff did one space walk in which he tested a jet pack. Remaining tethered to the space shuttle at all times, his jet pack squeezed nitrogen gas out in one direction, which had the effect of gently propelling him fifteen meters (approximately fifty feet) out into space’s vacuum in the opposite direction. In orbit far above the Earth, the days are much shorter, and astronauts may see sixteen sunrises for each Earth day. Out there in space, as he fast-forwarded through a day every ninety minutes, Jeff Wisoff was momentarily closer to the Sun than any human being alive.

“One of the perspectives you get from being an astronaut,” Jeff tells me, “is that the whole universe is powered by fusion energy; it’s the quintessential source of energy, and when you look out and see all those stars you think ‘wow’… if humankind can harness that in the laboratory, it’s as big a deal as the invention of flight, landing on the moon, the invention of steel; it will be one of those landmark points in human history.”

Like all star builders, Jeff Wisoff believes that the best way to achieve net energy gain is to re-create some of the conditions in stars that make them so good at fusion. NIF tries to create conditions that are similar to the cores of stars. Doing this with a machine is a tall order, and even Jeff describes NIF as being “more complex than the Space Station”—but, he adds, the commute is a lot easier than in his old job.

Despite the challenges, Jeff Wisoff and the others we’ve met are inspired by stars because they seem to effortlessly produce net energy from fusion reactions. But stars don’t primarily use the deuterium and tritium fusion that he and the others are using.

The Sun is powered by a series of other fusion reactions that fit together like the pieces of a jigsaw puzzle. The raw material is the nucleus of the most common isotope of hydrogen, also called a proton. There are three steps: In the first, the protons in the stellar plasma fuse to form a single deuterium.I Then, the deuterium nucleus fuses with another proton to form the more rare helium-3 nucleus (two protons and a neutron). Two of these fuse together to form a regular helium nucleus, and two protons. Start to finish, the cycle fuses protons to create helium, releasing energy as it goes.

In stars, these fusion reactions happen at scales so vast, so beyond the scale of individual atoms, that it’s scarcely possible to imagine them. From 600 billion kilograms of hydrogen reacting, the Sun yields 4 billion kilograms’ worth of pure energy. Every. Single. Second.

There’s a second chain of reactions that powers stars larger than the Sun, called the carbon-nitrogen-oxygen (CNO) cycle. It uses a carbon nucleus and four protons, and turns them into another carbon nucleus and a helium nucleus. Because these chains of fusion reactions result in new nuclei, the process is called stellar nucleosynthesis.4

It doesn’t matter that the Sun is doing a different set of fusion reactions from the one utilized by scientists on Earth. Star builders can still learn from what makes the Sun’s inner core, up to 25 percent of its radius, an effective fusion reactor. What this part of the Sun has is a high temperature, a high density, and strong confinement of particles and energy. So how is it achieved? The Sun and other stars have two tricks that help them with all three of these properties simultaneously: gravity and scale.

Gravity doesn’t just cause stars to form, it also keeps their mass compressed to a high density—so much that a single teacup of the plasma in the Sun’s core has a mass of twenty kilograms (approximately forty-four pounds). When fusion releases energy, a virtuous feedback loop is initiated—higher temperatures, more fusion; more fusion, higher temperatures. What this means in practice is that all fusion reactions in stars have an extremely sensitive dependence on temperature. For example, in bigger stars, the rate at which fusion reactions occur in the CNO cycle is proportional to the twentieth power of the plasma temperature. This means that for every doubling of temperature, the reaction rate increases by a whopping factor of 1 million. Why doesn’t the energy escape? For particles with mass, gravity also helps with confinement. The gravitational pull of the Sun is twenty-eight times that of the Earth, which helps keep all that hot plasma in place. Energy from fusion also ends up as light; in fact, it’s because of light from fusion reactions in the Sun that, as I write this, I can see everything in my garden. Light must be escaping the Sun eventually then, but it doesn’t do so easily, because of the Sun’s vast scale. Physicists often think of light in terms of packets of light energy called photons. The Sun is so dense that even photons can only make it millimeters to centimeters before they collide with charged particles in the plasma. If the Sun were a small ball of plasma, these photons would escape quickly. The Sun has a radius of 700,000 kilometers (approximately 435,000 miles). Photons are fungible—one is indistinguishable from another—so you can’t track them individually. But if you could, it would take the average photon hundreds of thousands of years to make it to the surface.

Being so big has other advantages. Earth-bound fusion reactors are plagued by badly behaving plasma that goes unstable at the drop of a hat, ruining confinement. Stars, however, have a built-in stability system that keeps them more or less the same size. Add more mass to a star, and gravity contracts it a bit, making it more dense, and prompting fusion reactions to occur at a higher rate. Because stars have excellent plasma confinement, the extra energy raises the temperature. The result is that the star pushes harder against the force of gravity, expands, and lowers its density again. Conversely, take a little mass away and gravity binds the star less tightly, the star expands, the density falls, and fusion happens at a slower rate. But this means that the temperature drops, and the star pushes back on gravity less firmly, so it contracts again. It’s a stable, self-correcting system that, like a pendulum, will return to its starting point if disturbed.

Of course, stars aren’t completely stable—this is plasma we’re dealing with, after all. Solar prominences, vast arms of plasma on the scale of the largest planets, frequently reach out of the Sun’s surface and into space. The most dramatic examples are coronal mass ejections (the corona is the outer layer of plasma of the Sun). Like the Earth, the Sun has magnetic fields that emanate out from the poles like so many strands of spaghetti. The Sun rotates around 11 percent faster at the equator, with a period of twenty-five days, compared to the mid-latitudes between the poles and the equator.5 This differential rotation stirs up the plasma, which gets caught up in the magnetic fields. Occasionally a strand of the magnetic spaghetti will develop a kink that extends beyond the surface of the Sun and breaks apart, flicking an arc of plasma into space.

Coronal mass ejections can throw plasma right at us at speeds of up to three thousand kilometers (approximately 1,864 miles) per second. Once it hits the Earth’s magnetic field, it’s guided to the poles, creating the Northern or Southern Lights. But when there are huge coronal mass ejections, the Earth’s magnetic field becomes heavily distorted and plasma rains down much closer to the equator, even as far as Cuba. Such ejections can cause serious damage to power grids.6

Ironically, the immense scale of the Sun permits it to be, in some ways, a lousy fusion reactor. The number of fusion reactions in a chunk of Sun plasma is 3 million times fewer than what is needed, or practical, for the star builders’ Earth-bound machines. A whole cubic meter (approximately thirty-five cubic feet) of stellar matter produces just 0.03 percent of the energy, per second, that an electric kettle uses. Fusion reactors on Earth need to be much more efficient with their space.

It’s because of gravity and their vast scales that stars have the three key elements that star builders’ machines need: temperature, density, and confinement. So could star builders ever hope to create significant net-energy-gain fusion using the exact same tricks?

The answer is: no, because the scales needed are so vast. The exact ways that stars pull off their fusion tricks are impossible to replicate in miniature on Earth. Without gravity compressing everything, it’s hard to re-create the same densities as in the Sun for all but the briefest of moments. And a plasma that’s just millimeters or meters in size is easy for photons to get out of, and tends to be very unstable.

The only way to mimic the Sun’s way of doing fusion would be to use a star that already exists. This was the idea of the physicist Freeman Dyson, who died in 2020. He wrote about how civilizations—not necessarily our own—use energy, in an article published in 1960 called “Search for Artificial Stellar Sources of Infrared Radiation.”7 There, he began his argument with the idea that, at each phase of its development, a civilization will use more and more energy. Dyson imagined intelligent extraterrestrial species meeting their energy needs not by building a fusion reactor on their home planet but by enveloping their home star in a shell that absorbed every single joule of energy: the ultimate, full-scale fusion reactor. As Dyson himself put it, “Within a few thousand years of its entering the stage of industrial development, any intelligent species should be found occupying an artificial biosphere which completely surrounds its parent star.” These constructs are now known as Dyson spheres. The point of Dyson’s article was actually to propose how we might detect intelligent life elsewhere in the universe—e.g., a star that’s surrounded by an artificial sphere would create a telltale signature of infrared light that telescopes could search for.

Creating a Dyson sphere is implausible, so much so that even the wildest star builders aren’t contemplating it. There’s no chance, for now at least, of humanity being able to directly use a star as a fusion reactor (though we can benefit indirectly from the Sun’s fusion, using solar panels on Earth). So the scientists looking to save the planet with fusion need to think of other ways to achieve the conditions within stars.

Death Star

There’s one more way for fusion to happen in space, although it’s not one that any star builder would want to replicate on Earth, even if they could. Even natural fusion reactors can’t go on forever, because they eventually run out of fuel. What happens next depends on the star.

The largest stars, super giants, have radii a thousand times that of the Sun. The hottest have surface temperatures thirty times that of the Sun. Some are so bright that you’d have to orbit them at five times the distance between the Sun and Pluto to get the same amount of light as we do from the Sun on Earth.8

In stars like the Sun, the cycle that turns hydrogen into helium eventually leads to the core being dominated by helium as the hydrogen runs low. However, the fusion reactions that use helium as an input, rather than an output, need much hotter temperatures. So the helium plasma sits around not doing much. In low-mass stars, where the helium gets mixed throughout, this is the end of the road for fusion reactions. These stars gracefully retire as “white dwarfs”—smaller, brighter stars that gradually cool. They do have their surprises though; as Arthur Eddington put it, they’re so dense that a ton of their plasma could fit in a matchbox.9

Medium stars have similar masses to our own Sun, and take a different route to the same end. As the hydrogen fusion reactions in their core sputter out and the temperature falls, they lose their stability. The star’s core collapses in on itself until the particles themselves can get no closer, at which point the core begins to heat up. It eventually gets so hot in the core that helium itself begins to fuse into more massive elements, mainly carbon. The temperature required to fuse helium is twenty-five times what’s required to fuse hydrogen. In the core’s periphery, previously cool hydrogen gets hot enough to fuse too, producing yet more energy. The increase in temperature expands the outer layer of the star substantially—the Sun will eventually do this and be reborn as a red giant, gobbling up the Earth. The Sun has approximately 5 billion years of hydrogen fuel left before this happens, so don’t worry too much. Once the Sun has depleted its red giant–helium burning phase, it too will retire to become a white dwarf, probably in 8–10 billion years.10

Bigger stars, with more than six times the mass of the Sun, undergo even more types of nuclear fusion. They can go from fusing helium into carbon, at 100 million degrees Kelvin, to fusing carbon into neon at 600 million degrees Kelvin, to fusing neon into oxygen at 1.2 billion, to fusing oxygen into silicon at 1.5 billion, to, finally, fusing silicon into iron at a whopping 2.7 billion degrees Kelvin.II Each time the star splutters and stops doing its old fusion reaction, it contracts, heats, and then begins another type of fusion. It’s a system so wonderfully well adapted to producing successively heavier elements that it’s hard not to think of big stars as factories pumping out the building blocks of everything in the universe. This procession of reactions continues until silicon is fused to make iron. This is the limit because it’s the last reaction that produces energy from fusion, resulting in the most stable isotope, Fe-56. Did alchemists ever imagine that the starlight of a moonless sky was generated by vast stellar factories forging heavier and heavier elements? The truth is more incredible than they could have dreamed.

Stars that reach this stage are like a giant red onion, each layer responsible for a different fusion reaction. Right in the center of it all is an inert core of iron that no longer produces fusion energy. Once that core is produced, things get really interesting. All of the four fundamental forces are involved in one way or another. When the core reaches 1.44 times the mass of the Sun, the remaining particle pressure against collapse is overwhelmed by gravity, and within minutes, the core begins to collapse in on itself. It does so with ferocious speed, taking seconds to go from a radius of thousands of kilometers to just ten.

The collapsed core takes up a fraction of the space of the original core, leaving a big hole in the center of the star. The new, even denser core could become a neutron star: a star so dense that all protons and electrons are forced to combine into neutrons. With enough initial mass in the star, it could become a black hole—an object so dense that not even light can escape. Meanwhile, the rest of the star, its middle layers, have nothing supporting them and they begin to collapse inward too. Since the core can’t get any denser, the incoming material bounces off it at a fraction of the speed of light, tearing back out again. A razor-thin 0.02 seconds after the bounce, the expanding shock wave slams into the outermost, and yet to collapse, layers of the star. Energy released from the core in the form of high-energy particles energizes the shock wave as it travels outward at about 10 percent of the speed of light, triggering explosive nuclear fusion reactions in its wake. Even fusion reactions that use energy are possible, and this is our main source of elements bigger than iron.

The expanding envelope of star material reaches far away into space from what was, moments earlier, a giant star. The brightness is 10 billion times the Sun’s: a single exploding star can outshine entire galaxies. This is nuclear fusion on an epic scale and it fully deserves its spectacular name: supernova.III

Such events only happen in Earth’s patch of space once in every half billion years, so your chances of seeing one are small. However, in 2020, some scientists grew excited observing that Betelgeuse—just seven hundred light-years away and previously the eleventh brightest star in the night sky—had entered into an unusual pattern of dimming that might precede its going supernova. In fact, that event is expected to happen soon—but only soon in astronomical time, which could mean at any point in the next one hundred thousand years.11

The death of stars is what has enabled us to exist. Mostly, humans are cleverly arranged bundles of hydrogen, carbon, oxygen, nitrogen, calcium, phosphorous, sodium, potassium, and sulphur. Apart from hydrogen, these elements are mostly forged in the last, dramatic moments of a star’s life. We’re all made of dead stars, and hydrogen. Without fusion reactions, complex life, which is based on a variety of atoms, wouldn’t exist. Our relationship with stars and nuclear fusion goes deeper than even ancient Sun worshiping cultures could have suspected.

I. There are other proton-proton fusion chains active in the Sun, but this is the dominant one.

II. The Kelvin scale is the Celsius scale +273.15. The difference is that Kelvin starts at absolute zero. At these large temperatures, the difference is meaningless.

III. There are different kinds of supernovae. Another involves a white dwarf sucking up mass from another nearby star. The different kinds synthesize different elements in their fusion reactions.




CHAPTER 5 HOW TO BUILD A STAR WITH MAGNETIC FIELDS


“We say that we will put the Sun into a box. The idea is pretty. The problem is, we don’t know how to make the box.”

—attributed to Sébastien Balibar (CERN) and Pierre-Gilles de Gennes (Nobel laureate in physics)1



As soon as nuclear fusion reactions were discovered, scientists realized that smashing together the ingredients for fusion—deuterium and tritium, the special isotopes of hydrogen that combine in the easiest to achieve reaction—was not a viable route to energy. They also knew that stars were really, really good at producing fusion energy. They had a conundrum: How could they make their machines starlike enough for fusion to happen?

The answer is to get the fusion fuel hot. Very hot. And so I’ve come to the hottest place in the solar system: a village in Oxfordshire.

Arriving is surreal. Although the station, Culham, is on the line between London and Oxford, the fast intercity trains don’t stop here. I had to change trains and take a ponderous service that seemed to stop at every house and siding. When I do finally get off at Culham, I find I’m in a very small, plain Oxfordshire village: an unlikely location to ring in the future of global energy production. For a moment, I fear I’m in the wrong place entirely. Somewhat reassuring is the unusually large number of other passengers disembarking, more than you’d expect for an out-of-the-way English village. They all troop, improbably, toward an overgrown country path behind the station. It takes me a moment to realize that what I’m seeing is a stream of scientists and engineers heading for the Culham Science Centre. I follow them through the greenery.

When I get to it, I find that the Culham Science Centre is a myriad of public and private research institutions located on a disused Second World War–era military airfield. The Centre for Fusion Energy, where the magnetic confinement fusion experiment I’m visiting is located, occupies a large portion of the site. Some of the buildings show their age. Many have lackluster squares of glass alternating with dark green panels. In among the aggressive architecture, there are hints of the future. As I walk toward the building that houses Culham’s star machine, several autonomous vehicles pass me, scanning the quiet roads of the facility with mounted radar. I see signs for firms with names like Reaction Engines (reusable space launch vehicles), GeneFirst (molecular diagnostics), and Neuro-Bio (Alzheimer’s treatments).

When I get to the lobby of the Culham Centre for Fusion Energy, I find that it’s also a contradiction in time—it resembles a careworn smoking room last redecorated in the 1970s, and yet vivid printed posters showing the “future of fusion” take up one wall.

I’m here to see the Joint European Torus (JET), the most successful fusion reactor in history. It’s the apex of an approach to fusion that borrows the barely imaginable temperatures of stars—and goes beyond them—to get fusion working. JET was built and funded by European countries and is run by the UK Atomic Energy Authority (UKAEA). Although it’s an EU project run by a UK government research organization, the staff, the support, and the mission are very much global—whatever is discovered is shared worldwide so that it can inform future fusion machines.

My first meeting is with Lorne Horton, who goes by the odd-sounding title of JET exploitation manager. He’s going to show me the machine up close, or as up close as anyone can safely go while it’s in operation. Lorne is a friendly, straight-talking Canadian engineer whose job it is to knit together the program of experiments that European countries want to do on JET with the day-to-day operations of the facility. He’s wearing a suit, unlike many of the other scientists I see around the facility, and he looks back at me with small blue eyes under a crop of receding blond hair.

I want to find out what makes star builders like Lorne tick. Given that scientists and engineers have worked on fusion for decades and could have had more lucrative careers in the oil and gas industry, or even in scientific fields of inquiry with more immediate rewards, you’ve got to wonder what makes them go on day after day working on the Promethean challenge of nuclear fusion. Although Lorne doesn’t seem like he’d be fazed by much, he’s surprised that I’m interested in his motivations.

“I was always interested in energy as a problem,” Lorne says. He grew up in what he describes as Small Town Canada, where his father worked on Canada’s own brand of nuclear fission technology, CANDU reactors. For the Horton family, nuclear energy is the family business. I press him on what he means by energy as a problem. The global economy, the well-being of everyone on the planet—it all comes down to energy, he tells me. He has a crystal-clear memory of being at school when the first oil crisis blew through North America, spiking prices to unheard of levels. He thinks fusion is both the best solution and a great way to take the geopolitics out of energy.

Like so many other star builders who I talk to, Lorne can’t help but be attracted by the gargantuan challenge of taming the stellar fires here on Earth. But he’s also effusive about the other aspects of working on a big, international scientific program. Because JET is supported by so many countries, there’s a global community working on it that he enjoys being part of. Not that there isn’t healthy competition with international colleagues not at JET, he says.

Next, he leads me down to the engine room of star power, what he calls the diagnostic hall. It’s a vast warehouse-like structure. I hear the unceasing whirr, clank, and buzz of machinery: the air pumps, cooling systems, heating systems, experimental and safety diagnostics, and the hundreds of other mechanical arteries that feed this star engine.

The large volume of the hall is subdivided into rooms with thin walls and plastic windows. They fill the space with confusing alleys. Lorne strides through them. At the center of the hall is the thick bunker that houses JET’s reactor chamber, a thirty-meter-sided (approximately one-hundred-foot) cube of two-meter-thick (approximately six-foot) concrete. On the inside, there’s a boron-rich scree to absorb stray fusion-produced neutrons; otherwise they’d hit regular materials and could make them radioactive. The whole reactor-containing cube is depressurized to further isolate any isotopes that they do not want escaping into the atmosphere. It can only be entered through an airlock. Any significant change to the reaction chamber means moving a set of giant concrete slabs, nine hundred tons apiece, that serve as doors and are set into the concrete cube.

As Lorne is explaining all of this to me, we pause while a countdown crackles out over the public address system. This is science at extremes, but it’s so normal for star builders like Lorne that when the countdown is on, he just waits patiently. “Ten,” the voice says, nine, eight, and so on, and suddenly, I’m standing just a few hundred meters away from what is—for a few seconds—the hottest place in the entire solar system.

150 Million Degrees

Inside JET, the temperature just hit 100 million degrees, substantially more than the 15 million in the Sun’s core. Those high temperatures are just what’s necessary for fusion to be possible on JET, Lorne says. On the face of it, there isn’t much difference between a cold object and the same object but hot. They’re both made from exactly the same material, and more often than not, they look the same too. So what changes when objects get hot?

Temperature is a measure of average energy, and that in turn describes how fast particles are moving around within a material. Imagine a schoolyard full of children pretending to be particles. The temperature scale has a minimum, called absolute zero. This is equivalent to the children staying still like statues, improbable though that might be. Now imagine that the children begin to run around until they bump into one another and change direction. This is what particles are doing as you add energy, and the temperature rises. The more energy, the higher the average child’s speed, and the higher the temperature. High speeds and energies increase the chances of two particles—or children—colliding. When two particles (but hopefully not children) collide with enough energy, there’s a chance that nuclear fusion will happen. Below a threshold collision energy, there’s almost no chance. The temperatures on JET are equivalent to an average deuterium speed of more than 1 million meters (approximately 3 million feet) per second—enough to make fusion more likely, but not guaranteed.

Making a big batch of fusion fuel hot at once creates lots of chances for fusion: if one high-energy collision isn’t successful, it doesn’t much matter, because the next one might be, or the one after that. When enough fusion reactions are happening, the energy released can be enough to keep the reactor going. When the reactions become self-sustaining, star builders call it “ignition.”

Before getting to ignition, you have to keep pumping energy in to replace any energy that’s escaping. It’s like having a leaky bathtub that constantly has to be topped up. Lorne describes putting this energy in as applying a blowtorch to the fusion fuel. The ratio of fusion energy coming out to energy put in per second is called “Q” in magnetic fusion, and it’s the primary measure of the success of these reactors. The immediate goal for magnetic confinement star builders is getting to net power gain, a Q greater than one, because it means there’s more energy coming out from fusion per second than is being pumped in. But they want to do far better than that: it’s possible for no external heating at all to be required, for fusion to be completely self-sustaining. In that case, Q becomes infinite: this is ignition.

There are different types of Q: when most star builders talk about Q, they mean the ratio of energy out to energy in per second for the plasma. But, for practical power generation, the “wall-plug” Q is important too; this refers to the ratio of energy out to energy in per second for the whole machine. For now, JET is aiming to get to a plasma Q of 0.3 to 0.5 for five seconds, which would be a new record for total fusion energy.

After leaving the diagnostic hall, we head to JET’s control room. Before long, Lorne and I are looking at live data coming in from an experiment just like the one I heard the countdown for over the public address system. There are more than a dozen scientists scurrying around the computers. Contrary to popular belief, they don’t wear white coats. Most are wearing casual shirts or blouses, a few T-shirts and jeans. What’s important to them is science, and understanding how the rules of the universe play out. Some of the technicians are chatting, some are doing analysis, some are checking observational equipment. Most are staring at the bank of monitors arrayed in front of us. The most compelling and, it must be said, understandable of these monitors shows a direct video feed of what is going on inside the fusion reactor. Mostly, the image is dark, but we can see a wispy purple-red fog clinging to the bottom and sides of the inside of the vessel. This is 100-million-degree hydrogen radiating away energy as light. Ideally, JET would reach 150 million degrees, because that’s the temperature at which it’s easiest to get to high values of Q.

Such temperatures seem entirely fantastical, but they can be measured; as an earl in Britain’s House of Lords once asked, what kind of thermometer do you need to measure a temperature of 100 million degrees without it melting? To which a viscount quipped, “A rather long one!”2 The true answer is that the calculation is made by firing a laser into the reactor chamber and measuring how much the particles of light in the beam, the photons, are changed following their collisions with electrons in the plasma. The hotter the electrons, the faster, on average, they’ll move in any particular direction, and the more light hitting them gets bounced around. It’s like if you dropped tennis balls from a bridge down onto two opposing lanes of motorway traffic: you’d get a much wider range of tennis ball speeds from fast moving traffic than you would from stationary traffic.I This interaction between light and electrons is called Thomson scattering after J. J. Thomson, Ernest Rutherford’s first boss in the UK.3 Unlike the National Ignition Facility, JET only uses lasers to diagnose what’s going on during experiments. The lasers don’t play a role in creating the conditions for fusion.

To bring ordinary hydrogen isotopes to the extraordinary plasma temperatures required of JET isn’t easy. Conventional heating methods don’t work. You can’t use a fire since there shouldn’t be any oxygen in the chamber, and in any case, fires just don’t burn anywhere near hot enough. More elaborate heating is required.

The star builders’ first method is to push enormous currents through the hydrogen. Ever notice your phone charger getting hot if you leave it on for a long time? A current going through a wire generates heat. The same effect works in hydrogen gas—push a current hard enough through it, and it heats up. The second method is, somewhat surprisingly, radio waves—not the kind you normally listen to but ones that are specially tuned to a frequency that makes the atoms in the hydrogen gas vibrate. As they vibrate, they crash into each other and heat up. The final method that magnetic confinement star builders use to get to 100 million degrees is to fire beams of atoms into the gas at great speeds (and so great energies). These atoms crash into the increasingly hot gases, dumping their energy as they go and heating what’s already in the chamber even further.

The amount of gas that they make fiercely hot is very small—if you scooped up all of the particles and weighed them, they’d have a mass of just 0.1 milligram (approximately 35 millionths of an ounce). This makes for a gas density in the chamber that is just one-millionth that of air. The Sun is many, many times more dense than this (which means more collisions); JET gets even hotter than the Sun partly to make up for its much lower density of particles.4

In an energy-producing experiment, that fraction of a milligram would be made up of equal parts of the two special isotopes of hydrogen that it is easier to make fuse, deuterium and tritium. JET is an experimental reactor, built to explore the physics of nuclear fusion. It was never designed to produce electrical power for the grid. Because of that, most of the time JET uses deuterium alone as it’s easier to handle and much more common than precious tritium. Physicists can still learn a lot by running with deuterium alone because most of the problems with reactors on the front line of net energy gain come down to the plasma, rather than the fusion reactions themselves. And deuterium does fuse with itself, so they can still record nuclear reactions and see some energy being released; it’s just a much less likely reaction than the one between deuterium and tritium.

Trapping Hot Hydrogen

As we’ve already seen, the three keys to net energy gain are temperature, density, and—finally—confinement. Once the star builders here have filled JET with hot hydrogen plasma, they need to keep it that way. And this is the great problem facing tokamaks: most machines can only run for a few seconds at a time before they lose control of their plasmas.

So how do you create a trap for something that is more than 100 million degrees? Most people’s first instinct is that the hot deuterium (and sometimes tritium) is trapped by the metal walls of the reactor chamber itself. But that doesn’t work, not if you want to create a mini-star. If you’ve ever put a hot pan in water, you’ll know why. There’s hissing and fizzing as the heat energy drains straight out of the pan and into the water. This fizzling out is exactly what star builders don’t want to happen to their fusion plasma. If all of the high-energy particles escaped into the wall, they’d transfer their energy over too, effectively cooling the remaining hydrogen and stopping the fusion reactions dead. It’s not good for the walls either; they can reach 300 degrees Celsius (572 degrees Fahrenheit) during a typical experiment, but they wouldn’t survive 100 million degrees Celsius (180 million degrees Farenheit).5

Star builders need to pull off a much more impressive trick: to stop the plasma from touching anything at all. It sounds impossible: they need an invisible floating box that is impervious to heat. The star builders’ solution sounds impossible too: invisible force fields. But it’s not science fiction, even if it sounds like it.

The trick is magnetic fields, with which star builders weave a complex web. Everything is controlled by those four fundamental forces of physics—the strong force, the weak force, electromagnetism, and gravity. Electromagnetism is responsible for electrical charge, magnetic fields, and light. The temperatures required for fusion to work create a plasma, which consists of charged particles. This makes magnetic fields a good, if tricky, way of trapping and controlling the plasma.

The idea of using magnetic fields to confine plasma was one that star builders came up with very early on in their attempts to do fusion. When a charged particle encounters a line of the magnetic field, it gets trapped and follows it, orbiting around the line of the field in loops as it goes. The size of the loop that charged particles gyrate around is named the Larmor radius after the physicist Joseph Larmor. The stronger the magnetic field, the smaller the Larmor radius, and the more tightly bound the particles are to the magnetic field lines. Because the particles are moving anyway, in addition to gyrating, the pattern they trace out is a helix—as if they were on a helter-skelter (an amusement park ride in the UK, with a spiral slide built around a tower). Stronger magnetic fields provide better confinement of plasma partly because charged particles in the plasma are kept closer to the magnetic field lines.

Regardless of the neatness of trapping particles on magnetic field lines, early machines using this approach had many problems that JET has had to overcome, or at least attempt to overcome.

Perhaps the first serious magnetic confinement fusion design can be credited to Max Steenbeck. Prior to the Second World War, Steenbeck was the laboratory director of a Siemens-Schuckert plant and a member of the Volkssturm, the Nazi people’s army designed to be the last line of defense during an invasion of Germany. The plans for his confinement device found their way to Imperial College, where they were refined by the son of J. J. Thomson, G. P. Thomson, who filed a patent for a doughnut-shaped, or toroidal, star machine in 1946. This was inspired by the “pinch” effect whereby large currents traveling through a conductor can, via the magnetic force, squish the conductor inward. It’s this effect that causes lightning rods to become misshapen once struck.6

The simplest version of the toroidal pinch machine consists of an airtight Pyrex doughnut coated with metal that, when current flows through it, creates an electric field in the gas inside. This field provides enough energy to rip the atoms of the gas inside apart into glowing plasma and to push the charged particles around the doughnut’s tube like NASCAR racers. Electric and magnetic fields are so interrelated that they cause one another: the current running around the ring creates a magnetic field that wraps around the inside of the ring at right angles to the current. This same effect is why a magnetic compass gets confused next to a live electricity cable.

But the really clever trick of the toroidal pinch is how the interplay of magnetic fields and current traps the plasma. The electromagnetic force dictates that whenever there is a current in one direction and a magnetic field in another, charged particles must move in the third and final direction, at right angles to the other two. Imagine that you are a particle going through the doughnut’s ring as part of the current; then the magnetic field is wrapping around you in a circle, pointing clockwise. The direction of the force that’s generated then points back at you from every angle. It’s this force that pinches the plasma’s particles together in the middle of the ring, squishing them up to get them closer to the density and temperature needed for fusion to have a chance. The name “toroidal pinch” arose because the hot fusion fuel is pinched into a torus shape: a doughnut within a doughnut created by an invisible force that can briefly hold the hot fuel in place without its touching anything.7

Toroidal pinches aren’t the only early magnetic confinement device that star builders tried. Another early design, pioneered by scientists at Lawrence Livermore National Laboratory (where NIF is based), was, essentially, a sausage of magnetic fields, with the magnetic field lines going lengthways along the sausage. Particles would zip up and down. At either end, the magnetic field lines came together in dense bunches, like the tie in a wheat sheaf, the effect of which was to reflect particles back the other way. These early star traps were optimistically called magnetic mirrors, because they were supposed to reflect the particles. In reality, many particles leaked out of the ends—more like a polished window than a mirror.

There is a problem with these early pinch and mirror machines that goes beyond mere leakiness though—a problem that means they’re unlikely to ever be good for net energy gain. JET has only partially solved it. Both toroidal and magnetic mirror star machines suffer from debilitating instabilities: catastrophic failures in which the magnetic field gets so rucked up that the confinement is completely lost.

Dr. Fernanda Rimini spends her days trying to understand the instabilities that plague magnetic star machines. She’s a physicist and one of the session leaders of experiments on JET, responsible for translating the scientific ideas of her colleagues into settings that are feasible for the machine. She has a commanding role in the control room. While we’re chatting in one corner, several people try to ask her questions on this or that technical detail. Despite the importance of her role in the smooth operation of JET, and my happening to catch her at the end of a shift, she’s still full of energy. I don’t think she ever switches off.

“Heavy metal music for me is the perfect soundtrack to an afternoon spent building with Lego,” she says, when describing how she relaxes in her spare time. She has even re-created in Lego the building that houses JET and a miniature version of the control room. She says that what’s kept her in star building is the curiosity and fun. “And you’re doing work for the future of humankind,” she adds. “It’s an energy source, and it’s important.”

Fernanda describes her role as halfway between pure physics and engineering, and I can’t help thinking that this is currently apt for the whole of fusion the world over.

We’re talking in the busy control room, and I struggle to hear her over the background ruckus as months of planning come to fruition next to us. Fernanda explains that if they can control instabilities, they’ll be well on their way to having a working star machine. Right now, instabilities are one of the reasons JET can only operate for a few seconds at a time.

While instabilities aren’t unheard of elsewhere in nature—take, for example, an out-of-control garden hose or the snowball that grows into an avalanche—plasmas are especially susceptible to them, to the point where the disruptions caused by plasma instabilities frequently stop machines entirely. Instabilities arise in fusion because nature hates extreme conditions in temperature and density as well as magnetic and electric fields existing in a small patch of space or time. Given a chance, nature will even out such inequalities. Because there are such extremes of energy involved in fusion, the reestablishment of balance can happen in abrupt and surprising ways, like a stretched elastic band suddenly being released.

Professor Jerry Chittenden of Imperial College London has said that attempts to confine the fuel for fusion are subject to Murphy’s Law: anything that can go wrong, will go wrong. Nuclear fusion is flighty and all too easy to stop—one way in which it’s far harder than nuclear fission (and also one reason why it’s safer).

Those early toroidal pinches suffered two instabilities in particular when run with higher currents. One is the kink instability, a devastating fusion-stopper that JET’s clever design mitigates. It’s the kink instability that causes the breakup of the hoops of plasma thrown out of the Sun’s surface. In toroidal pinches, kink instabilities occur because the magnetic field is stronger on the hole side of the torus’s loop than on the outer side, since the charged particles are closer together on the inside curve. But because the magnetic field is weaker on the outside of the curve, the pinching effect is weaker too. This allows some charged particles to bulge out, weakening the field further. The weaker field permits even more charged particles to bulge out, and so on, until the process runs away with itself, confinement is lost completely, and fusion stops dead. The second problem with toroidal pinches is the sausage instability. This amplifies tiny imperfections in how much the column of plasma is pinched, causing a shape like a chain of sausages to form and to ruin confinement. While JET is less prone to instabilities and the disruptions they cause than earlier magnetic star machines, they’re still a big problem.8

JET is a tokamak, the most popular and successful type of magnetic confinement fusion machine. Even among tokamaks, JET is famous because it holds the world record for the highest Q (the ratio of power out of the plasma to power put in) ever achieved, 0.67. The machine itself is impressively big: the reaction chamber stands around six meters (approximately twenty feet) tall and three meters (approximately ten feet) wide. It’s shaped like a fat doughnut, with a tube that’s two meters (approximately six and a half feet) in diameter.

Tokamaks were first developed in the Soviet Union in the early 1960s, the name derived from the Russian terms toroidalnaya kamera and magnitnaya katushka, meaning “toroidal chamber” and “magnetic coil.” The genius of the Russian star builders, and what allowed them to stop the kink instability from being so debilitating, was to introduce a second magnetic field to their toroidal chamber.

Figure 5.1 shows the basic design elements of a tokamak, including the reactor chamber. Inside, there’s the ring-around-the-doughnut field, known as the poloidal field (one example loop is shown with a solid line and arrows), that was also present in the toroidal pinch. As in the toroidal pinch, this magnetic field can be generated by the particles’ own motion. But there’s a second field too (shown with a dotted line). This is the field that the Russians added. The second field, which goes around the doughnut’s tube like the particles do, is called the toroidal field because it has the shape of a torus. The clever part of the Russians’ design is that the two magnetic fields combine to create an overall magnetic field that twists around the tokamak helically, like a slide wraps around a helter-skelter, but on the inside of the torus.

[image: A schematic of a tokamak, a kind of donut shape stretched vertically. Overall magnetic field is the outside, poloidal magnetic field is the inside of the donut going upwards, and toroidal magnetic field is going around on the inside of the donut]
Figure 5.1: The basic design elements of the tokamak, the leading magnetic confinement fusion star trap. The reactor is shaped like a doughnut. Two different magnetic fields combine to make a helical field (shown with filled-in arrows) that wraps around the inside of the tube of the doughnut-shaped reactor chamber. Charged particles (electrons and hydrogen nuclei) get trapped on the magnetic field lines, gyrating as they travel along them. Magnetic confinement keeps these particles from hitting the chamber walls—sometimes.9



Particles are confined to gyrate around the helter-skelter magnetic field lines. Because they move from the inner to the outer part of the doughnut’s tube as they go around it, particles spend as much time on the inner side of the tube as they do on the outside. That stops the bulges endemic to toroidal pinches from developing in the first place, which prevents them from growing, which keeps the plasma flow uninterrupted.

Russian tokamak scientists suppressed the kinky tendencies of the toroidal pinches that had gone before. Straightaway, their tokamak design provided tenfold better confinement than alternative magnetic schemes of the time. The strategy was so successful that, initially, no one outside of the USSR would believe how good the results were. To settle the question, a team of scientists from Culham was sent to Russia at the height of the Cold War to use Thomson scattering as a more precise check on the temperatures. The Russians were right; tokamaks were confining hot fusion fuel like no other machine before them. Tokamaks soon became the leading magnetic star traps the world over, and they remain so today, and JET is, for now, the most successful and largest of them.

Fernanda and her colleagues follow a punishing schedule that tries to squeeze every last bit of understanding, and penny of value, out of JET. They begin one shift at 6:30 and go until 14:30, and then run another, with more experiments, from 14:30 to 22:30. By the time a fusion experiment is prepared for the machine, she reckons there have been around six months of preparation, and they aim to run one every half hour.

Although JET is less prone to instability than some other designs, there is still a whole menagerie of instabilities just in tokamaks: edge-localized modes, sawtooth oscillations, tearing modes, ballooning modes. And then there are the insidious ways that particles, and their energy, try to escape confinement, like the bizarrely named “banana regime transport” (after the shape the particles trace out). These are driven by energetic collisions that send a particle spinning out of the web of magnetic fields. Each different way for particles to escape presents a different headache for star builders, and there are pages and pages of mathematics that try to understand how they happen, and what scientists can do to mitigate them.

Today, Fernanda is coordinating experiments that look at how injecting pellets of frozen fuel at just the right moment can stop the instabilities from killing the confinement. They do it by cooling down a portion of the fuel.

When a tokamak runs into a bad instability, it can cause a catastrophic loss of energy called a disruption. In fast disruptions, the energy in the fuel is violently dumped into the vessel in a few milliseconds.

“You blink and your fuel is no longer there,” Fernanda says. The effect of this is to make the whole machine strain at its moorings, with forces equivalent to hundreds of tons and jumps of a centimeter or more. For this reason, JET rests on giant springs.

Just as seriously, a sudden energy release can melt the walls—even though they can withstand a few thousand degrees. Unleashed electromagnetic forces are strong enough to twist the reactor structure, misshaping it and ruining its confining properties. Disruptions are bad news.

Fernanda says that predicting disruptions is a big physics challenge facing tokamaks. One large disruption could terminally damage the reactor. Lorne Horton told me that industrial partners who might actually build a fusion reactor are adamant that the technology must be predictable to have a chance of being commercially viable. A reactor that stops without warning, potentially breaking itself in the process, is just not going to allow star builders to achieve their ambitions.

It’s no coincidence that Culham’s star-maker-in-chief, Professor Ian Chapman, made his (scientific) name by trying to pin down the causes of instabilities in tokamaks. He’s published more than 110 scientific papers and has been invited to speak to other physicists at conferences all over the world. His speciality is the sawtooth instability; it causes temperatures and densities to slowly climb, only to suddenly crash back down again, firing off hot plasma into the reactor walls as it does so.

Disruptions can even threaten the quality of the energy confinement of the reactor in future experiments. When particles from the plasma strike the wall and melt it, even on a microscopic scale, heavy wall materials are released into the fusion fuel. This heavy metal is definitely not Fernanda’s favorite, as it acts like a pollutant and has a terrible effect on the ability of the reactor to confine energy.

JET’s internal walls are mainly made of beryllium and tungsten, atoms that have four and seventy-four electrons respectively, compared to a hydrogen atom’s one electron. Because deuterium and tritium just have one electron each, and because it’s so hot in tokamaks, they get completely dissociated from their nuclei when they turn into plasma. It takes much more energy to remove all of the electrons from beryllium and tungsten, and that is precisely why they cause problems when they pollute the plasma. As beryllium and tungsten become partially stripped of their electrons, they suck energy away from the hydrogen fuel.

Worse, the electrons that remain attached to the beryllium and tungsten nuclei can temporarily go into an excited, higher energy state. When they relax again, the energy of their excited state has to go somewhere, and it tends to come out in the form of light. This light is an energy escape route straight out of the hot plasma.

The pattern of colors that the transitions of electrons create as they jump into different states are like fingerprints; they say what particles are present, how many electrons they have, and what the temperature and density around them is. This is why a hot flame burns blue while a colder flame burns red, or even yellow. The pattern of colors tells a story about what’s going on in the hot fuel—which we know is too hot for any thermometer to work—and star builders often use this technique of looking at the light emitted, called spectroscopy, to infer conditions in their star traps. The light radiation from atoms whose electrons are partially stripped away can be useful. But when metals are radiating away energy from the center of a tokamak, it’s really bad news.

Even tiny amounts of wall material getting into the fuel ruin the reactor’s performance. At less than 0.02 percent tungsten, the radiation emitted in the form of light carries away a whopping 50 percent of the energy from the helium nuclei created in fusion reactions. Elements with more electrons light up like Christmas trees.10

For this reason, most of the walls of JET are made of beryllium, with only four electrons. Only the points where the very worst, and hottest, fusion fuel lashes, whiplike, into the walls are made out of the more robust tungsten. Tungsten has the highest melting point of any metal, at 3,422 degrees Celsius (a little less than 6,200 degrees Fahrenheit), while beryllium melts at a comparatively chilly 1,287 degrees Celsius (approximately 2,350 degrees Fahreneheit). A Q greater than one tokamak would see the part of the wall specifically designed to take the biggest pounding, the divertor, exposed to a heat load equivalent to that of a spacecraft reentering Earth’s atmosphere. Truly, star building requires mastery of extremes that make bringing a shuttle down from orbit seem a cinch. The design of tokamaks has cleverly incorporated the divertor to be the one place that takes an absolute beating. It also serves, as the name suggests, as a place where impurities that flake off the main beryllium walls are isolated and removed, leaving the fuel in the doughnut’s tube pure.

Purity is so important that the cleanliness of the inside of the tokamak chamber would have even Marie Kondo impressed. There must be no air, no water, no grease, no oil—nothing that could contaminate the fusion fuel and unwittingly cause energy to leak away as light radiation. The vacuuming of a tokamak is so effective in removing particles that it’s equivalent to removing all but a single star from the Milky Way. The scrub job is made harder because atoms like oxygen don’t just float around in molecules, they can get trapped in the walls too. The only way to deep clean the walls is to bake the chamber at a few hundred degrees for long periods of time. Because of this, Lorne Horton tells me that to do anything in the chamber with humans, which inevitably involves a cleanup, takes a minimum of three months, without counting the time taken to actually do the work.

The need for such care has also seen the Culham Centre for Fusion Energy become a center of excellence in robotics. Remotely controlled robot arms can get in and out without disturbing the chamber’s vacuum. While Lorne and I were wandering around Culham’s main building, I saw trainee engineers trying out the remote-handling arms for the first time via a controller that looked like a periscope with joysticks. Later, in a mock-up of the reaction chamber housed in a corner of the diagnostic hall, I saw the engineers’ every move translated into the surprisingly graceful movements of a metal arm that weighed tons. The sense of touch created by the robotic arm is so good, Lorne told me, that experienced operators can feel if a bolt is not aligned with its thread.

The robotics technology is being spun out separately to all kinds of industries where remote handling might be useful, including nuclear fission. In one warehouse on site, I saw a three-storey wire mesh cage with robotic arms busily completing tasks inside; another had drones angrily buzzing back and forth. The scientists here really are quietly creating the future.

The World’s Most Successful Fusion Experiment

The world is paying attention. JET is, after all, a collaboration between many of the nations of Europe under the name of Euratom. Although the idea was born early in the 1970s, it took years of wrangling before a location was agreed upon. Governments jostled to host the facility that would be a shining example of technological progress and would undoubtedly bring with it good jobs and lucrative contracts. Six different sites were fought over. “Mad” Rebut, Paul Henri-Rebut, the driving force behind JET’s design and eventually its director, was so incensed by the delay that he suggested putting JET on the Queen Elizabeth 2 ocean liner so that it could dock in a different European port each month. Finally, in 1984, JET was completed and opened by Queen Elizabeth II (note, not on Queen Elizabeth II) and then French President François Mitterrand.

Ian Chapman tells me that JET cost about £2 billion (a little more than $2.5 billion) in today’s money and took four years to build. You might wonder what Culham’s star builders have been doing with it since it opened. Surely, a machine that is more than thirty-five years old can hardly be at the cutting edge of technology, much less usher in an energy revolution.

JET set the world record for plasma Q with deuterium-tritium fuel in 1997, at 0.67—that is, for a brief moment, 67 percent of the energy put in by Lorne Horton’s blowtorches was released by fusion reactions within the reactor chamber. It produced sixteen megawatts of fusion power; very roughly, that would be enough to power thirty thousand homes if it was available continuously.

This seems so tantalizingly close to a plasma Q of 100 percent that you’re probably wondering why, in the years since, they haven’t managed to get any further than they did in that single landmark experiment. The truth is that this was on the edge of what JET could do in the 1990s and 2000s, and more important, the energy output was only maintained for less than one second because of instabilities that ruined the confinement of the plasma. The 100 percent barrier is very important psychologically, including for those who are funding fusion, but reaching it doesn’t automatically solve fusion, especially with such short running times. There’s also the subtlety that only one-fifth of fusion energy comes out as a charged particle. The neutrons that carry four-fifths of the energy aren’t charged and so fly right out of the magnetic trap. The reactor chamber will lose energy without a Q of at least five (though these neutrons are ultimately what are used to generate electricity, so their energy is critical in other ways).11

Perhaps JET’s greatest success wasn’t getting to a plasma Q of 0.67 for a brief moment but getting to a Q of 0.18 for five seconds. For commercial fusion energy, tokamak power needs to be sustained for hours, if not indefinitely. JET has been upgraded, repaired, and modified several times over the years, each time missing action for months and months. Having been refitted, it is about to gear up for a new campaign of experiments with deuterium and tritium. It remains the only tokamak in the world able to run deuterium-tritium experiments. Star builders like Lorne Horton, Fernanda Rimini, and Ian Chapman have a good chance of smashing JET’s old record for fusion energy, and a successor to JET that aims to exceed a Q of 1 is already under construction. But it will only happen if the star builders can control the writhing plasma in their fusion furnace.12

You may wonder why star builders are so optimistic that they will get net energy gain. It’s not just because of JET’s exciting experimental successes; the first fusion devices were in the 1940s, and the tokamak didn’t come along until the 1960s—both long before JET was in operation.

Star builders have believed in fusion for many years not only because of successes in experiments, but because of a great success in theoretical physics. Just as theory has illuminated nuclear physics, and clarified to star builders what reactions are possible in what conditions, so theory has given guidance on what conditions star machines need to create in order to achieve net energy gain.

Way back in 1957, a plasma physicist named John Lawson proved a theory that shows that there is no physics-based barrier to igniting fusion reactions in a star machine. “Igniting” here means getting to conditions where fusion sustains itself through its own energy release, like a star.13

His argument was beautiful in its simplicity: he said that, at a minimum, more energy must be coming into the plasma than leaving it. He then added up all of the ways that energy could get into the fusion plasma, including heating from external sources, like Lorne Horton’s blowtorches, plus the energy of fusion-produced helium nuclei (he assumed that the fusion-produced neutrons would all escape because they can’t be confined by magnetic fields). Next, he added up all of the ways energy could be lost from the plasma, including through bremsstrahlung radiation (X-rays generated by the movement of charged particles in the plasma) and the loss of any plasma that managed to escape confinement. Then Lawson looked at the energy in and energy out every second, on both sides: gains and losses. He realized that all of the gains and losses were somehow dependent on just three properties of the plasma: temperature, density, and the time period over which particles in the plasma remain confined.

Lawson knew that deuterium and tritium fusion was the easiest possible reaction for star builders to aim for, so he plugged in the numbers for that. Then came the moment of truth. Lawson might have found that there was no combination of temperature, density, and confinement time that could make fusion work. That would have suggested that star builders should just give up trying; their experiments might have improved, but they’d never reach ignition or net energy gain. But Lawson didn’t find that; what he found was that there were combinations of temperature, density, and confinement time that would make fusion work. Lawson’s equation says that star power on Earth will work. A tokamak that could reach temperatures of more than 100 million degrees Celsius (180 million degrees Fahrenheit), densities of more than 10,000 billion particles in each cubic centimeter, and energy in the plasma that is confined for more than 100 seconds would hit his requirements and ignite its fusion plasma.

What this theory means is that it’s possible to re-create star power on Earth: hard, yes—the conditions required are extreme, more extreme than anything else on the planet—but possible. The implications of this are as enormous today as they were then. It’s this insight that has kept generations of star builders optimistic about delivering on the promise of nuclear fusion: they know it’s scientifically possible; they just need to build a machine good enough to make it happen. And JET has come very, very close.

Lawson’s equation also shows why stars are fusion reactors that just keep on going; gravity can achieve high temperature, high density, and sufficient plasma energy confinement in perpetuity. More important for fusion on Earth, using Lawson’s equation, star builders know exactly what they have to aim for in their star machines. Tokamaks use high temperatures, with plasma confinement times measured in seconds, perhaps eventually in hours, thanks to using magnetic fields. But Lawson’s equation also tells us that magnetic fields are not the only way to trap a star…

I. Do not try this!




CHAPTER 6 HOW TO BUILD A STAR WITH INERTIA


“… like trying to confine jelly with rubber bands.”

—Edward Teller, describing trapping plasma with magnetic fields1



You don’t have to be in California for long to see why the two scientists most responsible for establishing Lawrence Livermore National Laboratory—Ernest O. Lawrence and Edward Teller (the controversial physicist best known as the father of the hydrogen bomb)—were happy to set up shop here. On a February morning that really ought to be cold, there’s so much sunshine that I remark to the person taking me between buildings on Livermore’s sprawling site that I feel like I should be outside enjoying it instead of poking around nuclear facilities. She tells me that she felt like that too, for the first year after she moved from South Dakota. But then she realized that it was sunny and fine almost every day here on the east side of the San Francisco Bay, and that she no longer needed to rush outside to catch it. It would be there waiting for her whenever.

And, as I arrived at the laboratory, I couldn’t help but notice a mile-long array of solar panels soaking up that bright Californian sunshine. It’s here that scientists are using laser light to create their own sunshine, via the National Ignition Facility (NIF), the world’s most successful inertial confinement fusion experiment. In the hills above Lawrence Livermore, I see more evidence of their pursuit of clean energy, in the form of a sparse forest of wind turbines ponderously revolving under a laid-back breeze. If the juxtaposition of so bucolic a scene with a government laboratory bristling with security, nuclear secrets, and scientific experiments should have seemed awkward, it didn’t. On site, there are reed-ringed ponds and bicycle lanes. As with most of America, cars and roads are ubiquitous too—I’m on foot, but you’re almost obliged to drive around, if not due to the sheer size of the facility then owing to cultural norms. On a previous visit I was asked to drive to a building where I was scheduled to have a meeting. Following my minder, I did as I was told, and we drove down a couple of small roads to get to another parking lot. When I emerged from the car I could see, less than one hundred meters away (a little more than three hundred feet), the spot that I’d been parked in moments before.

I’m here on another visit to Livermore to find out how scientists at the NIF are using inertia to build a star. Some of the scientists working here argue that although their machine has not yet matched the record energy gain of JET, their inertial confinement fusion machine is the closest in the world to achieving net energy gain. And they are catching up fast.

Inertial confinement fusion is very different from magnetic confinement fusion; for a start, magnetic confinement tends to run continuously, like those takeout pizza ovens with conveyer belts, while inertial fusion is a batch process, like a bread oven. But the biggest difference is that inertial confinement fusion doesn’t use magnetic fields to confine the plasma. Instead, it uses inertia. You’d be forgiven for not having a clue what that means. CEO of inertial confinement firm First Light Fusion Dr. Nick Hawker later put it to me this way: “There’s nothing holding the plasma together—no big magnets, or external forces.”

But surely something needs to hold the plasma together while fusion is happening.

Lawson’s equation for net energy gain tells the star builders that nuclear fusion schemes need a combination of high temperatures, high densities, and good energy confinement to reach net energy gain. But it also tells them that they can mix between these three, like DJs mixing tracks but keeping the overall sound volume the same. Magnetic confinement star builders use plasma far less dense than in the Sun, even less dense than the air we breathe, but they do it by creating the hottest temperatures in the solar system, hotter than the Sun, and by using long energy confinement times.

Inertial confinement fusion uses a different mix of temperature, density, and confinement. Comparing NIF, the world’s leading inertial confinement fusion machine, with JET, the world’s leading magnetic confinement machine, shows the compromises. NIF’s plasma reaches temperatures that are a shade less hot than on the JET tokamak. But the densities and pressures are far higher. Assuming you’re reading this on Earth, you’re experiencing a pressure of just one atmosphere, but the center of the Sun has a pressure beyond 100 billion atmospheres—and that’s what NIF has too, its director, Dr. Mark Herrmann, told me. “So the centers of our implosions are like star matter.”

But the biggest difference between inertial and magnetic confinement is how long the fusion plasmas are maintained: as opposed to magnetic fields holding plasma in place in perpetuity, the inertial approach traps it for just tens of billionths of a second, the length of time that the plasma’s own inertia holds it together. At NIF, that inertia comes from the momentum of the inward explosion, or implosion, of the fuel on itself.

The implosion of the fusion fuel provides confinement, nothing else, and that only for the briefest of moments. But the briefest of moments is a long time in nuclear physics. When you pop a water balloon, the water retains the shape of the balloon for a few fractions of a second before it turns into a big wet mess. It’s the same with plasma. With nothing to hold the shape of a ball of plasma, inertia holds it there for the short time it takes a sound wave to cross the sphere of plasma. But fusion happens on timescales a thousand times shorter. Nick Hawker describes inertial confinement fusion plasmas as “transient phenomena, these very high-pressure, high-temperature, high-density states of matter, and they’re held together for a very short amount of time, simply by their own inertia. Once assembled, it just takes a certain amount of time for it to disassemble.”2 Each implosion is a race against time.

In the prologue, we saw this race play out in a shot fired by NIF’s 192-beam infrared laser. Those beams are turned into ultraviolet laser light by crystals as they enter the reactor chamber and are focused on two small holes on either end of a small gold box, the hohlraum (German for “hollow room”). The beams hit spots on the inside walls of the hohlraum, generating high-energy X-rays. The X-rays bathe a small capsule of fusion fuel, expanding its outer layer and triggering a rocket effect whereby the remaining fuel capsule contracts rapidly. The inward explosion, or implosion, squeezes the fusion fuel into a ball with a radius the width of a human hair. With just the right combination of timing, laser pulse, hohlraum, and capsule, the fuel becomes a plasma with the right temperature and density for fusion. The fusion reactions radiate out from the center of the plasma like a wave, and engulf the rest of the fuel.

It’s a series of extreme physics events strung together to make a spectacular finale. With a massive input of initial energy, fusion fuel can be collapsed in on itself for a moment of shining glory. At NIF, this all begins with the laser beam—which is fitting, because lasers are a big part of how this approach to fusion got started.

The Light Fantastic

Inertial confinement fusion began shortly after Edward Teller and his colleagues demonstrated the first hydrogen bomb in 1952. Teller had been contacted by politicians in Washington who had a new challenge for the brilliant but controversial physicist. “No sooner was it done,” Teller has said, “than every politician and every bureaucrat descended upon us saying, ‘Now you must solve the problem of controlled fusion.’ ”3

Teller was skeptical of the magnetic confinement fusion schemes on offer in the pre-tokamak era. In 1954, he delivered a damning lecture in which he said that all magnetic schemes that had been tried were highly susceptible to plasma instabilities, the runaway processes that ruin confinement. He had an alternative. The plasma in magnetic fusion conditions is like the solar corona, the outer, wispy part of the Sun that becomes visible during solar eclipses. Physicists still don’t properly understand it, and even then Teller knew that working with similar plasmas would present tremendous difficulties because there’s so much going on: heat transfer between particles, light carrying energy away, and magnetic fields bringing all kinds of complex instabilities into the mix.4

However, Teller thought, the inside of the Sun, where the density is much higher, is easier to model. The plasma is very pure: all electrons are stripped from helium and hydrogen, and the densities are high enough to make the plasma opaque to light. This plasma is much more similar to what is created in a hydrogen bomb, something that Teller understood better than anyone. So Teller had an idea.

In 1957, a young scientist named John Nuckolls got the job of turning Edward Teller’s idea into a reality. Nuckolls’s instructions were crazy. He was asked whether it would be feasible to hollow out a mountain and drop hydrogen bombs in it to generate electricity. What wasn’t so crazy was that hydrogen bombs could already deliver huge net energy gains. But (and this will shock no one) exploding a series of hydrogen bombs has downsides. The mountain would eventually crumble into a radioactive mess, and the use of large numbers of nuclear weapons was an enormous nuclear proliferation risk.

Nuckolls instead had the idea of taking the hydrogen bombs out of the design altogether. This got rid of the fission reactions, eliminating much of the radioactivity, as well as the proliferation risk. Instead of a few big explosions, he’d do many miniaturized fusion implosions using just ten milligrams (approximately four ten thousandths of an ounce) of fuel each time. The smaller yields of energy would be easier to deal with too: Nuckolls would replace an unmanageable “BANG!” with a controllable “pop”; instead of a single large release of energy, he’d have the setup work like a gasoline-powered engine, with a stream of pops as a succession of fuel capsules went off.

It was a good idea, but it would only work if there was a way to compress and heat the tiny ball of fuel enough to initiate fusion. But no one had ever driven a fusion implosion, no matter how big or small, without using fission explosives.

“The driver may have kilometer dimensions but must concentrate energy in space and time to energize a tiny sub-centimeter-scale radiation implosion,” Nuckolls wrote. “For power production, the driver focusing mechanism must be separated a safe distance from the fusion explosion. The driver must ignite billions of micro-explosions in a thirty-year power plant lifetime.”

Nuckolls considered various schemes to trigger fusion in his capsules, including firing jets of plasma at them, smashing them with a very fast pellet gun, strafing them with charged particles, and hitting them with exploding foils. Nothing, however, was quite right. Livermore’s weapons designers weren’t impressed, calling Nuckolls’s prolific series of classified memos on small fusion capsules “Nuckolls’ Nickel Novels.”5

Then, in 1960, a scientist named Theodore Maiman announced the creation of the first laser. Lasers are used in everything from the fiber-optic communications that enable the Internet, to eye surgery, barcode scanners, cleaning, playing DVDs and CDs, and cutting metals in industry. Although they’re ubiquitous, there’s extraordinary physics going on when a laser “lases.” The light that we see most of the time, from the Sun or a reading lamp, is made up of many different electromagnetic waves. The distance between the crests of light waves is what determines their color: pure sunlight has many colors, while sunlight reflected from grass is dominated by green light. But even if light appears in the wavelength of one color only, like the light from a red lamp, the crests and the troughs of that light aren’t all in sync. Laser light is special because the waves are the same shape, and so the same color, but they’re also in sync with each other. The difference between colored light and laser light is the difference between a crowd walking haphazardly with the same stride length, and an army marching forth in time together.6

Because the light is in sync, a little laser light goes a long way. An ultramodern and efficient LED lamp might draw 5 watts of power and wouldn’t do you much harm if you glanced at it. Contrast this with a laser, which at just 0.01 watts can do serious damage to your retina if you look at it directly—and it’s never safe to look into a laser beam. The magic of lasers is that, with a lens, they can cram a lot of in-sync light energy into a tiny spot. They can focus energy in time and space. When Maiman first demonstrated the laser, it was the archetypal technological solution looking for a problem. John Nuckolls had just the problem.

Nuckolls realized that lasers could drive enough energy into his fusion targets. Barely a year after their discovery, Nuckolls excitedly wrote a memo to the director of Livermore, explaining his idea of a laser driven “Thermonuclear Engine,” “the fusion analogue of the cyclic internal combustion engine.”7

More than five decades later, Nuckolls’s idea of using lasers to create mini-stars led to the construction of the National Ignition Facility. It’s not the only way that star builders are doing inertial confinement fusion, but it’s the way that has come closest to achieving net energy gain.

To find out more about how Nuckolls’s idea has been translated into reality, I’m heading to the Optics Facility, a building dedicated to keeping NIF’s thirty thousand or so lenses, mirrors, crystals, and laser glass in good working order. These elements are key to delivering energy, via the laser, to the fusion fuel.

As my guide, Operations Manager Dr. Bruno Van Wonterghem, leads the way, he points out where Edward Teller himself used to drive around the Lawrence Livermore site in his golf cart. I can imagine Teller, zipping along the quiet roads, saying hello to colleagues with the Hungarian accent that he never completely lost, despite living in the US for most of his life.

When we arrive in the facility, we meet Dr. Tayyab Suratwala in a corridor full of scientific posters showing detailed schematics of experiments splashed with the bright laser colors of green, ruby, and violet. Tayyab is the program director for optics, the science of light and glass and how they interact. What that means here at NIF is that he is responsible for ensuring that the parts of this gigantic laser that manipulate light energy keep working. As well as directing NIF’s optics operations, Tayyab has found time to write more than one hundred scientific papers, file six patents, and write a book, all on optics.

NIF, Tayyab tells me with warranted pride, is the only laser system that continuously operates above the damage threshold for the nine thousand or so more delicate optics directly in the laser’s path. What this means is that NIF’s laser is so energetic that it damages its own optics every time it fires.

The damage manifests as frequent chips, fractures, and cracks in the most technologically advanced optics in the world. Because they’re so specialized, it can take an entire year for replacements to be manufactured and imported—precious experimental time that NIF’s scientists would lose if they waited around. So, instead, Tayyab and his colleagues have adopted a different approach: invent better optics (easy, right?) and, rather than avoid damage altogether, incorporate damage as a regular part of running the laser.

Tayyab says that a shot by NIF with the quality of optics available back in 1997, when NIF was designed, would have created fifty thousand damage sites per optic, seeded by defects as small as ten-billionths of a meter within the glass. By inventing more perfectly polished optics, NIF’s staff has dropped that to fifty damaged sites per optic. And when they do see damage, they have amazing ways of repairing it, which Suratwala shows me. I watch, astounded, as a machine learning–driven robot takes thick slabs of glass, scans them for fractures, and then uses a small but powerful laser to smooth any sharp pits into gentle valleys that mean the optic can still function well.

Even after the beams have entered the chamber, the risks to the optics aren’t over. “The second most energetic laser in the world is the scattered light from NIF,” Tayyab says. Any laser light that isn’t perfectly carried along the beam lines causes havoc elsewhere. And even when the light hits what it is supposed to, it doesn’t always do what it is supposed to do.

The behavior of light and plasma is mostly determined by the electromagnetic force, and the two can interact, often in unintended and unhelpful ways. To name but a few that manifest with plasmas and laser beams, there’s cross-beam energy transfer (the plasma takes energy from one laser beam and puts it in another), self-focusing (the plasma acts like a lens), filamentation (the plasma extrudes smooth beams into strands like spaghetti), stimulated Brillouin scattering (the plasma acts like a mirror), fast electron heating, and a whole range of laser-driven instabilities.

Even in Nuckolls’s day, the designers at Livermore knew that shining lasers directly onto a fusion capsule would risk all of these interactions complicating an implosion, and send you straight back into the realm of difficult plasma physics. When told about Nuckolls’s original scheme, Teller is said to have asked “Wait a minute! Are you telling me that laser fusion involves real plasma physics?”—to which the presenter responded, “Yes, sir, it does.” Reportedly, Teller replied, with some despondency, “Well… it will never work.”8

Today, “real” plasma physics still presents a big challenge for laser-driven inertial fusion energy. But some of the problems are side-stepped when an intermediary is used to absorb the laser energy. That’s why Livermore’s scientists developed the hohlraum, the gold box into which the laser shines, entering through the two holes on each end. The bath of X-rays produced by the hohlraum when the laser hits its surface is smoother than the laser beams themselves, is less likely to cause plasma instabilities, and reduces the risk of preheating the capsule before it’s compressed to high densities. To distinguish it from directly shining laser light on a target, this approach is called indirect drive and it’s what’s used by NIF.

While star builders haven’t completely given up on direct drive laser fusion (France’s smaller equivalent of NIF is still pursuing the direct drive approach), the indirect drive approach has been much more successful in getting fusion to work during the punishingly small window of confinement.9

Targeting Net Energy Gain

Even as the X-rays get to the capsule, there’s a lot more going on than you might think to make the tens of billionths of a second a NIF implosion lasts a success.

So the next stop on my tour of NIF is the target fabrication laboratory, where I’m hoping to find out what role the targets play in this type of fusion. My guides are Becky Butlin and Dr. Michael Stadermann. Becky tells me that she caught the science bug in sixth grade when her teacher began assigning weekly mathematics puzzles, but she soon discovered that she enjoyed using that knowledge to make physical objects, and as a teen, she even set up a workbench in her garage. That desire to do science through building and creating objects has led to a career in fabricating targets for NIF. Becky and Michael talk to me about target fabrication as if it were the most important topic in the world. Their enthusiasm is infectious, and they have a point. As Michael tells me, the target (plus the laser pulse, he says in an aside) is the experiment. He’s right; although NIF is in a huge building, the most important parameters from experiment to experiment are the laser pulse and the target. My guides certainly have me hooked: target fabrication does seem to be key to the whole contraption ever hitting net energy gain, so tell me more! “Well,” Becky says, “would you like to go into the clean room?”

You bet I would. We enter a changing area. There are so many things to put on: a sterile full body suit, sterile slip-over shoe guards, sterile gloves, hood, and face mask with nose pinch. Becky and Michael are in their clean armor in seconds; I am still trying to pull on a latex glove using another gloved hand when they come over to assist me. The clean-room gear isn’t too comfortable, and by the time they’ve finished, there’s barely an inch of flesh showing on any of us. It doesn’t help that I’m slightly nervous. Truth be told, I’m an applied mathematician at heart, and I’ve always tried to dodge laboratory work in favor of working with pen and paper or a computer. Given the submillimeter precision going into the laboratory’s products, I’m painfully aware that I am an overenthusiastic arm gesture away from causing hundreds of thousands of dollars’ worth of damage. Laboratory work is fiddly and hard, requiring saintlike patience. The satisfaction of having created something tangible that can help probe the most extreme conditions in the solar system is the reward. Following a Saturday spent building equipment, Rutherford once exclaimed to a colleague, “I am sorry for the poor fellows that haven’t got labs to work in!”

We enter the target fabrication laboratory via a sticky patch of floor that captures any final pieces of the outside world. Inside, there are a few rows of scientists using machinery to minutely manipulate the tiny parts that go into a NIF target. There’s a constant gentle hum of filtered air-conditioning. Because any stray particles that adhere to the targets can interfere with the demanding uniformity of the sphere of fuel, dust particles greater than five-millionths of a meter in diameter must be extracted from the air. It’s a strange sort of office, and certainly the cleanest I’ve ever stepped into.

Michael tells me that a typical target costs $100,000 or more. The outer box, the hohlraum, is made of gold, while the outer layer of the sphere is made of diamond, two of the most expensive materials on Earth. However, these account for just a few dollars of materials cost because there’s so little of either in each target. The hohlraum is only one centimeter long, with walls thirty-millionths of a meter thick. Working with such small sizes has its supply challenges. The lab’s staff once needed to buy twenty grams (just under one ounce) of specialist detergent to clean a component; the firm only sold it in drums of two hundred liters (approximately fifty-three gallons).

The biggest cost of a target is human labor, because it takes hundreds of painstaking hours to build each target. In mass production, the costs would tumble, but for now, the targets are bespoke, tuned for specific experiments. Since NIF fires only four hundred shots a year, every single one counts and is cleverly designed to answer as many questions as possible. “Without targets, there is no science at NIF,” Michael says.

He says that because even minute changes in the targets—and especially the capsules that sit within the hohlraum—can completely change the experiment. I’m standing in front of some of the two-millimeter-wide spheres. You can’t see this with the naked eye, but they’re like Russian dolls, each of the three layers precision-engineered to serve a different purpose in igniting fusion reactions.

It seems unnecessarily complicated, and you might well wonder why it wouldn’t be easier just to have a ball of deuterium and tritium. Star builders at Livermore worked out early on that such a target design would be terribly inefficient. To make fusion happen, the X-rays would have to raise the whole thing to the right temperature and density, which means putting a lot of energy in up front. It would be like making a fire by raising the temperature to the point where every log burst into flames. Using a simple blob of deuterium and tritium like this has a natural energy release limit of twenty times the energy that you put in and so is just not good enough for commercial fusion, which needs gains of thirty to one hundred.

Instead, the design of the capsules lights a match of fusion reactions right in the center, and these spread outward. It takes a lot less input energy to do this, but it does require the capsule’s layers to be cleverly engineered. The outer layer is a thin sheen of diamond just 30-millionths of a meter thick. It acts as rocket fuel for the collapse of the capsule, helping to raise its density. Next, there’s a 160-millionths-of-a-meter-thick solid ice layer of deuterium and tritium. This layer provides the big, heavy logs of the fusion fire and accounts for most of the mass of the capsule. Sitting at the center, and making up most of the volume of the capsule, is deuterium and tritium gas. It takes really special conditions for this core of gas to coexist with the solid deuterium and tritium layer next to it; most states of matter exist as either solid, liquid, gas, or plasma at a given pressure and temperature. To sustain the unusual multi-state structure, the star builders need to maintain a temperature of just nineteen degrees above absolute zero (or -254 degrees Celsius, -425 degrees Fahrenheit) until the X-rays arrive. This final layer of gas is the kindling for fusion, the place where the initial spark begins.10

Because of the way reactions start in a hot plasma that’s formed in the core of the collapsed capsule, this potentially high-gain strategy is called hotspot ignition, and it’s by far the most successful form of laser fusion.

Hotspot ignition is a great idea in principle and a thunderously difficult one to execute in practice. Somehow a match must be held to the fuel right at the center of a dense ball of plasma without disturbing its perfectly spherical geometry.

The star builders’ great innovation is to use the shape of the laser pulse to ignite the hot spot. NIF’s scientists introduce a series of peaks into the energy delivered by the laser over time to, indirectly, launch a series of shock waves into the capsule. With careful timing, these shock waves both dramatically increase the density of the fuel and create the hot temperatures needed in its dead center.

Shock waves aren’t that common in everyday life, but once you start looking, they’re everywhere. They’re one of my favorite phenomena in physics. One way to think about them is as a sudden leap, from low density to high, or low temperature to high. It’s no coincidence that we use the same word, “shock,” to describe a sudden change of state in emotion too. In physics, shock waves appear whenever something moves through a medium faster than the waves of the medium themselves can move. Fast-moving ships can create bow shocks ahead of them in water. The space shuttle reentering the Earth’s atmosphere creates one around its nose that’s hot enough to turn air into plasma. Supersonic jets create them as they travel faster in air than sound waves do, and you can actually hear them as a loud BOOM-like thunder. Thunder is itself the shock wave created by lightning turning air into plasma. Explosions can create shock waves too.

A single shock wave would only push up the density and temperature of the fusion fuel so far; certainly not enough to reach the thirty-thousandfold density increase that is needed for net energy gain. So, to push the fuel all the way, three (or more) shocks are fired off in succession using laser pulse shaping. These shocks have increasingly high energies, so, cleverly, the later ones travel faster. The intended result is that their effects coalesce only once they are within the capsule’s fuel. This mammoth combined shock compresses the cold, icy fuel to ten times the density of the Sun’s core and creates more pressure than an aircraft carrier balanced on a penny. The capsule is shrunk to just a thirtieth of its original radius, and if all goes to plan, the fuel is engulfed by fusion reactions.11

Seeing Stars

To make this house of cards stand up requires everything to work perfectly together: the laser, the hohlraum, the capsule, the human operators, and even the computer codes. “Relatively small things can make a big difference,” Mark Herrmann told me, when we talked about the painstaking precision that’s needed. A few percent error in the energy at the start of the laser pulse can degrade the conditions needed for fusion by as much as 50 percent.12

So far, NIF has not reached net energy gain. The best experiments have reached a fusion energy yield of 3 percent of the 1.8 sticks of dynamite’s worth of energy in the laser beams. Given how fusion energy can scale up suddenly in the right conditions, this is far closer to JET than the difference in percentages alone might indicate, and the scientists here are front-runners in the race to build a star. NIF leads the pack on inertial confinement fusion and, some of the star builders here tell me, has the only machine that’s up and running and could go all the way to net energy gain. This ambition is even reflected in the “ignition” part of the facility’s name.

To learn more about what’s stopping them from leapfrogging JET, I tack back to NIF’s main building with Bruno. We head for the heart of the reactor, a catacomb of concentric shells of concrete and metal that house the business end of NIF. Inside the gap between the spherical aluminum target chamber and a bubble of thick concrete we can see metal gantries arrayed at all heights. These give access to the target chamber, which is neatly fed by tubes and cables from every direction.

Bruno points out the equipment that scientists use to see into a star. Every tube, box, and wire that isn’t bringing a laser beam in is part of a diagnostic that tries to pick apart, often indirectly, what happened during each shot. Just as a doctor looks for symptoms to try to diagnose a disease, so scientists at NIF collect data on each implosion to diagnose what went right or wrong.

There are 250 people solely working on diagnostics here, whether that be on cameras that look into the chamber, fast laser pulses that probe the fusion plasma, neutron detectors, spectrometers, or the design of “diagnostic” targets that are modified to give firsthand information about conditions during an implosion.

One of those staffers is X-ray imaging diagnostician and group leader in physics Dr. Louisa Pickworth, whom I’d arranged to meet back in the visitors’ center.

I had a strong memory of Louisa from my time at Imperial College London, where she’d spent hours in the bowels of the physics department working on the subterranean two-storey plasma machine known as MAGPIE. MAGPIE is a z-pinch, a machine that runs a large current through thin metal wires stretched vertically. The current breaks the wires down into a plasma and also creates a strong magnetic field. The combination of current and magnetic field pinches the created plasma into a dense vertical column. The “z” is because physicists often call the vertical direction the z direction.

MAGPIE can be used for lots of exciting science, for example re-creating in miniature the supersonic jets of plasma fired out of stars as they form.13 Louisa researched new diagnostics sensitive enough to probe these experiments. Turning oil, metal, and electricity into scientific discovery using MAGPIE required both manual dexterity, to fashion targets and repair machinery, as well as mathematical rigor, to understand what was happening. She’s now applying the same skills at NIF, a machine on a dramatically different scale.

“We haven’t got fusion schemes working yet, and one of the most important things for us to do is to understand why,” Louisa tells me over coffee. “We have many models and many computational codes which inform us how to put an experiment together and what we expect that experiment to give us, but then we do that experiment and nature gives us the real answer. And the job of the diagnostician is to listen to what nature is telling us.”

Louisa first got interested in fusion back when she was sixteen, when she spent her summer acquiring work experience on JET. She was a diagnostician right from the start, developing an infrared camera to watch JET’s magnetic confinement fusion plasmas. “My first experience of physics was working as a physicist at a big, expensive fusion facility,” she says, “and to some degree I just fell in love with it.”

Apart from the machinery, Louisa also enjoyed the international environment (something that both JET and NIF have) and the sheer complexity of coordinating so many people to try to make something amazing happen. But what she fell in love with most was trying to understand what’s happening in extreme conditions.

“These are pretty challenging environments,” she says, talking about the small size of the capsule during the implosion. “It’s spherical,” she adds, “which is a challenging geometry to image, and it emits a really wide range of radiation.”

The diagnosticians look at all the types of light radiation that come streaming out of the fusion plasma. This includes optical light, from the capsule’s periphery, and high-energy gamma rays, but Louisa’s specialty is X-rays. From the pattern of X-rays that are emitted, she and her team have to work backward to find out how the implosion proceeded.

“Part of the diagnostic challenge is to try and take the information that’s coming out and turn it into something useful!” she says.

One of the many difficulties she and her colleagues face is that the diagnostics on a real fusion shot must be indirect, and not interfere at all with the target. That’s why they rely so much on sensors that work at a distance. That doesn’t mean the tools are sophisticated; one of the workhorses is the pinhole camera, first developed in Ancient Greece. “It’s literally a hole in a piece of material with a detector not dissimilar to film behind it,” Louisa says. “It might tell us how round the imploded plasma is, how small it got, what sort of X-rays were there.”

Those X-rays appear because electrons in the capsule’s core are constantly being accelerated and decelerated as they encounter other charged particles. A charged particle rapidly changing direction creates an electromagnetic wave, in this case an X-ray, much like a speedboat pulling a tight turn creates a big wave in water. Because it happens as electrons screech around corners, this radiation is named bremsstrahlung, after the German words for braking, bremsen, and radiation, Strahlung. As you’ll know if you’ve ever broken a bone, X-rays can penetrate material that regular light can’t. Even though the plasmas produced at NIF are opaque to visible light, bremsstrahlung X-rays can pass through them. It’s one of the ways for energy to escape from a fusion plasma that John Lawson put in his equation for net energy gain. Scientists like Louisa can use the escaping X-rays as a window on the experiment.

Part of Louisa’s detective work is tracking down the instabilities that can ruin otherwise perfect implosions. Like magnetic confinement fusion, inertial confinement fusion is bedeviled by plasma instabilities. Those instabilities are a big reason why NIF hasn’t gone further than a 3 percent yield of energy. “Nuckolls thought a kilojoule laser would do it,” NIF’s Jeff Wisoff told me. “When you start stacking in realities, Mother Nature has made this very hard. Mother Nature made actual instabilities much harder.”

The most ubiquitous and feared instability among inertial confinement fusion star builders is the Rayleigh-Taylor instability. It happens when a less dense material pushes a more dense one, and its effect is to mix up the two materials involved. Like black coffee and milk, once mixed, the materials can’t be unmixed. It may sound innocuous enough, but it’s perhaps the single biggest issue for inertial fusion machines because it stops a hot, central core of fusion fuel from forming and taking hold. At NIF, it rips through the delicately arranged capsule layers.14

Recently, when I went to visit my old school in the UK’s Peak District, we created our own Rayleigh-Taylor experiment with glasses of water and laminated sheets of paper. We filled the glasses to the brim, placed the laminate on top, and then turned the whole thing over. Try it at home. If you’re really, really careful then you can remove the laminate and have an entirely full glass of water sitting, quite happily, upside down.

Instabilities need a tiny seed from which their exponential growth can start, just as a pandemic starts with a single infected person. Without any imperfections in their interface, water and air can sit in a delicate, unstable balance. It was at this point, with two dozen glasses of water precariously looming over the classroom, that I told the students to give the water the tiniest of nudges with a finger or a pen tip and—almost instantly, as the instability grew, the water lost to gravity at every desk. We were mopping up the classroom for some time afterward—but the students had learned an important lesson about instabilities.

It’s also the Rayleigh-Taylor instability that causes the very worst escapes of energy via bremsstrahlung radiation. “A flake of the hohlraum can fall off and get into the capsule,” Mark Herrmann told me when we were discussing the latest challenges. This can create a jet, a finger of Rayleigh-Taylor growth, which pushes all of the capsule’s layers deep into the fuel’s hot core. That includes the outer layer of diamond-like carbon, which is thirty-six times more effective at radiating bremsstrahlung than hydrogen. Once carbon gets into the core, it aggressively cools it. “We can see it creates a meteor of X-rays,” he added. Louisa Pickworth’s team is tasked with tracking bits of the hohlraum, the gold, and the diamond-like carbon, to see how and why they get to where they have no business being. Although the Rayleigh-Taylor instability is the most acute, there are dozens of other ways for the perfect inertial confinement experiment to go wrong.

Given these truly formidable scientific challenges, you may wonder why inertial confinement fusion star builders have kept going. Just like star builders doing magnetic confinement fusion, they know that Lawson’s equation means that net energy gain is possible in principle. But star builders pursuing inertial confinement fusion have another ace up their sleeve, one that the magnetic confinement fusion star builders don’t: there’s evidence that inertial confinement fusion can produce net energy gain not just in theory, but in practice. There’s just one problem: that evidence remains top secret.

In the late 1970s and 1980s, a series of classified experiments, known as Halite and Centurion, that used nuclear explosives was conducted underground by the US national laboratories at Livermore and Los Alamos, respectively. We don’t know much about them because they’ve remained only partially declassified because they were conducted as part of nuclear weapons programs. What can be guessed is that they involved indirectly driving an inertial confinement implosion. The driver, in this case, was a massive dose of X-rays from a conventional nuclear weapon rather than X-rays indirectly generated by a laser. However, the X-rays took up the rest of the process as if it were laser fusion. The US wasn’t alone; the UK ran an independent version of the Halite-Centurion tests in 1982 that had exactly the same results. Even less is known publicly about these UK tests, apart from that they agreed with the US tests—and that one of the two designers was my PhD supervisor, Professor Steve Rose, now at the University of Oxford.

What we do know about these secret inertial fusion tests is that they showed “excellent performance, putting to rest fundamental questions about the basic feasibility of achieving high gain” in inertial confinement fusion. High gain, at least ten times energy out for energy in, is a basic requirement for a fusion power plant. Inertial fusion has been shown to work experimentally, albeit with a huge input of energy—much greater than what NIF’s current laser can deliver. What we don’t know is how close to the upper bound given by these experiments the laser energy needs to be before net energy gain can be achieved. It’s exactly this question that NIF is now trying to answer.15

Inertial confinement fusion with lasers, and magnetic confinement fusion with Russian-style tokamaks, have both been around since the 1960s. Early star builder John Cockcroft, who first split the atom, thought it might be fifty years to a fusion power plant. That was in 1958. We know from John Lawson’s theory that star power on Earth can work in theory. The leading magnetic fusion machine, JET, has come close. Inertial star builders think that secret experiments have already shown that their approach works in principle. But despite a succession of bigger and better machines, star builders working at these big laboratories still haven’t managed to get to net energy gain. Maybe it’s time for a different approach?




CHAPTER 7 THE NEW STAR BUILDERS


“Ideas alone have little value. An innovation’s importance lies in its practical implementation.”

—Werner von Siemens, cofounder of Siemens & Halske1



Most star builders are looking to the heavens for inspiration. Not Dr. Nick Hawker, CEO and CTO of First Light Fusion. He’s thinking differently. He’s looking under the sea instead.

The creature that set Hawker on the path to fusion is, by many accounts, the noisiest in the ocean: the pistol shrimp. Even though each one measures only a few centimeters in length, collectively they can drown out animals as big as whales. They are so noisy that, during the Second World War, US submarines hid from Japanese sonar among large colonies of them. The sound emanates from their claws. At a distance, mariners describe the clicking as resembling the crackling of burning tinder. Up close, the creature is much more deadly—at least, to other subaquatic denizens.

One of the pistol shrimp’s two claws, the one that makes the noise, is about half the size of its body. The loud snap of a pistol shrimp is not, as scientists once thought, due to the sudden shutting of the large claw itself, but due to the bubble it makes as it closes. When that bubble of air pops, by imploding in on itself, it generates a shock wave that is heard as a CRACK. Pistol shrimp use the pressure of the shock wave to stun their prey before safely devouring them.2

The implosion of the bubble created by the pistol shrimp is so intense that it produces a tiny plasma that emits its own light. Long before humans mastered fire, there was an entire family of shrimp that could create plasmas of five thousand degrees under the ocean.

It’s a little humbling.

Nick Hawker didn’t have much interest in doing a PhD until the person who would become his supervisor offered him a position trying to re-create the pistol shrimp’s plasma in a computer simulation. Nick’s work in understanding this effect has led him from crustaceans to cooking up a star at his company, First Light Fusion. Nick explains that they wondered, “If we keep increasing the intensity of the shock wave, does the temperature keep going up or does it go unstable and stop working as most fusion things do?” The answer, the First Light Fusion team believes, is that these shock waves can reach fusion conditions.

Shock waves, like the sonic booms made by aircraft flying faster than the speed of sound, are special. Extreme ones can, in nanoseconds, increase the density and temperature of a material to the point that its atoms dissociate into plasma. They’re often a key part of how inertial confinement fusion works, including at NIF. A pistol shrimp can create a bubble-collapse shock wave that Nick describes as “quite modest” at two kilometers (a little more than a mile) per second. That’s the speed of the fastest ever crewed rocket-plane. First Light matched that implosion speed with their first star machine, a gas gun that used a small chemical explosion to propel a solid projectile. They’re now on their third machine.

As I walk around First Light Fusion’s laboratory, it’s hard not to be impressed by the clean, tight ship they run. When I enter the building, I find a reception area that is all start-up, complete with plush chairs and bright colors. Whiteboards, wiped clean for my visit, adorn the walls. There’s a fancy coffee machine in the kitchen. In a nice touch for a lab that must be obsessed with diagnosing temperatures, every water jug has a little thermometer attached to it. And the areas where the experiments are done are absolutely spotless.

How First Light Fusion plans to build a star is to accelerate a small piece of material—they wouldn’t tell me what but probably a slug of metal not much bigger than a coin—into a target that contains deuterium and tritium. When the slug smashes into the target, it produces a shock wave with enough energy to create a high-temperature, high-density plasma. They calculate that they need a collapse of fifty kilometers (approximately thirty miles) per second for fusion, but—and this is their top secret innovation—the way their shock wave interacts with their target multiplies the collapse velocity many times over. Their approach is based on inertial confinement and so has similarities to laser fusion, except that they’ve replaced the laser pulse with a “pulse” of solid matter.

First Light Fusion’s latest step on the way to a full-blown star machine is an electromagnetic rail gun named Machine 3. It has been lovingly assembled as a six-limbed fourteen-mega-amp monster. It charges in fifty seconds and deposits all of its energy into the projectile in just two microseconds. Each shot uses 2.5 megajoules of energy. It is electromagnetic because chemical processes can’t go fast enough. The rail gun uses a current in one direction (along one rail, through the projectile, and back by the other) and magnetic fields (in a cylinder around each rail) to force a projectile to accelerate in the third direction.

In principle, this electromagnetic rail gun can propel objects to speeds of twenty to thirty kilometers per second, but so far, First Light can only be sure they’ve hit fifteen. A satellite reaches seven kilometers per second during reentry from Earth orbit. I know this because First Light Fusion’s head of numerical physics, directing ten people and a supercomputer with two thousand CPUs, previously modeled satellite reentries for a living. Even at this speed, the shock wave that builds up in front of the satellite is strong enough to rip apart atoms into plasma. At tens of kilometers per second, First Light is well into the plasma physics regime.

Even though I’ve visited star builders at top secret government laboratories, at a site handling nuclear materials, and at other start-ups, First Light Fusion is by far the most secretive. No mobile phones are allowed beyond the reception area, a restriction that didn’t even apply at Lawrence Livermore National Laboratory. Most visitors who see the inside of First Light Fusion’s offices are asked to sign a nondisclosure agreement. When I ask about all this secrecy, they explain that the target technology—what turns their shock wave into a fusion initiator—is a trade secret. Hawker tells me that patents aren’t much good if you’re a small fry because patent battles are always won by the bigger fish in court. But no one can copy a trade secret as long as demonstrable effort has been put into protecting it.

It’s interesting that First Light is so averse to patents. The assumption made by some fusion start-up skeptics is that the real business plan of private sector star builders is to either generate a few high-tech patents to sell off or to be bought out by another firm. Flogging patents, whether to investors or to other firms, is not a new trick; there was a significant boom in the 1690s as firms piling into the sunken treasure industry sought to establish their credentials (Daniel Defoe was among those caught out by the “patent-mongers”).3 Selling up is a common strategy for start-ups, and when it works well, both investors and employees can come out happy. But, like the pistol shrimp, First Light has no intention of being swallowed by a bigger fish.

“For us, getting bought is actually plan B or C,” Gianluca Pisanello, the chief operating officer, tells me. The business plan is to retain control over the rights to the secret fusion targets, but to let big industry build the power plants. “At the end of this process, we will have two fundamental pieces of intellectual property in our pocket: one is the target, one is the driver. We will make money by selling the targets.”

Like Nick Hawker, Gianluca Pisanello is typical of the new wave of star builders. He’s an engineer by training. His dream was to be a Formula 1 racing engineer. After studying electronic engineering, he made his dream come true, working for Toyota and other teams, and eventually becoming chief engineer for a team of sixty people. When I commented on the astounding cleanliness of the laboratory, he flushed and said that he tried to bring his Formula 1 standards to fusion. Gianluca’s job as chief engineer in the racing business was to optimize every aspect of car plus driver to gain fractions of a second. It was extreme engineering. Or so he thought, until he became a star builder.

One day Gianluca received a call from a headhunter who told him about First Light Fusion. Even though it seemed like a long shot, and he didn’t know much about fusion at the time, he couldn’t quite bring himself to say no. Eventually, he said yes.

“I realized I didn’t care if we succeeded,” he told me. “What I wanted was to be part of this journey, and if this happens, and there was an opportunity to be involved, and you didn’t take it… well!”

Every star-building start-up claims it has what it takes, that it’s different from the competition, special. First Light Fusion’s story is about trying to use the most tried and tested technologies wherever possible. This way, the innovations, and the risk, will be concentrated in the targets. By buying almost everything else off the shelf, Nick Hawker and his colleagues reduce the overall risk of what they’re doing. I can’t help but admire the clarity and pragmatism of the vision.

While Gianluca Pisanello thinks the big laboratory competitors, JET and NIF, could get energy gain, he and First Light believe their approach sidesteps the big fusion engineering challenges that will make it difficult to build a first-generation power plant.

First Light Fusion’s vision for a power-producing star machine involves one target at a time being dropped into a chamber, followed by a much faster projectile that catches up to it. When the two collide, fusion reactions will be triggered. Surrounding the fusing plasma will be a cylindrical wall of liquid lithium—imagine standing inside a circular waterfall, but instead of water, it’s metal. The liquid lithium will absorb the neutrons, making precious tritium that can be used as fuel. Heat energy carried by the neutrons that gets into the lithium will be exchanged into another medium like water. Ultimately, the water will be turned to steam to drive a turbine. The whole process will repeat somewhere between every five or every forty seconds.

Before coronavirus struck, First Light Fusion had a plan to perform a net-energy-gain experiment by 2024, and they say they’re about to reach the temperatures where fusion reactions first become detectable. But what both Gianluca and Nick are keen to stress is that they’re not in the net-energy-gain business: they’re in the power business.4

“It’s the world’s largest problem,” Nick tells me, referring to achieving fusion. “Most scientists are working on the physics, which is a bit of the problem but not the whole problem. Demonstrating gain is not valuable. Heat and light are valuable.”

One challenge that I level at him is that they’re making their most important innovations secret, but science moves forward more quickly when it’s done out in the open, where ideas can be critiqued and improved upon.

“Sure,” he says, “but does technology move forward more quickly?”

Engineers in Charge

Thanks to decades of publicly funded research, fusion is increasingly a technological challenge rather than a scientific one (though big scientific challenges remain). To take it to its next phase, new types of talent will be required—those who can convert scientific ideas into working technologies. Enter the engineers.

Engineers like Nick Hawker and Jonathan Carling, CEO of Tokamak Energy. The latter told me that “things like the steam engine and internal combustion engine were invented long before anyone understood how they worked. Once it kind of works, engineers will take over.” And so they are.

Just twenty miles south of First Light Fusion’s office, past Oxford’s dreaming spires, is the industrial park that houses Tokamak Energy, a fusion start-up that uses a radical tokamak design. Until very recently, Tokamak Energy’s building sat in the shadow of the great cooling towers of Didcot Power Station. For years Didcot burned oil, coal, and gas, and pretty much dominated the landscape. That is, until the towers were brought down by controlled demolition. How appropriate that this part of Oxfordshire, which is also home to JET, should see this emblem of fossil fuels fall to the ground and so many innovative fusion schemes appear.

Tokamak Energy has raised more than £117 million (about $158 million) in private investment and is looking for as much as £700 million ($936 million) for a future phase. Its star builders are nothing if not ambitious. The former CEO, now executive vice chairman, Dr. David Kingham, brought Jonathan Carling in because of the need to transition from fusion-in-principle to fusion-in-practice. David is a theoretical physicist by background, but for most of his life he has been involved in the UK’s high-tech start-up scene, previously running business accelerators that have helped launch several thousand firms.

“Fusion was always seen as too hard,” he tells me in Tokamak Energy’s meeting room, “the preserve of big government labs. That was very much a dominant view of the world until just a couple of years ago.” He’s excited about what the private sector can do for fusion. He sees the relationship between private fusion ventures and the big laboratories—like Culham—as being analogous to the relationship between SpaceX and NASA. He’s not alone—everyone I speak to in fusion start-ups keeps coming back to that analogy with space.

Tokamak Energy has taken the usual tokamak plasma shape and squished it so that it looks less like a doughnut and more like a cored apple. The resulting machine is called a spherical tokamak. The rationale behind this is really simple: magnetic fields dissipate over distance, so when the plasma is brought in closer to the core (which generates the toroidal magnetic field), less magnetic field is needed for the same amount of confinement. It also creates a more compact machine, which—given the increasing sizes of each generation of tokamaks and their high costs—would make magnetic fusion power more economical. David enthusiastically explains that there’s a lot of academic work showing that spherical tokamaks will be able to deliver fusion more quickly, with smaller, cheaper machines.5

But that’s not the only innovation that Tokamak Energy is introducing. It also plans to substantially increase the strength of the magnetic fields using high-temperature superconducting magnets. “High-temperature” here is a fairly silly term—the highest temperature these magnets operate at is twenty degrees above absolute zero. The old “low-temperature” ones only worked at two degrees Kelvin, so it’s all relative.

Magnetic resonance imaging, or MRI, machines in hospitals use superconducting technology and need to stay below around ten degrees Kelvin. They’re about the highest magnetic fields that you might experience in everyday life, capable of generating between one and three Teslas of magnetic field strength. This is similar to what Tokamak Energy is aiming for in its machine. Due to the superconductors and the plasma being so close, Tokamak Energy’s spherical devices will have one of the wildest temperature gradients in the solar system. The tokamak plasma has to be at least 100 million degrees while, a meter away, there is a superconducting magnet at 20 degrees above absolute zero.

Magnetic fields provide most of the confinement in tokamaks: the stronger the better. The fusion energy ramps up aggressively, so that an increase in the magnetic field by a factor of two means producing sixteen times as much energy per second. But it takes a lot of energy to push current—or a stream of electrons—through the tokamak’s core, usually a cooled copper wire, to create the toroidal field. When superconducting materials are used, the electrons encounter almost no resistance.6

There’s just one problem.

“Low-temperature superconductors are on a hair trigger and can be easily quenched by any amount of energy,” David Kingham tells me. Quenching is a sudden and explosive increase in electrical resistance of the conductor as it ceases to be super. A huge bang issues forth as electromagnetic energy is rapidly converted to heat, which boils off the coolant. Modern MRI machines are carefully designed to safely quench at the touch of a button, but this is no good for a power plant that needs to remain on as much as possible. Severe quenching could twist metal and permanently damage a reactor chamber.

The researchers at Tokamak Energy aren’t alone in thinking that the future will be an advanced type of tokamak. Commonwealth Fusion Systems, born out of a well-respected fusion science program at MIT, will also use superconducting technology in a new tokamak design. They believe their advanced setup will allow them to get to a fifth of the fusion power of the biggest tokamak ever designed while only having one-sixty-fifth of its volume. Commonwealth’s scientists have recently published research in academic journals that suggests their tokamak could comfortably deliver twice as much power out as is put in.7 Clearly, some investors agree because Commonwealth has received $200 million in funding. In 2018, the company’s CEO said, “We think we have the science, speed, and scale to put carbon-free fusion power on the grid in 15 years.”8

Tokamak Energy is aiming to demonstrate in principle that its machine can reach the point of a net gain in energy by 2022. This is not, strictly speaking, “more energy out than in” from fusion reactions, because they don’t want to have to work with tritium. Instead, they’re going to put the much more plentiful, and easier to handle, deuterium into their reactor and show that they can get to the conditions that Lawson’s equation says are needed to generate more energy than put in. Jonathan Carling, like Nick Hawker, explains that gain is not the point though:“The main thing we’re trying to prove is that our modeling is correct. Whether it’s just shy or just over [net energy gain] is not the important thing for us, it’s whether it’s on the curve we predict.”

The hope is that demonstrating that their modeling is correct will be enough to convince investors to fund a machine that can—in theory—produce way more than 100 percent of the energy put in using deuterium and tritium. Other fusion start-ups have similar plans.

Like First Light Fusion, Tokamak Energy is much more interested in power production than energy breakeven. “Achieving a Q of one is a scientific goal,” Jonathan Carling continues, “but it’s nowhere near enough to produce commercial energy, which requires a Q [in the region] of tens.” As mentioned previously, Q is the ratio of fusion power out to heating power in. His strong view is that unless other star builders have a credible plan to get to factors of twenty or thirty more power out than they put in, then they’re in the science game and not the fusion energy game. And he puts JET, the conventional tokamak at Culham, firmly in the science category.

Promises

The promise of gain (or gain conditions) by 2022 and the mid-2020s by Tokamak Energy and First Light Fusion, respectively, may seem overly optimistic to star builders in government laboratories. But these punishing timescales aren’t unusual among the new wave of private sector star builders, such as General Fusion, LPP Fusion, Lockheed Martin, TAE Technologies, HyperJet Fusion Corporation, MIFTI, Proton Scientific, Helion Energy, Commonwealth Fusion Systems, Renaissance Fusion, Zap Energy, HB11-Energy, Pulsar Fusion, and the list goes on. There are now more than twenty-five private sector fusion firms. Most are promising to deliver energy from nuclear fusion reactions in years rather than decades. Commonwealth Fusion Systems says it will achieve net energy gain by 2025 and a pilot power plant by 2033. The deadly Covid-19 pandemic may slow these timescales, but the intention is clear: fusion sooner rather than later.9

There’s fierce competition between the star-building start-ups. It’s hard not to imagine the race to demonstrate gain—and, even more so, to build a prototype power plant—being a winner-take-all contest. The victor will enjoy an influx of investors looking to ride the new nuclear wave. The losers may be able to bask briefly in reflected glory, but unless they can also demonstrate gain quickly, fusion dollars are likely to go to the firm that’s already made it happen.

Arguably, being exposed to market forces hands them all a big advantage. Whichever firms slip behind are probably going out of business, which must provide a sharp motivation to stay ahead. Without the bureaucracy of thousands of staff or public sector procurement rules, these start-ups are able to be much more agile than government laboratories. “I have no new physics for the world,” reality TV show Made in Chelsea’s Richard Dinan, CEO of Pulsar Fusion, has said. “My trick is that I can build technology quickly and cheaply.”10 If a line of inquiry doesn’t work, they can shut it down, fire the staff, and refocus their resources on more promising avenues. Nick Hawker told me that he was glad that they’d gone private, because, otherwise, they’d be tangled in endless arguments about where to build their gain-targeting star machine. Instead, he said, “We can put it wherever we like: we’re a private company.”

They have other advantages too—start-ups pay higher wages than universities and government laboratories outside of the USA, so they can attract top talent. Two of my former colleagues at Imperial College left to work for a start-up because the pay and job security are better than in academia. “They had the money,” a scientist whose contract with the University of Oxford had run out told me.

Some of the scientists leading this new entrepreneurial wave are undoubtedly as eccentric as those from fusion’s not-always-stellar history, but their fresh approaches are attracting eye-watering amounts of both private and public investment. Recognizing the benefits of competition and innovation in fusion, the US Department of Energy in 2020 released $61 million in funding.11 Zap Energy and Commonwealth Fusion Systems are among the beneficiaries. These private firms are proposing to use millions of dollars, and some crazy ideas, to do what billions of dollars, and decades of scientific investigation, have been unable to.

Of course, everyone thinks that their firm is closest to net energy gain, that only they have a viable plan for fusion power, and that it’s the other star builders’ plans that won’t work out. When I tell Jonathan Carling this, he smiles. “There are lots of respected ventures out there, but we do believe that we’re the only business that’s got a commercially viable technology and an operational plan to get there.”

When I press him on why his firm is the special one when everyone says that it’s their firm, he is a little more candid about the competition: “Someone’s going to do it a lot faster—we’re pretty convinced it’s going to be us because we’ve got a combination of agility, the right people, the right money, and we’re basing it on known tokamak science. We’re not trying to invent, you know, I’ve got a new thing with three hundred pistons and whatever, or I’ve got a shrimp, or all these other things…”

No prizes for guessing which crustacean-inspired star builder he’s referring to. Jonathan’s mention of pistons appears to be a reference to General Fusion, a firm based in Canada that has been operating for almost twenty years. It was founded by Michel Laberge, who quit his job as a senior laser printing engineer to follow his fusion dream. In 2019, General Fusion announced that they’d raised a further $65 million, taking their total to at least $200 million. Microsoft, the Canadian government, and Amazon’s Jeff Bezos are all said to have put money in.12

General Fusion plans to build a star by confining a ball of plasma with liquid metal walls that are themselves confined within a reactor chamber. The idea is that the liquid metal will be pushed by steam-driven pistons until it compresses the plasma to fusion conditions. The neutrons emitted will be captured by the liquid walls. It’s not clear (to me) how the pistons will act quickly enough or forcefully enough to take the plasma to the extreme conditions that fusion requires. As those working at NIF know all too well, a heavy fluid (liquid metal) pushing on a light one (plasma) is a nightmare for Rayleigh-Taylor instabilities that could mix the liquid metal through the plasma. At NIF, compression is provided by shock waves that are themselves a result of a laser pulse that, naturally, travels at the speed of light. In First Light Fusion’s machine, an electromagnetic rail gun accelerates an object to tens of kilometers per second. It’s hard to imagine steam producing the speed or strength of compression needed to hit stellar conditions. There’d also be a lot of heat energy leaking through the metal-plasma interface. It’s a steampunk fusion scheme that seems to defy all the usual wisdom on confining plasmas. Of course, much of the technology is secret, so no one outside the firm really knows how it works, or how it will work. None of this has put off the big name investors.13

What I hear from a lot of star builders—and what Jonathan Carling’s critique of what some might describe as “wacky new schemes” is getting at—is that all fusion schemes have a tendency to go awry in unexpected ways. In new fusion schemes, problems are equally likely to manifest, it’s just that they haven’t yet been discovered. This is why Nick Hawker and First Light Fusion’s philosophy is to use off-the-shelf technology for everything except for their targets. It’s why Jonathan Carling and Tokamak Energy are putting their faith in spherical tokamaks, a variation on an existing technology. When start-ups pursue fusion schemes that are less well tested at large scales and promise that they can reach net energy gain in a few years, it does tend to raise eyebrows. But investors seem to have an appetite for even these schemes.

In fact, the best funded of all the start-ups, TAE Technologies, is pursuing a very risky approach, albeit one with commensurately bigger rewards. “Start-up” hardly seems appropriate for a firm that has been in the business of fusion since the 1990s. TAE has a device that fires the plasmas produced by two pinches into each other to create a ring of plasma that is briefly bound in magnetic fields, like a smoke ring in air. It’s an unusual scheme but one that is also being pursued by Helion Energy, a firm backed by PayPal founder Peter Thiel.

The big risk that TAE Technologies is taking is in the fusion reaction it’s trying to produce. While almost every other fusion firm is focusing on the easier deuterium and tritium reaction, TAE is trying to initiate reactions between the regular form of hydrogen (a proton) and a common isotope of boron. The advantage of this reaction is that it doesn’t produce neutrons, just helium nuclei and energy. Removing neutrons from fusion is very attractive: it means close to zero radioactivity, no need for thick shielding, no tritium breeding, and no degradation of the reactor chamber over time. It’s much more commercially appealing. There’s a catch though (there always is): the temperatures required for this neutron-free fusion reaction are at least ten times what is required for deuterium-tritium fusion. Even at that temperature, the number of fusion reactions is fifty times fewer.

TAE is backed by Google, Goldman Sachs, and the Russian government (Microsoft’s cofounder Paul Allen was also an investor before he passed away), and has raised a whopping $700 million. Some star builders think that we won’t see a working proton-boron fusion reactor for decades, at the earliest. TAE has reported significant progress on its machine, but they need to improve its performance ten thousand times over just to reach the conditions needed for deuterium-tritium fusion—and proton-boron fusion is even further out of reach.

With such backers, science may not be the only challenge. One fusion start-up insider I spoke to raised the possibility that the aggressive hiring of PhDs and other highly talented employees meant that TAE might divert their energies into other, more immediately profitable activities. The company has already spun out one firm, TAE Life Sciences, which produces physics-based cancer treatments. Yet TAE is making big fusion promises: in 2019, the CEO, Michl Binderbauer, claimed in an interview that his team would be producing “energy from fusion in two years.” Subsequently, he backtracked to “a small number of years.” Another comment from 2019 was even bolder: “We’re talking commercialization coming in the next five years for this technology.”14

There’s one star-building firm that has even more money to draw on than TAE Technologies: Lockheed Martin, whose market capitalization is just over $100 billion. Its size and scale give it the ability to fund fusion even beyond most nations. Lockheed Martin’s fusion team is pursuing yet another approach, which combines magnetic mirrors—which can be used to bounce the plasma around—and a magnetic cusp, which creates a hollow in magnetic field lines that can trap charged particles. The company’s fusion program has been going on behind closed doors since 2010, and in 2014 they claimed that they could “design, build, and test the new compact fusion reactor in less than a year” and have a prototype truck-size power plant in five years. You may have missed the news about Lockheed’s solving the problem of controlled fusion in 2015: I certainly did.15

Ian Chapman’s predecessor as CEO of the UK Atomic Energy Authority, Sir Steve Cowley, has expressed surprise “that a company like this would release something that doesn’t have much context. Normally, if someone says they’re doing well in fusion, they would quote some data,” which seems a polite way of saying that these claims are likely significantly exaggerated.

Lockheed Martin isn’t the only firm to have over-promised and under-delivered on fusion. Steampunk fusion outfit General Fusion claimed in 2009 that they’d build a working power plant within a decade. They haven’t, not that it has slowed them down a jot. A decade on, although there’s no power plant, they do have a new CEO and a big machine. That new CEO, Christofer Mowry, is now aiming at 2023.16

Another brimming-with-confidence fusion player is LPP Fusion, formerly Lawrenceville Plasma Physics. LPP’s CEO, Eric Lerner, is a controversial character.17 He has written a book detailing why he believes the Big Bang never happened, directly challenging the overwhelming scientific consensus. His firm is trying to do fusion using a dense plasma focus, a pulsed power device that has been around since the 1950s. It creates a pinch effect not in a line or ring, but in a blob of plasma above one end of a cylindrically shaped conductor. LPP’s device is very small, about one centimeter long. The small size, and therefore low cost, of dense plasma focuses makes them perfect sources of high-energy neutrons, which is what they’re usually used for.

Star builders whom I spoke to pointed out that dense plasma focuses of the kind LPP is using almost exclusively produce beam-target fusion—useful in some contexts, but not for power production. Beam-target fusion is similar to what Rutherford, Oliphant, and Harteck did when they discovered nuclear fusion; it smashes a few particles together, and so produces neutrons, but it’s not scalable to a power plant. The difference is in the temperature: going back to my analogy of hot plasma being like children running around a playground and colliding, beam-target fusion is like one child briefly running through a playground of children pretending to be statues. You might get some fusion, as the moving child collides with a stationary one, but you won’t get significant energy that way. For this reason, fusion with hot temperatures—the kind that most star builders are doing—is called “thermonuclear” fusion as opposed to beam-target fusion. The difference between beam-target fusion and thermonuclear fusion is akin to the difference between fool’s gold and real gold. Getting the distinction wrong has been the downfall of many fusion schemes, even those run by scientists at the absolute top of their game. To make it more challenging LPP Fusion is, like TAE, going straight for the more tricky neutron-free fusion reaction between hydrogen and boron.18

So what promises has LPP’s controversial CEO Eric Lerner made? In 2014, he claimed that LPP was closer to affordable, unlimited, and ultra-clean energy than any other fusion outfit in the world. At that time, LPP had already secured more than $3 million in funding. He told Fortune.com that, with the financing, he’d be licensing the mass production of small fusion machines by now. He isn’t.

LPP went on to use crowdfunding platform IndieGoGo to convince the public to pledge bits of cash to help it build a working device. Unusually for a crowdfunding campaign, even if the targeted amount of $216,000 wasn’t reached, any pledged money went to LPP Fusion anyway, and the target was “flexible” so that it could move during the campaign. The company raised more than $190,000. An article published at the time claimed that LPP would have a working device by 2020, and yet, if it has one, the world’s media have been oddly quiet about it. As of 2020, LPP Fusion had raised another $600,000 through equity crowdfunding site Wefunder. The accompanying video claims LPP is second only to JET in the race to net energy gain, but publicly released data suggest it’s getting at least one hundred times less “energy out for energy in” than Lawrence Livermore’s NIF. To its credit, LPP is at least publishing data on the progress it’s making—something that can’t be said of all fusion start-ups.19

Extraordinary claims require extraordinary evidence. Although almost all fusion start-ups have in common smart-looking home pages with animated videos of what their first-generation power plant will look like, the worry is that techno-futuristic pablum and a flashy website may be all that some fusion start-ups have to offer. For critics of some of the claims being made, there’s plenty of grist for the mill.

A good number of the start-ups are sending their scientists to conferences to present their work and also publishing research results in peer-reviewed academic journals (though they don’t publish all of their secrets, of course). There’s a degree of transparency and openness about what they’re doing. From others, very few details have emerged, so it’s hard to judge their ambitious claims of how quickly they’ll achieve net energy gain or the more ambitious goal of commercialization. Investors and scientists alike need transparency to judge just how far firms are toward net energy gain.

The risk seems great that one or more of the start-ups will blow up due to overly optimistic or, even worse, downright misleading claims. I spoke to one individual, heavily involved in the fusion industry, who was frank about a small number of fusion firms’ schemes being bunkum, but they attributed much of it to an inability to give up on a dream rather than intentional manipulation of investors. Fusion is complex, and there’s a risk of investors or even just ordinary people being hoodwinked. After all, fusion scientists themselves have got it wrong many times—the British scientific establishment, led by early star builder John Cockcroft, was humiliated when its “ZETA” machine was found to be doing beam-target, rather than thermonuclear, fusion in 1958. This was an unintentional but preventable mistake—the Soviets and the Americans never really believed the results. A more serious incident, due to blatantly bad science, occurred in the 1980s when the fusion community was briefly fooled by so-called “cold fusion.” Instead of using high temperatures and plasma, cold fusion attempted to combine deuterium and tritium at room temperature using a catalyst. Initially, the results seemed so promising that Edward Teller even called up the discoverers to congratulate them. But cold fusion was bunkum. Apart from professional investors and members of the public losing their money, big promises that aren’t delivered on can poison the well for both government laboratories and legitimate private sector fusion start-ups.

I wondered whether scientists pursuing more conventional fusion machines, who tend not to make such bold promises, would be troubled by some of the wilder claims. To my surprise, many of the scientists pursuing more accepted approaches were approving of their edgier competitors—or so it initially seemed.

“Fusion needs innovation, it needs new ideas. I’m not going to discourage anyone. Nothing would make me happier than if we could do fusion today,” Dr. Mark Herrmann, NIF’s director, told me. Ian Chapman, who leads the UK Atomic Energy Authority, felt the same: “The simple answer is that the more investment, public or private, in fusion, and the more smart people working on fusion, the quicker we’ll get a solution.” He paused for a moment before adding, more positively, “It’s a good sign that the market is showing appetite for fusion.”

Dr. Louisa Pickworth, the leader of a group of NIF diagnosticians, also began on a positive note. “Personally, I think the more the merrier,” she told me, “there are probably many ways to cut this.”

I pressed further, and Louisa admitted that she does worry about what will happen if investors in fusion start-ups don’t receive a return and it puts people off in the long run. And although Ian Chapman welcomes the competition, he doesn’t actually think they’ve got what it takes: “My view is that the biggest private sector fusion company in the world is two hundred people, and they are no way capable of designing a full integrated system, and that is the biggest challenge of fusion.”

Ian Chapman is also firmly of the view that it will take billions to scale fusion into a bona fide power source, and that the private sector just won’t be willing to take that risk. Eventually, he admitted that the potential for broken promises from the private sector could be a problem.

“Yeah, look, fusion has really suffered for fifty or sixty years now from ZETA and from overpromising… Private companies hyping and over-exaggerating does run the risk of another false promise, another non-delivery from the fusion community,” he told me, adding that the public sector had probably been too conservative about its own successes.

“I never want to discount that someone might come up with a smart idea,” NIF’s in-house astronaut Dr. Jeff Wisoff told me, “but people have been thinking about this for many years, and I’m fairly skeptical about a garage-size machine.”

Even Professor Sibylle Günter, normally apt to give a balanced view, had strong words. She has no truck with start-ups that promise shareholders a quick return. “Some of them hide details of the scientific concept and results from the community behind a claim of commercial secrets, and thereby escape any competent criticism which could probably damage their standing with the shareholders.” And, she added, scathingly, that the “promised timescales [are] totally unrealistic.”

Günter also said that even the best start-ups investigating alternatives to tokamaks that still use magnetic confinement are “operating in plasma regimes that correspond to tokamak performance several decades ago,” or are having problems that tokamaks never had. Her sharpest criticism, though, is for start-ups pursuing fusion reactions that aren’t based on deuterium and tritium. “For the moment,” she told me, “and I’m talking probably for a one-hundred-year period—they’re completely unrealistic.” Such a gap between rhetoric and reality may threaten all fusion efforts.

What do the fusion start-ups themselves think of the risk that one of them breaks their promises in a very public way? Tokamak Energy’s David Kingham thought the benefits far outweighed the risks. “Private sector fusion grows the pie,” he told me. But that doesn’t mean he didn’t have any concerns: “There’s a risk of a cold fusion–type idea emerging, and you do see that from time to time. Because fusion is exciting and complicated there’s a risk of insubstantial or fraudulent ventures emerging. There are one or two particular firms who haven’t been allowed to join the fusion industry association.”

David Kingham wouldn’t tell me which firms. He doesn’t have concerns about Tokamak Energy’s sponsors being spooked, because “our investors are sophisticated.” Nick Hawker tells me exactly the same thing. “If there was a high-profile failure that could discourage some investors, yes,” he admits, “but we’re fortunate because our investors get it and have been through bubbles before.”

The strength of competition is such that they all think they’re the only ones who will deliver fusion on time and well below the costs that governments are shelling out for.

Governments Are Behaving Like Start-ups to Stay in the Race

Don’t count out the government laboratories yet though—they’re adapting too. One of the early designs for a magnetic confinement fusion reactor that was out of favor for years, the stellarator, is now back in the race for fusion thanks to a project run by the Max Planck Institute for Plasma Physics, where Professor Sibylle Günter is the scientific director. The staff there has built the world’s most advanced stellarator, Wendelstein 7-X (also known as W7X).

Stellarators solve the problem of particles in the plasma drifting out of confinement with a twist, literally. Instead of twisting the particle orbits around the inside of the tube with one externally applied magnetic field and another field generated by a current in the plasma, stellarators use a twisted combination of externally applied magnetic fields to guide the plasma inside the tube into doing helical twists. The magnetic field twisting is delicately balanced to cancel out the drift of particles toward one wall or another.

“The stellarator concept seemed doomed for a long time,” Sibylle told me, “because experiments showed that particles, and thus energy, got lost too fast.” But, she says, a better theoretical understanding of plasmas led them to realize there were conditions that wouldn’t suffer this loss of confinement, and, in principle, they could build a device to those specs. However, creating the perfect, twisting magnetic fields—and fitting in the energy-hungry coils that generate them—is a tall order in practice, even if it’s possible in theory. To make it work requires that the magnetic field be so perfect that the deviations are no bigger than one part in one hundred thousand.20

Stellarators are back in steel and concrete because two technologies brought the seemingly impossible requirements into reach. The rapid development of supercomputers has meant that star builders are able to design and simulate reactors with just the right twists and turns in the magnetic field to keep particles on track. The second technology is superconductivity, which means it’s possible to create enormous magnetic fields without using too much electrical power.

Sibylle told me more about the design of the machine, which was completed in 2015. “Wendelstein 7-X is the first optimized stellarator of sufficient size to demonstrate that stellarators can achieve confinement properties similar to tokamaks,” she says. And the confinement properties of tokamaks are close to what is needed for net energy gain. Unlike in tokamaks, the magnetic confinement is solely provided by external coils, with no plasma current. Fifty superconducting niobium-titanium coils, each 3.5 meters (approximately 11.5 feet) high and cooled by liquid helium, wrap around the helically twisting reactor torus to provide this field. While it’s not what you’d call a compact machine, it’s not huge either, measuring about 16 meters (approximately 52.5 feet) across. Sibylle says that stellarators have the potential to be stable and easy to control—not sentiments that you hear in relation to tokamaks.

This small(ish) star machine is more what you would expect from a fusion start-up than a collaboration between the German government, the EU, and the US national laboratories. Within just a few years of operation, it had smashed through the previous stellarator record for fusion conditions with a combination of temperature, density, and confinement time that is 6 percent of what Lawson’s famous equation predicts is needed for net energy gain. This is impressive stuff for a technology that was largely abandoned by the world following the then USSR’s success with the tokamak (the then best stellarator in the US, the Model C, was ignominiously converted into a tokamak).21

Although it’s a government-run machine, W7X has achieved successes that show why private fusion can’t be counted out. New technologies allow for schemes that were once thought to be forever out of the running to be competitive again. W7X also demonstrates how smaller machines can catch up on decades’ worth of progress.

Stellarators aren’t the only machines that have received renewed attention from government laboratories. The fusion machine that Tokamak Energy is using, the stouter and more apple-shaped version of a tokamak, called a spherical tokamak, originated in government fusion programs and is suddenly back in fashion with state-supported scientists. I asked Ian Chapman, the scientist-cum-civil-servant with a politely frank manner and an unwavering belief in the good that fusion can do, what he would say as CEO of the UK Atomic Energy Authority if the EU or the British government said, “We want to accelerate fusion and we’re going to give you the money: what will you do?”

“What we’d really like to do,” he told me, “is explore the spherical tokamak as a reactor path and build a machine on JET scale that produces net electricity. JET was about £2 billion in today’s money and took four years. If we built a spherical tokamak on that scale, it would cost more than £2 billion, but not twenty, and we could build it in less than a decade [once designed]… It would be exciting to try a smaller, cheaper, more compact reactor.”

This is almost exactly what Tokamak Energy is trying to do, though they think they can do it with “just” £700 million (approximately $930 million). Spherical tokamaks, which give more bang for the buck in terms of magnetic field strength, simply weren’t around when JET was first conceived. Ian tells me that the low-risk, low-commitment funding of fusion followed by governments since the early 1990s has necessarily meant that star builders have stuck with conventional tokamaks, partly because they’re tried and tested. However, Culham has already cut its teeth on a small, experimental spherical tokamak that can reach 10 million degrees Celsius (18 million degrees Fahrenheit), called MAST Upgrade. Ian favors spherical tokamaks as a second strand now because they have a clear confinement advantage over the conventional machines. That said, they come with more risks—no one has ever built one at a scale even close to being relevant for power production. And precisely because they’re more compact, all of the difficulties of dissipating the heat from fusion are exacerbated, calling for more complex heat exhaust systems.22

A few weeks after I visited Ian in his Portakabin-like office at the Culham Centre for Fusion Energy, the British prime minister had exactly the same conversation with him. Ian Chapman stayed true to his answer, and now there’s £220 million ($396 million) to fund the initial design (not the construction) of what is being called the Spherical Tokamak for Energy Production, or STEP. It’ll be just ten meters (approximately thirty-three feet) in diameter, a little bigger than JET, but—if built—would be designed to safely go beyond net energy gain and deliver around one hundred megawatts of power to the grid. It’s not clear if Ian’s having such a well-practiced answer when the PM asked his question contributed to his funding success.23

Another new government scheme with promise is MagLIF, short for magnetized liner inertial fusion. Sandia National Laboratory sits in the outer suburbs of Albuquerque, New Mexico. Like Livermore, it’s part of the USA’s National Nuclear Security Administration. While Livermore has become the world’s center of excellence in high-energy lasers, Sandia stuck with pinches similar to those first tried out as long ago as the 1940s.

Like Livermore, Sandia uses its biggest machine—“Z”—for a combination of open science and secret experiments related to nuclear weapons. It’s the machine that Omar Hurricane, NIF’s chief scientist, learned his craft on. It’s the type of machine that Louisa Pickworth developed her diagnostic skills on before turning them to the implosions on NIF. The name Z derives from the machine’s so-called Z-pinch. Instead of pinching plasma around a ring, Z pinches plasma in a vertical column.

Scientists at Sandia had the idea that they could use Z’s capabilities for fusion. They take an empty beryllium can, which looks like a miniature baked beans can at just 1 centimeter high and 6 millimeters (less than an inch) in diameter, and fill it with deuterium and tritium. Then, they hook it up to the middle of Z and whack an absolutely enormous magnetic field—ten to thirty Tesla—through the can lengthwise. This is equivalent to at least seven MRI machines, or, putting it in Ig Nobel Prize terms, it’s enough to levitate a frog.I A laser beam enters through a window in the top of the can, heating up the deuterium-tritium fuel to 3 million degrees Celsius (5.4 million degrees Fahrenheit)—not hot enough for fusion, but hot. Then comes the pinch: eighteen mega amperes of current travel through the beryllium can, generating an outer invisible can made up of magnetic fields. The current and the fields interact, and the pinch comes, squashing the can and the fuel with it for more than one hundred nanoseconds. The squishing causes the magnetic field inside the can to be amplified, reaching an extraordinary ten thousand Tesla. And, as is intended, the density and temperature ramp up too, with the nuclei reaching 30 million degrees Celsius (54 million degrees Fahrenheit). Fusion occurs (neutrons have been detected), and the fast particles that come screeching out of the reaction are bound by the magnetic fields so that they stay in the fuel, heating it further.24

It’s a great idea for a fusion scheme. Sandia’s simulations from 2012 show that a current of sixty mega amps would give a fusion gain of one hundred times the energy put in. Not so fast though! This is plasma physics after all. While Sandia doesn’t have a machine big enough to try this out, even the preliminary experiments on Z showed that can compression was rife with instabilities. Just as with every other fusion scheme under the Sun, the practice is harder than the theory.

There are no fusion schemes without enormously complex physics and real head-scratchers to overcome: there are just fusion schemes that haven’t been fully explored yet. Magnetized inertial fusion is promising, and a good example of how even supposedly slow-moving government laboratories can innovate, but it’s got a long way to go to work out the kinks.

It doesn’t have to be competitive. Because they have different strengths and weaknesses, the best solutions are likely to come from the private and public fusion sectors working together. After all, SpaceX has flourished because of its relationship with NASA, not in spite of it. Both types of star builder need to work together to create a regulatory environment that recognizes that fusion is distinct from fission (and the US Congress is listening).25

Ian Chapman is, sensibly, convinced of the need for public-private partnership.

“Five years ago we went to Rolls-Royce and firms like that and said ‘can we work with you.’ ” At that time, the firms said no because they thought fusion was too early stage, he explained. “Now they’re coming to us and asking how they can win fusion contracts,” he continued. “You need the private sector for investment. A billion in the last ten years raised from private companies; venture capitalists, philanthropists, sovereign wealth funds, and, recently, energy companies: oil and gas firms.”

Currently, the new star builders are behind the government laboratories in reaching a 100 percent energy gain from fusion. None have come close to JET’s fusion energy record, nor NIF’s best single-shot energy yield of 3 percent. Equally, they haven’t had decades to do fusion, or the same level of funding. They’re making rapid progress, though. And, if nothing else, they’re forcing everyone to up their game.

So the race to build a star may yet be won by a maverick working in an unassuming warehouse somewhere near you.

And if you think that someone tinkering with a nuclear device in your backyard sounds, well, just a little bit dangerous, that’s understandable. When I asked her what people should know about the race to build a star, Sibylle Günter shot back, “It’s difficult—don’t try it in your backyard.” She does have a point. After all, the pistol shrimp’s claw is a weapon. So let’s find out if we need to worry about what our nuclear neighbors, the star builders, may be up to in your backyard.

I. Frogs aren’t usually magnetic, but with a strong enough magnetic field, they can be. Physicist Andre Geim won an Ig Nobel Prize (a satiric prize given to honor unusual, imaginative, even trivial achievements in scientific research) for demonstrating this in 2000; ten years later he’d win the real Nobel Prize for Physics for work on graphene, a sheet of carbon that’s just a single layer of atoms thick.




CHAPTER 8 ISN’T THIS ALL A BIT DANGEROUS?


“The fact that no limits exist to the destructiveness of this weapon makes its very existence and the knowledge of its construction a danger to humanity as a whole. It is necessarily an evil thing considered in any light.”

—Enrico Fermi and Isidor Rabi discussing the hydrogen bomb in a report on behalf of the General Advisory Committee of the US Atomic Energy Commission, 19491



One day before dawn in the early spring of 1953, Matashichi Oishi stood on the deck of the Lucky Dragon No. 5 watching the fresh salty spray of the Pacific Ocean crash over the sides of the boat. He was twenty years old and working as a fisherman. It was the only life Matashichi Oishi really knew—he’d been doing it since he dropped out of school at age fourteen, and he had no other experience of the world. He and twenty-two other Japanese crew had been at sea for five weeks, sailing through nothing but open, empty ocean for most of that time.

The Lucky Dragon No. 5 was a thirty-meter long (about ninety-eight feet) fishing boat that was barely seaworthy. There was little machinery, and everything had to be done by hand. It was hard, perilous labor. They’d been unlucky throughout the tuna-catching trip, beginning when they temporarily ran aground and continuing when they lost half of their trawling nets to the waters.

On the morning of March 1, 1953, they were attempting to make one last haul before returning home. As Matashichi stood on the deck with the sea breeze in his hair, and the milky radiance of billions of stars overhead, there was a sudden and all-pervasive bright light.

“It emerged from the horizon from the west, from the east, and from every direction,” Matashichi Oishi said. “It wasn’t a flashing, it was like the light was flowing and covering the whole area. I thought it was some kind of natural disaster.”

The crew all stopped to look in awe as the night took its leave early. No one spoke as they watched the spectacle. Seven minutes later, a sound arrived: a deep rumbling, like continents colliding, that rose from the bottom of the ocean. The crew unfroze, and everyone, including Oishi, dived to the deck, some crawling to the cabin to hide. The sound passed, and it then went very quiet. But their ordeal was only just beginning.

Next came a biblical rain of stark white powder from the sky. It fell everywhere; onto the sea, onto the deck, onto the crew of the Lucky Dragon, and even onto Oishi’s face.

“I didn’t feel any danger,” Oishi said, “because it didn’t leave any mark.”

It wasn’t snow. Curious as to what it might be, Oishi tasted it. He realized it was ash. It was crunchy. What the unlucky inhabitants of the Lucky Dragon No. 5 didn’t realize yet was that they’d been showered in tiny flakes of radioactive coral. With the boat covered in white radioactive ash, the crew hauled up the fishing nets and set course for Japan and their home port of Yaizu. On the way back, they began to feel strange.

“We were dizzy and some people started having diarrhea. The places where white ash had landed started swelling and lots of large blisters began appearing.”

The journey back across the Pacific, past the edge of the Marshall Islands where they’d last laid anchor, took several days. After four days, their hair began falling out.

As soon as the boat returned to harbor, scientists and physicians realized what had happened to the crew. They had acute radiation syndrome. They were all hospitalized. One crew member died within six months, the others spent a year in the hospital recovering, but they were all plagued by health problems long after. Oishi would get liver cancer. Many would have their lives shortened.

Around eighty miles west of where the Lucky Dragon No. 5 had been sailing that day in 1953 was Bikini Atoll, a slight ring of coral protruding out of the ocean that was at the northern end of the Marshall Islands. At 6:45 a.m., the United States had exploded a fission-and fusion-powered hydrogen bomb called Castle Bravo that blew a one-mile-diameter crater through the atoll’s coral ring. The device used an initial chemical explosion to drive together fissionable isotopes (special types of plutonium or uranium) so that they reached a critical mass at which a fission explosion occurred. The energy from the first fission stage drove a small sphere of deuterium and tritium to a high enough temperature and density for fusion reactions to start. This second, fusion stage triggered yet more fusion reactions in a rod of material and unleashed vast numbers of neutrons that caused even more fission reactions. Each stage released truly fearsome quantities of energy that combined to make it the largest bomb in human history up to that point in time.

Moments after the explosion, the fireball had consumed everything within miles. Coral from the atoll that was blown into the air was heavily contaminated by neutrons, making it radioactive. Surrounding islands were showered with radioactive debris, and their residents were, eventually, evacuated. A one-hundred-mile-long plume of fallout spread eastward from Bikini Atoll to Matashichi Oishi and the other fishermen.

There’d been an exclusion zone around Bikini Atoll, but, tragically, it hadn’t been big enough. Kenneth Ford, one of the original designers of the hydrogen bomb, was on the team that put together Castle Bravo. It had been his job to do the calculations that would predict how much yield, in energy, the bomb would release. Working with primitive computing and the knowledge of nuclear reactions then available, he came up with a figure of seven megatons; that’s an explosive force equivalent to 7 million tons of TNT. The actual yield of Castle Bravo was fifteen megatons. That’s a dangerous miscalculation, and it was the difference between life and death for some of the fishermen. Fifteen megatons is equivalent to one thousand of the atomic, or fission, bomb that was dropped on Hiroshima going off at once, in the same place.

The incorrect reckoning happened because some of the lithium-6 (lithium with six particles in its nucleus) in the assembly was actually lithium-7, which Ford expected to be inert, but which can capture neutrons and turn into tritium in the right conditions. Tritium can undergo fusion and release energy. As it does so, it produces neutrons that can cause more fission reactions, releasing more energy, and so on. The result was a much bigger explosion than anticipated, and the terrible events that befell the crew of the Lucky Dragon No. 5. The US was eventually forced to pay compensation.2

“It does not seem possible, at least in the near future,” the great nuclear physicist Enrico Fermi wrote in 1923, “to find a way to release these dreadful amounts of energy—which is all to the good because the first effect of an explosion of such a dreadful amount of energy would be to smash into smithereens the physicist who had the misfortune to find a way to do it.”3

Fermi was wrong (unusually) and we’ve had the ability to smash ourselves into smithereens using nuclear reactions for decades. Clearly, nuclear technologies are a double-edged sword that can be used to help or harm humanity. We’ve heard a lot in this book about how they might be able to help. Now we’re going to ask whether nuclear fusion can be harmful. The sharp side of nuclear technologies is so dangerous that the word “nuclear” on anything can put people off. (That’s why even life-saving nuclear magnetic resonance imaging machines lost the word “nuclear” as they began to appear in hospitals.) Star builders want us to embrace their favored nuclear technology—fusion for energy—but we need to know the risks. And there’s no getting away from the fact that fusion is a key part of the most devastating nuclear technology in existence.

Nuclear weapons have changed war more profoundly, and more suddenly, than anything in history. Unlike the awful loss of life and property in the 1945 firebombings of Tokyo (100,000 dead) and Dresden (25,000 dead), total annihilation can now be achieved with just one bomb. The atomic, or fission, bombs used on Hiroshima and Nagasaki created a Hell on Earth. At Hiroshima, all living creatures and plants within half a mile of the blast center were immediately vaporized, leaving only black charred residue. Fourth-degree burns that penetrated the skin occurred even at a distance of 2.5 miles from ground zero. Eyewitnesses reported that victims’ skin hung off their bodies. More than 90 percent of the buildings in Hiroshima were gone. Those who didn’t die from the blast were engulfed by the subsequent fires, and many who survived both were killed by radiation sickness. The total death toll was probably 200,000. The bomb dropped on Nagasaki probably killed another 150,000 people. The destruction wrought by nuclear weapons is so effective at making entire cities vanish that, paraphrasing Arthur C. Clarke, it’s as if the technology were magic, albeit of the darkest and most terrible kind.

Nuclear weapons are among the most dangerous threats to humans. A big enough nuclear war would likely plunge the world into a nuclear winter in which the Sun’s rays would be blocked by soot and debris, temperatures would dip to levels not seen for twenty thousand years, and those not killed immediately would likely starve to death. There are more than ten thousand nuclear weapons in existence today. We must all do what we can to ensure that they’re never used.4

There are two types of nuclear weapons, those based on fission (atomic bombs) and those based on fusion and fission (hydrogen bombs). Hydrogen bombs, like the one that obliterated Bikini Atoll in 1953, are much more deadly than atomic bombs. The arsenals of the world’s nuclear powers are now stocked with them.

But it would be incorrect to assume that peaceful nuclear fusion designed to provide energy poses the same kind of danger.

Happily, a fusion reactor just can’t be rigged up to explode like a hydrogen bomb. Controlled fusion reactors designed to produce power are fundamentally different from hydrogen bombs. The proliferation of nuclear weapons always requires fissile material: you can’t build either kind of nuclear weapon without the isotopes that undergo nuclear fission, usually special types of uranium or plutonium. In an atomic bomb, fission of these isotopes provides the explosive energy. In a hydrogen bomb, fission provides the initial trigger that kicks off the fusion reactions. Fusion reactors, however, involve no fission at all—so they don’t work like a bomb of any kind, and can’t be made to.

A more legitimate concern is that a fusion reactor could be used to create the material to assemble a nuclear weapon. It’s scientifically possible for someone to take uranium-238 or thorium-232 into a fusion power plant and expose it to fusion-produced neutrons to breed enough fissionable plutonium-239 and uranium-233, respectively, to get the basic materials for a fission bomb. One study calculates that the fastest this could be done with no attempt to hide what was going on and with full access to the uranium and thorium precursors would be a period of months. I asked the star builders whether this meant fusion energy was a risk for nuclear proliferation.5

“It’s always a risk,” Dr. Mark Herrmann, NIF’s director, conceded, “but the advantage with fusion is there’s no need for any fissile material to be around.” His strong belief is that fusion is safer from a proliferation point of view than fission, and it’s a view shared by everyone I spoke to at Lawrence Livermore. Don’t forget that one of the laboratory’s primary missions is preventing the proliferation of nuclear weapons. The other star builders felt the same: “Fusion is far, far lower risk [than fission],” CEO of Tokamak Energy Jonathan Carling said, “because it doesn’t involve any fissile material like uranium or plutonium.”

There’s no need to have any materials at a fusion reactor site that could be used either to build an atomic bomb or as the trigger for a hydrogen bomb. “You can’t break into a fusion power plant and steal some stuff and build a bomb with it,” Dr. Nick Hawker, CEO of First Light Fusion, told me. Besides, fissionable isotopes and their precursors are detectable in small quantities, so it’s relatively easy to check for them. Inspection equipment at a reactor would need only seconds or minutes to find out what was going on. And all of the materials needed to breed the isotopes for a bomb are—as Nick Hawker pointed out to me—very tightly controlled.

So while the star builders agree that there’s a risk of proliferation, they believe that it’s far lower for fusion than for fission. In the case of a fission plant, it could take weeks to openly and aggressively create the critical mass for a bomb, and more than one nation has been accused of clandestinely creating the ingredients for nuclear weapons using fission power as a cover. Although everyone agrees it is far harder to use fusion power as cover for a weapons program, star builders will need to bear the risk of proliferation in mind if they’re serious about making fusion one of the planet’s main energy sources.6

When it comes to all things nuclear, though, the concerns extend beyond proliferation.

“If you think about what worries people most,” Jonathan Carling told me, “it’s a meltdown, because when we’ve seen other events, like Fukushima or Chernobyl, it hasn’t been good. Fusion plants can’t have a meltdown.” All star builders agree. “There’s no risk,” said Nick Hawker, “that a fusion reactor can melt down: if you interrupt it, it just stops.”

Ian Chapman puts it like this: “In fusion, if you want to stop a reaction, it takes milliseconds; the hard thing is to keep it going. It’s easy to stop, it’s really easy to stop, so there is just no risk of chain reaction in the same way.”

Meltdowns occur because, once they begin, fission reactions can be hard to stop. Fission reactions happen in a chain, with each reaction giving rise to the next. Enough uranium fuel is kept within the reactor chamber to keep this chain going. A fission power plant is balanced to keep the chain in check so that the number of reactions is sustained without growing explosively, or spluttering out and stopping altogether. Using the analogy of a pandemic, it’s like keeping the effective reproduction number, R, at 1. In a fission power plant meltdown, the chain gets out of control, the heat rises substantially, and parts of the plant can literally melt.

You might worry that a fusion reactor could get out of control too, burning through more of its fuel than star builders intend. Yet because controlled fusion relies on temperature, confinement, and density, rather than a chain, fusion can’t race out of control in the same way. In contrast to fission, fusion often needs energy to be put in to keep the plasma confined. In the case of magnetic confinement fusion, what activates the process is externally applied heating or magnetic fields. Stop them suddenly and you’d get a reactor disruption, but the plant wouldn’t explode or melt down: fusion reactions are hard to start and easy to stop. In inertial confinement fusion, stop the driver—in NIF’s case, that’s the laser—and the whole plant shuts down. There’s no runaway effect in play.

And, unlike with the fission process, there’s only a tiny amount of fusion fuel in a fusion reactor at any one time, so the maximum amount of energy that can be released is severely limited. The biggest planned tokamak will have, at most, two grams of hydrogen in it at any time; far less than is present in a nuclear weapon. Putting any more hydrogen into either a magnetic or inertial fusion machine would stop the conditions for fusion from being reached: the reactors are naturally self-limiting. Tokamaks can only run with a certain hydrogen density—any more and they can’t get hot. And, in inertial confinement fusion, there’s just not the driver energy to implode capsules much bigger than the ones that are currently being fielded. The only type of fusion in which the whole fuel supply is kept within the reactor is gravitational confinement fusion in stars.7

The star builders are keen to stress that fusion’s safety is part of why they’re so passionate about it. Fusion reactors can’t be turned into bombs, undergo uncontrollable chain reactions, or melt down, because they don’t involve nuclear fission. What fission and fusion do have in common, though, is radioactivity, which poses a genuine danger.

Radioactive!

Radioactivity is perhaps the most misunderstood aspect of nuclear technology, and it’s a big reason why many people are suspicious of nuclear power—especially nuclear fission.

Radioactivity seems mysterious and dangerous partly because it’s invisible to the naked eye. Although fire or flooding are much more common risks to human life, they at least can be seen, understood, and avoided. To understand the risks of radioactivity from fusion, let’s start with what radiation actually is.

There’s particle radiation, formed of high-energy electrons, protons, neutrons, and other fundamental particles. And there’s light radiation, such as X-rays or gamma rays. Activated, or radioactive, substances have atoms that are unstable and will occasionally decay into other atoms. Physicists often think about radioactive materials in terms of the time it takes for half of the atoms to decay, the half-life. Fissile uranium-235, for example, has a half-life of around 700 million years.

When radioactive atoms do decay, they often ping out one of these types of radiation. The weak nuclear force is behind these decays. The radiation that is described in textbooks is usually said to be one of three types: fast helium nuclei (alpha radiation), electrons (beta radiation), or very energetic light (gamma radiation). Alpha, beta, and gamma. But, guess what, put a load of energy into any particle and it can still cause lots of damage—a bullet is only harmful because of how fast it’s going.

So I don’t think the alpha, beta, gamma names given to radiation are particularly useful, and they mostly exist for historical reasons because those types of radiation were discovered first, and they’re the most common.8

A better way to think about radiation is that it’s composed of particles or sometimes packets of light that have enough energy to break up atoms and molecules as they go, potentially creating more radiation in the process. For instance, the carbon-14 found in tooth enamel decays when a neutron in its nucleus becomes a proton, pinging out an electron (beta radiation) as it does. The fast neutrons created by nuclear fusion reactions can also change atoms and induce radioactivity.

It may come as a surprise to many people, but radiation is completely natural. Low doses pose almost no danger and are unavoidable. You’re being strafed by radiation as you read this; approximately every single second of every day, every square meter of the planet is hit by hundreds of high-energy “cosmic rays,” bits of radiation that originated outside our solar system. Scientists are still not 100 percent sure how cosmic rays get all the way to Earth at such high energies, but they’re a normal part of our universe. When they hit the upper atmosphere, they can create cascades of radioactive isotopes, including carbon-14.9

Radioactive substances can also be found in the earth, and the early radioactivity pioneers, such as Marie Curie and Ernest Rutherford, did their first experiments on these. These ores originally come from outer space and were created in supernovae. You may wonder how, if these atoms are unstable, and formed in supernovae, they haven’t all decayed yet. The instability of some of these “unstable” atoms is not instability as we would understand it in our everyday lives; the atoms decay over a period so long that it is hard to imagine—as long as 20 billion billion years.10

The extent to which radiation released by radioactive material is dangerous for biological creatures like ourselves is measured in “dose equivalent,” the amount of energy dumped into your body as radiation goes through it. It’s counted in sieverts, or Sv. What is or isn’t radioactive, and how radioactive a given thing is, is quite surprising. A banana, for example, doses you with one-ten-millionth of an Sv because of the potassium it contains. A single chest X-ray is roughly twenty-millionths of an Sv. An eight-hour flight from London to New York is forty-millionths of an Sv.

Most people receive around 4 milli Sv (mSv) a year—one hundred times more than a single flight from London to New York—just from natural background radioactivity and medical scans.11 (“Milli” means thousandth, as in millimeter.) Cosmic rays are responsible for 10 percent of annual exposure. At that dose, radiation is not dangerous. To pose a risk to health, the doses must be either much larger or be received over a short period. It might be a surprise, but in normal times and with safe operation, even the radioactivity from being near a nuclear fission plant is negligible. For example, in the UK, nuclear fission workers’ annual occupation-related exposure is just 0.18 mSv.12

A dose of 100 mSv per year or more is associated with an increased risk of cancer, and symptoms of radiation sickness would usually only appear after doses of a few hundred mSv over a short period of time. It’s useful to put these numbers into some perspective. Two of the most famous nuclear fission disasters are the Three Mile Island incident and the reactor meltdown at Fukushima. In the former, some people were exposed to 1 mSv, and those in the Fukushima exclusion zone in the two weeks after that meltdown would have had a 2 mSv dose—far lower than the level associated with cancer. However, six workers at the Fukushima plant received higher doses than that level, and tragically, there has subsequently been one death that can be directly linked to radiation. The doses pale in comparison to those received at Chernobyl, the world’s very worst nuclear meltdown, however. Thirty people received fatal doses of more than 8 Sv—that’s eighty times the cancer limit and eight thousand times the dose at Three Mile Island. But it’s not just nuclear power that is associated with radioactivity. Coal power plants release uranium and thorium into the atmosphere as they burn fuel. Some analysis estimates that coal ash carries one hundred times more radiation into the environment than a safely operated nuclear power plant producing the same amount of energy.13 So radiation is everywhere, and the doses can vary widely both in their magnitude and in the extent of harm they cause.

This all sounds very depressing. But radiation isn’t all bad, far from it. It can be really useful. It’s commonly used to sterilize food. There’s a good chance that it’s keeping you safe right now. Within most smoke detectors is a small amount of radioactive matter that emits helium nuclei. Composed of two protons and two neutrons, helium nuclei are positively charged, and cause other particles in the air to become charged when they crash into them. The stream of helium nuclei in your smoke alarm sets up a small current that can be detected. When smoke is present in the air, the helium nuclei get absorbed by it, less current flows, and the alarm goes off.

Radioactive carbon-14 is fantastic for accurately dating organic objects that are thousands of years old. When animals or plants die, the amount of radioactive carbon-14 in their bodies is fixed at a known fraction. Just as with teeth, you can work backward to find out how long ago it must have been that the plant or animal died. This technique works for up to around fifty thousand years, after which there’s too little carbon-based radioactivity to measure. Evidence from radiometric dating has revolutionized our understanding of human prehistory in all kinds of ways. Thanks to very long-lived radioactive sources, Rutherford was able to argue in a 1904 lecture that the Earth was billions of years old (geologists already realized this, but the physicists hadn’t been so sure). The latest radiometric dating uses the decay of uranium to lead within zircon crystals to show that the Earth is at least 4.38 billion years old.14

And radioactivity can be used in medicine to diagnose or treat various diseases. One of the pioneers of this technique, winning a Nobel Prize for it, was Ernest Lawrence, after whom Lawrence Livermore National Laboratory is named. The technology he developed helped to slash the price of radioactive isotopes used in cancer treatment from $100,000 a gram in 1921 to just a few dollars a gram in 1935, and that was just for the salt that had to be put into the machine.15

Another enormously useful nuclear diagnostic involves a patient purposely ingesting radioactive isotopes. Once inside the body, the absorbed isotopes reveal their location by emitting X-ray or gamma radiation. Like many technologies, radioactivity can be a tool or a terror.

It’s the terror that more often makes the news. In the case of the Lucky Dragon No. 5, which, unluckily, found itself too close to the Bikini Atoll blast site, it wasn’t the explosion itself that did the damage, it was the radioactive rain. Fortunately, large scale radiation exposures are very rare. Meltdowns don’t happen very often.

What many more people are rightly concerned about when it comes to radioactivity and nuclear power is what goes into and, even more so, what comes out of the plant.

In fission, both the inputs to and outputs from the reactor are radioactive. Let’s take the “ingredients” first. The most potently fissile commonly occurring isotope is uranium-235, which is also radioactive and decays into thorium by emitting a helium nucleus. Importantly, its long half-life means not very many atoms decay per second, so it’s not the most dangerous radioactive material by a long shot.

What comes out of nuclear fission reactors is more problematic: radioactive waste that can last for millions of years. In fission, the splitting up of large nuclei like uranium-235 creates gamma rays, an energetic neutron, and a bunch of smaller atoms that are themselves likely to be unstable. French nuclear company EDF Energy estimates that the yearly amount of nuclear waste per person in France (which generates 75 percent of its electricity from fission) is one kilogram (approximately thirty-five ounces). It’s a lot less waste by mass than fossil fuels produce, but what is created is more problematic. Most of the one kilogram is low-level waste that becomes safe relatively quickly. The really dangerous part is the 3 percent of high-level waste so radioactive that it must be actively cooled for its first forty years. It then needs to be carefully secured and stored for at least a thousand years. Only after one hundred thousand years does this waste reach the same radioactivity level as uranium ore, which can be handled with gloves.16 Countries around the world are still grappling with where to store this long-lived waste. For now, it’s mostly stored next to the plants where it was created.17

It’s understandable that people would be concerned about the small though dangerous and long-lived waste generated by nuclear power. But, star builders contend, nuclear fusion is different from fission, even when it comes to radioactivity. Even if we assume fusion-produced waste is equally as dangerous as waste from fission (we’ll come to whether it is shortly), the most serious incidents in which people were exposed to radioactivity from fission power have all happened because of meltdowns—occurrences that can’t happen with fusion power plants.

The inputs to fusion are arguably safer too. Deuterium isn’t radioactive. However, tritium, the other ingredient of fusion reactions, is. It has a half-life of about twelve years, and decays into helium-3. But tritium is so weakly radioactive that the electron it emits when it undergoes this decay can’t even pass through the dead layer of skin that surrounds your actual skin. Because of this, it has found some curious uses, including in a radioactivity-powered light that requires no batteries. Another use is for illuminating emergency exit signs; even when the power fails in a building, the tritium will provide a radioactive glow. Tritium is fairly safe as radioactive substances go, but it needs to be handled with care.

I asked the star builders whether the stocks of tritium kept on-site at a fusion reactor could pose a risk to anyone. Lorne Horton, who works at the Culham Centre for Fusion Energy, says that the radiation risk from fusion fuel at JET is low: “We work at industry levels, which are smaller doses than you get from just living every day and certainly smaller than what you get from taking an airplane ride. My dose is unmeasurably small.”

I put it to Ian Chapman that residents of Culham might be concerned that some of JET’s tritium could escape.

“In terms of the radiological exposure in the event of a big accident and loss of containment, we’re looking at a few tens of grams of tritium,” he said. “It’s a negligible risk to the population: we have about one hundred grams of tritium here on site and we’re not under a nuclear license, we operate under the Environment Agency. It’s inside a containment vessel, inside another containment vessel, inside a concrete bio-shield—but even if all three were penetrated then it would go into an exhaust de-tritiating system that would catch it. If that were to also melt at the same time and it went out into the atmosphere, the risk is negligible because the inventory is so low.”

Because of these low risks, fusion plants, unlike fission plants, have no exclusion zone around them. The fusion start-ups’ levels of safety procedures vary depending on whether they’re at the stage of doing deuterium-tritium fusion or not, and for now, most aren’t and so have no need for tritium (yet). Even for the biggest planned tokamak in the world, which is likely to be on the same scale as a working fusion power plant, there is no scenario that would necessitate evacuating locals—and the radiation from a plant that’s running will be a thousand times less than the natural background level of radiation.18

“When it comes to working with ionizing radiation, the regulations are very proscriptive and we follow all of them,” Nick Hawker assures me. “The total inventory of radioactive material we’ll have for the gain experiment will be tiny in tritium; there’ll be zero of anything basically. For the power plant, there’ll be tritium, and it’s the biggest worry as it’s mildly radioactive and it’s mobile.” He went on to explain that the safety requirements for tritium are much less onerous than the ones for fission fuel.

The fusion of deuterium and tritium directly produces fast-moving neutrons and helium nuclei, albeit in very small quantities. The helium nuclei from fusion quickly recombine with electrons as soon as the power is removed from a fusion reactor, so, in that circumstance, they pose no radioactivity problem. In fact, helium is useful, and in short supply.

The biggest source of radioactivity from fusion reactions is the neutrons that are generated when the reactor is on and working. It is for this reason that everyone working near the reactor cores at NIF and JET has to wear dosimeters that check how much radiation they’re being exposed to.

As Dr. Bruno Van Wonterghem, the operations manager at NIF, took me around the facility, he pointed out some of the precautions they’re taking to stop neutrons from harming anyone. NIF’s aluminum target chamber, where the laser meets the fusion fuel, is itself encased in a concrete cylinder six feet thick accessed by four-foot-thick doors. This cylinder is encased in another concrete wall, and there’s further shielding after that too. During a shot, most of the ten thousand million million neutrons created by fusion reactions escape the target chamber. As with JET, the concrete layers that surround it are packed with boron, an element that safely absorbs neutrons. Each wall of boron-rich concrete reduces the number of neutrons escaping by a factor of one thousand.

“Neutron doses in the target bay [the space immediately outside the steel target chamber] during high-yield shots are about eighty thousand rad,” Bruno told me, calmly. “They’re beyond lethal.” The rad is a measure of how much radiation your body absorbs. Sieverts also take into account that even for the same energy, some types of radiation are more damaging. For the fast neutrons produced by fusion, eighty thousand rad is equivalent to 800 Sv. This is an extraordinary amount as just 5 Sv will kill you. There’s a reason there’s enough shielding in place in just the first twenty meters (approximately sixty-five feet) from the reactor chamber to reduce the number of neutrons a million times over, with the dose falling even more. The multiple stages of shielding that enclose the target chamber reduce the dose to levels that pose no risk to anyone, as my radiation badge attested when I witnessed a shot from the nearby control room. And Bruno told me that the target chamber has enough shielding to cope with a fusion gain of sixty—that is, sixty times as much energy out as went in.

We walked through one of the thick steel-frame doors, also filled with concrete, and switched from the non-radioactive zone to the radioactive zone. We were entering the target bay. In the center was the reactor chamber, inside which the laser beams meet the hohlraum. While the most lethal doses occur during a shot, radioactivity induced by the neutrons can linger. I was utterly amazed that we were able to wander around immediately outside the target chamber when the area has been exposed to beyond-lethal radiation so recently. Bruno did remind me not to touch anything. Wearing the appropriate attire, engineers were moving pieces of recently irradiated equipment around without fear. When I mentioned this, Bruno told me that it took anything from a few hours to a dozen hours after each shot for the radioactivity to fall to the background level everyone experiences every day.

I asked the star builders how much of a risk the radiation from a typical fusion experiment poses.

“Not much,” Mark Herrmann told me, speaking about NIF. “The chamber is very big. The doors are a couple of meters thick for high-yield experiments. There are two sets of doors. You can sit in the control room even on the highest-yield shot.”

The reason Mark can confidently say this is because we know how to stop radiation if we need to. Even though a fusion-produced helium nucleus travels some twenty-five thousand times faster than a speeding bullet, it can be stopped by a sheet of paper. A few millimeters of aluminium will stop fast-moving electrons, while gamma rays or neutrons will only be stopped by a big block of a dense material, like lead. The biggest problem by far for fusion is the neutrons—and they’re why there are multiple layers of concrete at NIF and JET.

However, it’s not just humans that are affected by radiation. Over a long time, the repeated bombardment of reactor chambers by neutrons has consequences. When fast-moving neutrons crash into atomic nuclei, they can cause them to become radioactive. The type of atom that is struck is what determines whether this will happen or not. Star builders have to choose the construction materials of their reactors carefully so as to minimize neutron-initiated activation. Even with the most resilient materials, over years of being strafed by neutrons, some material will become activated. This means that fusion produces radioactive waste—but it’s very different from the waste left by nuclear fission reactors.19

“Fission plants produce waste as an inherent part of their process,” Jonathan Carling told me. “The only waste that a fusion plant produces is relatively low-activation waste of the plant itself because it gets hit by neutrons.” In fission, the spent fuel and the reactor are radioactive; in fusion, it’s only the reactor chamber that becomes radioactive, and that will be dealt with at the end of the plant’s life.

So how easy would it be to clean up a nuclear fusion reactor site at the end of its life? JET’s been running since 1983, including with neutron-producing deuterium and tritium. It’s the closest we’ve come to a working fusion reactor and it serves as a good model of what to expect.

“When we close JET, the plan is to be greenfield within ten years,” Ian Chapman told me. “Robots go in and remove the first walls, walls get de-tritiated… we store the tritium, throw the rest in a skip [a dumpster]. The residue is negligible. To say we’ve been operating for thirty-five to forty years and go to greenfield in ten years gives you a sense.”

How much radioactive waste fusion reactors will create at the end of their lives depends on what the reactor chamber is made from and how long it has been in operation, but the best estimates suggest that after ten years, a nuclear fusion reactor chamber that has been creating ten times as much energy out as put in would be no more radioactive than uranium ore. After one hundred years, it wouldn’t be radioactive at all.20

“You can put it into intermediate waste dewars [sealed flasks] until it decays and then get rid of it,” Ian Chapman says. “You don’t have the same legacy that you do with fission.”

Radioactivity is good and bad, common and rare, dangerous and safe: it all depends on the context. Star builders have good reasons to believe that fusion reactors will pose fewer radiation risks than fission plants and leave no lasting legacy of radioactive waste.

The Real Dangers of Fusion Reactors

If it’s not radiation, nuclear proliferation, or meltdown, what is a big problem for star building?

“The biggest risk,” Lorne Horton, JET’s exploitation manager, told me, “is that you fall down.” He meant this literally. Then there are the risks of being near large electricity supplies and powerful magnets, he continued. In his reckoning, radiation comes a distant third. Without any prompting, Nick Hawker also told me that working at heights was First Light Fusion’s biggest safety concern.

“We’re not dangerous to the general public,” he explained, “and with proper process, which we have, it’s not dangerous to the team either.”

The truth is that we won’t know just how safe a working, power-generating nuclear fusion reactor will be until the star builders get around to building one. We know that a working fusion reactor is likely to be somewhat safer than a nuclear fission plant, because fusion reactors can’t melt down and they involve fewer risks from radioactivity. But the two technologies have some similarities too—they’re both strictly regulated, use little fuel because nuclear energy is so efficient, and need a great deal of complex infrastructure in a small area.

So as an upper bound on just how dangerous nuclear fusion will be as a power source, I thought it would be interesting to consider its cousin, nuclear fission. And that has led to a finding that may come as a big surprise to many.

Nuclear fission power stations are the safest large-scale form of energy production on the planet. For every exajoule of energy generated by fission (and remember that the US alone consumes ninety-five exajoules of energy each year) there are around 20 deaths. To put that number into perspective, an exajoule of coal results in 6,800 deaths. By this simple metric, fission is 340 times safer than coal. It makes more sense than it might first appear; you need just two grams (less than an ounce) of uranium for every sixteen kilograms (approximately thirty-five pounds) of fossil fuels, which means a lot less mining and extraction of ores, one of the riskiest activities for fossil fuel power.

All power sources come with risk, even energy from renewable sources. Hydroelectricity is associated with 330 deaths per exajoule, a number dominated by a single, terrible event—the failure of the Banqiao Dam in China, in 1975. It killed an estimated 200,000 people. Likewise, the 20 deaths per exajoule for fission takes Chernobyl into account.I Putting aside uranium extraction and looking at 1990 onward, fission is associated with just 3 deaths per exajoule. For wind and solar, it’s 10 and 5 deaths per exajoule, respectively, yet another reason why solar energy is a promising part of the solution to the energy crisis.21

Nuclear disasters are big news precisely because they’re so rare. It’s akin to air disasters and car crashes: each year, car crashes kill tens of thousands of people in the US. Worldwide, plane crashes typically kill fewer than two thousand. But which do we hear more about? This asymmetry can result in poor policy choices—after the meltdown at the Fukushima nuclear plant in Japan, Germany decided to phase out its entire fleet of nuclear fission power stations. In consequence, Germany was forced to replace nuclear energy with burning fossil fuels. What happened? An estimated additional 4,600 deaths and three hundred megatons of carbon dioxide emissions between 2011 and 2017. Japan also shut down all of its own nuclear power plants in the immediate aftermath of the Fukushima accident. This caused a significant rise in energy prices, and people responded by buying less energy during winter. As a consequence, more people died due to energy poverty—in fact, the mortality from this effect was higher than from the accident itself. We should look carefully at the evidence before overhauling policies based on instinct alone.22

Fission can save lives if it displaces more dangerous power sources. Throughout its history of use, fission power has, it’s estimated, prevented 1.8 million air pollution–related deaths and sixty-four gigatons of carbon dioxide–equivalent greenhouse gas emissions that would have resulted from fossil fuel burning.23

Again, all power generation involves risk; it’s inescapable. As a society, every time we use energy, we make a trade-off; we decide that the risk of mortality or morbidity is worth it for the benefits the energy offers. Our primary power source today, coal, offers a bad trade-off. Despite a small number of prominent nuclear disasters and the risks related to radioactivity, nuclear fission offers one of the best trade-offs out there.

Nuclear fusion, star builders reason, would be substantially safer than fission because a fusion plant can’t melt down and doesn’t involve long-lived, high-level radioactive waste. Most important, fusion would generate large amounts of energy from even smaller amounts of fuel than are required for fission. If the star builders are right, then nuclear fusion, when it’s ready, will be one of the safest—if not the safest—large-scale power sources on Earth. Maybe fusion is lucky after all.

I. But not Fukushima, because it happened after the study was published.




CHAPTER 9 FINISHING THE RACE FOR FUSION


“The day when the scientist, no matter how devoted, may make significant progress alone and without material help is past… Instead of an attic with a few test tubes, bits of wire and odds and ends, the attack on the atomic nucleus has required the development and construction of great instruments on an engineering scale.”

—Ernest Lawrence, Nobel Prize banquet speech, 19401



“Fusion has always been thirty years away and that gets thrown at me at every public outreach talk I do,” Culham’s Professor Ian Chapman says when I ask him if star builders are closer to delivering net energy gain than they were thirty years ago. “It ignores the huge progress that’s been made.”

While Ian talks candidly about mistakes, he believes that we’re closer than ever to building a star. The data back him up: between 1957 and 2018, the joint combination of temperature, density, and confinement achieved by any star machine increased by a factor of 1 million.

JET deserves credit for having pushed progress the furthest with its brief generation of 16 megawatts and a Q of 67 percent in 1997—tantalizingly close to the finish line. Most machines have only managed fractions of a percent.

Although JET’s record hasn’t been broken, progress on parts of the problem have continued apace. The very first devices controlled plasmas for microseconds. In the late 1950s, John Cockcroft’s ZETA machine improved that one thousand times over. JET, built in 1984, runs for a few seconds—another thousandfold improvement. But controlling fusion plasmas for minutes is now possible. In 2003, the Tore Supra tokamak in France managed to control plasma for six minutes and thirty seconds. Also on the accomplishment list: many tokamaks are now able to reach temperatures beyond a hundred million degrees. The EAST tokamak, in China, has managed to combine high temperatures, as high as fifty million degrees, with times of one hundred seconds. Both EAST and France’s WEST tokamak are aiming to control their plasmas for longer than fifteen minutes. Records keep being broken: in 2020, the Korea Superconducting Tokamak Advanced Research (KSTAR) managed twenty seconds at more than a hundred million degrees.2

The progress on which JET relies, and future tokamaks will build, has largely been won by ever bigger machines, ever bigger teams, and some serendipity. “The present status of fusion is primarily the outcome of a large effort and a lot of dedicated work, and only at a few occasions did we obtain results which were so pleasantly surprising that the community even took time to accept them,” Professor Sibylle Günter, scientific director of the Max Planck Institute for Plasma Physics, told me.

Sibylle’s list of the breakthroughs begins with the Russian T-3 tokamak that appeared on the international scene in 1969 and completely changed the direction of magnetic fusion research. She also talks about a discovery at her own institution in 1982. A researcher named Fritz Wagner working on the ASDEX tokamak in Garching found machine settings that almost magically caused both the confinement time and plasma density to double. Without this single discovery, tokamaks would probably have to be twice as big.3

Other progress has come from theory and computation. It’s much easier and cheaper to do an experiment on a computer than in a $2.6 billion star machine, if the simulations are realistic. As both computer hardware and software have improved, so simulations have become better guides to reality. Researchers at JET recently used machine learning to predict disruptions tens of milliseconds before they occurred, giving them time to tweak the plasma to dissipate the buildup of energy and forces. Happily, the insights garnered can be applied to other tokamaks. Such breakthroughs are a step toward more reliable reactors.4

Ian Chapman thinks these improvements could give the decades-old JET a shot at setting a new world record for fusion energy when it begins a new run of deuterium-tritium experiments. “When we last ran JET with deuterium and tritium in 1997 it was a point in time,” he says. “The power raced up and we lost control of the fuel, and it was a millisecond. We’re going to do that again, but this time we’ll race it up and hold it there, and bring it down in a controlled way… We now understand plasmas better than we did twenty years ago.”5

Magnetic fusion machines are edging closer and closer to the finish line. If magnetic fusion star builders can get the combined temperature, density, and confinement times just another 1.8 times higher, they’ll hit ignition. That’s when their plasmas not only get net energy gain, but generate enough energy from fusion to remove the need for external heating.6

Far out in the lead in achieving the trio of temperature, density, and confinement simultaneously are three state-sponsored tokamaks: Japan’s JT-60, South Korea’s KSTAR, and the Joint European Torus (JET). The stellarator Wendelstein 7-X is not far behind them, achieving impressive feats for a relatively new machine based on a different technology.7

For now, it looks as though the private sector fusion firms are lagging behind—though some are keeping the details of their progress secret. At the back of the pack are those firms aiming to do fusion reactions that aren’t deuterium-tritium: they have a very, very long way to go because the conditions required are more extreme. On the other hand, many private sector star builders have been playing an impressive game of catch-up. The real question for them is whether they’ll be able to continue the rapid rate of progress and leapfrog ahead.8

The huge progress made by magnetic confinement fusion machines means that net energy gain is within reach. And even if JET can’t make it all the way, another machine is coming that almost certainly will.

We’re Going to Need a Bigger Tokamak

There’s one aspect of the current fleet of magnetic fusion machines that is holding back progress. It’s a lesson that has been learned time and time again in fusion, a lesson that the Big Bang, stars, supernovae, and nuclear weapons have been telling us all along: fusion works best on big scales. For conventional tokamaks, the confinement of plasma gets better the bigger the machine is. Going from JET, at a three-meter (approximately ten-foot) radius, to a tokamak twice that size would improve confinement four times over.9

In 2006, recognizing the need for a machine that can run with deuterium and tritium and has the necessary scale to go beyond net energy gain, a group of thirty-five countries got together and, in a ceremony at the Elysée Palace that was attended by four hundred guests, signed an agreement to build an almighty tokamak in the South of France, in Cadarache, near Marseille. The members of this thermonuclear club are China, the European Union, India, Japan, Korea, Russia, and the United States, with the brunt of the costs borne by the EU. These nations represent more than half the world’s population. It took them twenty-two years of planning, arguing, design, and preparation to agree to build the new machine: ITER.

When it is completed, ITER will be the world’s largest tokamak, and one of its key objectives will be to demonstrate net energy gain. It’s a behemoth. Much of it is designed on principles that have been tested on JET, but it will operate with more than ten times the volume of plasma—and bigger plasma volume usually means more stability. Instead of having a three-meter-radius torus, ITER will have one that is more than six meters.

ITER’s engineering is more complex than that of any other machine yet built. The tokamak’s superconducting magnets will need to be formed from one hundred thousand kilometers (approximately sixty-two thousand miles) of niobium-tin wire. Each finished magnetic coil will stand seventeen meters (about fifty-six feet) tall and nine (about thirty feet) wide and be cooled to four degrees above absolute zero. Eighteen of these will be arrayed around the tokamak to generate a magnetic field of thirteen Tesla (3 million times the Earth’s magnetic field), storing up tens of thousands of megajoules of magnetic energy. ITER will take up 180 hectares (equivalent to 250 soccer fields), and when finished, its structure will have a mass equivalent to three Eiffel Towers.

While ITER is situated in the South of France, the work being undertaken for it is truly international. There are more than fifteen satellite sites around the world providing expertise and parts. The project’s current director general, Dr. Bernard Bigot, has described it as an “extraordinary human adventure” and he’s not just talking about the three thousand or so staff who will be needed to run ITER; this is a fusion experiment on behalf of the planet.10

As with many large and complex international collaborations where juicy contracts are available, construction has been beset by delays. The machine was initially due to turn on in 2016, but that target date has slipped by, and the first plasma isn’t scheduled to appear until 2025, with deuterium-tritium experiments expected to begin even later, in 2035. As of the start of 2020, construction was two-thirds complete.11

ITER has been designed to win the race to build a star. It’s aiming to hit a plasma Q of five—that is, five times as much power out as in. It will also try to reach a Q of ten for a few hundred seconds, generating five hundred megawatts of power for the fifty megawatts of power put in. The plasma will reach temperatures of 150 million degrees Celsius (270 million degrees Fahrenheit). The gain in energy won’t be enough for a commercial reactor, and ITER won’t deliver a single watt of power to the grid, but it’s enough to show that fusion power is possible. If it works, ITER will shift fusion from fantasy to tangible power source.12

We’re Going to Need a Bigger Laser

Inertial confinement fusion has also seen huge improvements, with NIF by far the leading machine. Many had hoped NIF would reach ignition when it was completed in 2010. The laser performed well. The experiments on nuclear stockpile stewardship that dominate NIF’s laser shots are said to have been a success. Scientific experiments probing conditions in planets and supernovae have been a hit. But on the inertial fusion energy program, progress was initially much less forthcoming. Through 2011 and 2012, the implosions were riddled with instabilities. While neutrons were generated and energy released, the results were orders of magnitude less than what had been expected from parsimonious mathematical models and simple computer simulations.13

Following sharp criticism from Congress and the US Department of Energy, NIF’s scientists changed direction and started trying to understand what was going wrong in the implosions, and why they weren’t behaving like the simulations suggested. New staff—including new director Dr. Mark Herrmann and new chief scientist Dr. Omar Hurricane—were brought in and the program was refreshed. With new ideas, NIF found its stride. The experiments are now breaking records for inertial fusion, and they’re not a million miles behind JET’s world-best record for energy yield.

Between 2011 and 2019, the fusion energy released in the best shot on NIF rose sixty times over. In 2018, NIF first reached an energy yield of 3 percent. In 2020, NIF’s scientists announced that they had exceeded this. This is too much fusion to be occurring just due to the energy coming from the laser. Making the analogy with fire, it’s robust evidence that heat isn’t just coming from the match. After a rocky few years, NIF is back in the race.14

Just as with the star builders using magnetic confinement, computers have played an important role in NIF’s success. In 2018, Livermore’s supercomputer, Sierra, became the second fastest in the world. Better computing means that it’s possible to simulate more of the complex ways that plasmas can misbehave, or use machine learning to guide experiments.15

But the most significant progress has come from better control of how the laser and the plasma interact in the hohlraum, the gold box that houses the capsule of fusion fuel. All of those weird plasma waves and instabilities can transfer energy from one beam to another, or turn the plasma in the hohlraum into a mirror. By being careful about how energy is distributed across the 192 beams, NIF’s scientists have managed to tame some of the laser-plasma interactions. Through experimentation, they discovered that reducing the density of the gas between the hohlraum and capsule a little, but not too much, allowed more of the laser beam energy to get into the gold. That meant more energy getting into the capsule, and more strongly driven implosions. Capsules are now regularly imploding at almost 400 km/s, more than thirty times Earth’s escape velocity (even faster than NIF scientist and astronaut Dr. Jeff Wisoff traveled during space shuttle launches).

If NIF achieves ignition, it will be a sudden jump from brief spark to burning fusion plasma. As Mark Herrmann said, “In the simulations, it really is a cliff edge.” While the gap from 3 percent to 100 percent may seem large, the improvements in energy yield that NIF has seen since 2011 have come in factors of between five or six. NIF’s scientists aren’t very many improvements away from net energy gain.

Omar Hurricane told me that plasma conditions were a much better measure than yield of energy alone of how close experiments are to ignition: “The metrics to focus on are actually the pressure, confinement time, or temperature, or you can also look at it as density times radius [of the hotspot within the fuel capsule]. The yield itself doesn’t give a good impression of how close you are, as it’s like approaching a cliff.”

Different inertial fusion experiments are harder to compare with each other than magnetic fusion ones. The MagLIF experiment at Sandia National Laboratory has generated substantial numbers of neutrons using deuterium-deuterium reactions, but it isn’t running with tritium.16 Excitingly, First Light Fusion just started running with deuterium and tritium in 2020—but it hasn’t yet published results on yield or the conditions it’s reaching. All of which means NIF still tops the scoreboard for energy gain from inertial fusion.

While NIF has made great strides, to get that bit further requires more energy getting into the capsule’s hotspot and kick-starting the fusion reactions. Each doubling of the energy dumped into the hotspot gives, roughly, ten times as much energy out. From the secret Halite-Centurion experiments, inertial star builders know that it is physically possible to get net energy gain if only they can build a laser big enough. Those experiments suggest that slamming a fusion fuel capsule with five to ten megajoules will result in net energy gain. But NIF is only fielding 1.8 megajoules right now.

So scientists at NIF are thinking about squeezing a few more joules out of their already phenomenally big laser. As Jeff Wisoff told me, it’s expensive to add energy to the laser, so they have to try everything else first—but he said that a “modest upgrade” might be possible. Dr. Bruno Van Wonterghem, who spent years designing NIF and who took me on a tour of its steel arteries, told me about the improvements, reeling off what they’d done already, “but the ultimate is the bigger hammer”—that is, making the laser even bigger. Bruno smiled just a little when he told me that NIF had capacity for a 50 percent increase in laser energy. When I asked about the cost of a big laser upgrade, Livermore said that it would be a tiny fraction of the capital cost of NIF and Bruno gave the impression that it would be substantially less than their operating budget. If their sponsors at the Department of Energy go for it, he thinks they could do the work in a year or so. That might just be enough to get them to ignition.17

“When you look around the world,” Jeff Wisoff tells me, “and say, ‘Where is it credible we might get ignition in the next ten years?’ I think NIF is the best shot.” Unsurprisingly, NIF’s director, Mark Herrmann, agrees, saying of ignition: “It needs a certain scale, energy, pressure; this is the only facility that has the prospect of doing that in the next decade.”

The Race for Net Energy Gain Is Still Open

With machines like JET and NIF ever so close but each limited in some way, and ITER not even attempting net energy gain until 2035, there’s a chance that another machine could swoop in and win the race.18 Mark Herrmann told me that he spends a lot of time making sure NIF doesn’t fall behind other countries’ efforts. The international competition to achieve net energy gain looks set to become fiercer. Several other countries are planning, or have even built, laser fusion machines. They can learn from NIF—in particular, they know that because NIF has reached 3 percent, they probably don’t need a laser that much bigger than 1.8 megajoules to hit 100 percent of net energy gain.

France’s Laser MegaJoule was completed in 2014. I went to visit it in 2011, when it was under construction. As at NIF, a catacomb of thick, radiation-blocking walls had been constructed around the spherical target chamber. Because it hadn’t yet been irradiated by the first experiments, I was able to poke my head into the shiny, echoey chamber and marvel at how it had been engineered to submillimeter precision and yet still was ready to withstand bombardment by millions upon millions of high-energy particles. Right now, Laser MegaJoule is fielding slightly less energy than NIF and it only works in the less-proven direct drive mode (which doesn’t use a hohlraum), but it’s one to watch.

Russian scientists revolutionized magnetic fusion when they revealed the tokamak. Now Russia has a plan to get out ahead on laser fusion. They’re building a 192-beam laser facility, called UFL-2M. It will have 2.8 megajoules of energy, albeit in a less useful color than NIF’s infrared beams. Russia also has a dark horse in the race: a fission-fusion hybrid reactor. Some star builders don’t like fission-fusion hybrids because they lack many of the benefits of fusion alone. But some have passionately supported them as a more certain stepping stone that would bring net energy gain more easily within reach, and would allow for quicker development of fusion technologies.19

China is perhaps the most ambitious of all when it comes to fusion. “If you’re prepared to do two or three different concepts and take a bit more risk, you can go faster,” Ian Chapman told me. “That’s what China is saying.” If China follows through on its plans, it will be at the forefront of both tokamaks and laser fusion within the next decade, leaving Europe and the USA behind. Not only does it already have an existing 0.2-megajoule laser, Shenguang III, and EAST, a tokamak that reached temperatures of 100 million degrees Celsius (180 million degrees Fahrenheit) in 2018, it also has plans to build ignition scale devices that will rival or even surpass NIF and ITER respectively. “It’s ambitious but not inconceivable,” Ian said. “I think for China it’s realistic because they’re prepared to put the resources behind it.”

It’s an exciting period of nuclear innovation by governments that have deep pockets and rich nuclear expertise. For its part, Eurofusion, the club of European countries pursuing fusion, is also considering stellarators as a path to net energy gain—in particular, due to the astounding success of Wendelstein 7-X.20

And the private sector fusion firms claim that they’re hard at the heels of the big laboratories, even if the data suggest they’re behind right now. Most are promising to get to net energy gain (or, at least, net energy gain conditions) in the 2020s or early 2030s—well before ITER. General Fusion and Tokamak Energy see it happening by 2022, Lockheed Martin by the 2020s (revised from 2017), First Light Fusion by within the 2020s, and TAE, to stay on track, will need to have reached net energy gain and commercialized its technology by 2024. If we take these claims seriously, the star builders’ race for net energy gain is close to finishing—but wide open.

Looking at the sweep of history, the progress made to date, and the promises being made from all quarters, it seems certain that net energy gain from fusion can and will be achieved. It could be this year. It could be next. Maybe it’s thirty years away, like the joke about fusion says. For what it’s worth, I think it will be sooner than that.

John Lawson showed us that net energy gain was theoretically possible. Extrapolation from magnetic star machines and interpolation from secret nuclear tests have shown us that it’s experimentally possible. Just how fast net energy gain arrives will be determined by how badly nations and entrepreneurs want to see it happen.

But net energy gain is coming.

After Net Energy Gain

The latest star machines are tantalizingly close to demonstrating net energy gain from nuclear fusion reactions. So let’s try a thought experiment: Imagine that net energy gain is achieved. Not just a small gain of one, but a big gain—thirty or more. A gain that is on the verge of what is needed to build a power plant. It could have happened with NIF, on one of the machines being built by a start-up, or maybe with ITER, when it’s finished. For this thought experiment, it doesn’t matter who. Now ask yourself a question: What next?

It’s a question the star builders are increasingly asking themselves too: How will they take nuclear fusion from physics experiment to power plant?

As we sit in his office at Culham, Ian Chapman gives me a rundown of what needs to happen for tokamaks to successfully deliver energy to the grid. “There are five big challenges,” he begins. The first is plasma that is ten times hotter than the center of the Sun: “JET is operating at 150 million degrees, so we know how to do that.” This goal has been met, and any machine that gets net energy gain will have achieved it too. The temperatures used in inertial confinement fusion are typically lower than that, and NIF is just shy of what it needs for net energy gain. Ian lowers the thumb of his outstretched hand, four points to go.

“Second: How do we get the heat out of that big ball of gas with turbulence in the middle?” Once net energy gain is demonstrated, the energy produced must be extracted and used to turn water into steam. The steam will drive a turbine to produce electricity. Star builders have ideas about how to do this, but it’s hard to make progress without a net-energy-gain reactor to try them on. For tokamaks, the first stage, getting heat energy out, is the hardest. “We sweep it down to a sacrificial surface at the bottom,” Chapman continues. This is the divertor, a part of the tokamak designed to take a beating that’s more intense than what the space shuttle receives during reentry. The bigger the tokamak, the more intense the heat. ITER is designed right at the physical limit of what solid materials in conventional tokamaks can endure. For inertial confinement fusion, the geometry of the reactor is much more simple and getting the heat out is too, so it’s less of a concern. Ian lowers a finger, ticking exhaust heat off his list.

“The third challenge is neutrons: we [will] have the most intense source of neutrons on Earth.” No one knows how surfaces will react to the number and energy of neutrons that a high-gain star machine will release—because building one is the only way to produce neutrons in sufficient numbers and with sufficient energy. Excessive neutron bombardment can make the hardiest materials crumble. Then there’s the potential for excessive radioactivity if neutrons are absorbed by the wrong materials. Ian tells me that choosing the right materials for the reactor will make the difference between a plant that lasts four years and one that lasts forty. Due to the irradiation of the chamber by neutrons, repairs will be very hard to make, which could lead to reactors shutting down for long periods of time.

“The fourth challenge is breeding tritium.” Tritium doesn’t last long in nature because of its short half-life of twelve years. It has to be created from lithium. When lithium captures a neutron, it turns into tritium. Lithium is useful for many other items, like batteries, but Ian stresses that not much lithium is needed for tritium breeding because fusion has such a wildly high energy density. “For the rest of my lifetime,” he says, meaning the energy he will use throughout his life, “I need a bathtub of water and the lithium you’d find in two laptop batteries.” So the problem is not obtaining lithium, it’s that no one’s ever demonstrated breeding tritium from fusion neutrons and lithium on the scale needed—there’s never been a reactor producing enough neutrons to try. After a few years of operation, the plan is that ITER will test out a lithium blanket around the reactor chamber, a first step in practical tritium breeding, but it won’t be a production-grade system. Almost all digits down, Ian Chapman has just one finger in the air. We’ll return to his fifth and final challenge for fusion later.21

Star builders today are thinking about how to conquer these challenges in a way that their predecessors just didn’t need to. With net energy gain promised within fifteen years (not thirty!) by almost everyone, the need for solutions to the engineering challenges that will come with a fusion power plant is focusing minds.

Ian Chapman is taking the challenges very seriously indeed. Culham’s current spherical tokamak, MAST Upgrade, is being used to explore the physics of the hot plasma exhaust that, in advanced tokamaks, will safely carry energy away from the hottest part of the plasma. They have a new Materials Research Facility tasked with looking at how materials will behave under the extreme conditions found in a nuclear fusion reactor, especially the constant bombardment by neutrons (there’s a similar international facility funded by Japan and the EU). Also at Culham, a Fusion Technology Facility will try out different materials under all of the other stresses of fusion (electromagnetic, mechanical, and thermal) to see what works best. And there are tens of millions of pounds put aside for a Hydrogen-3 Advanced Technology Centre dedicated to the challenges of handling and breeding tritium. Similar facilities are being established by star builders across the world. Robotic arms are already being used for remote handling of irradiated materials on JET, helped by a new dedicated robotics facility that is trying to extend and improve the technology. Robots that can go in and fix problems with the reactor quickly can help prevent long periods of shutdown.22

It’s one thing to overcome these challenges in isolation in specialist facilities, but it’s quite another to achieve them together in a working, high-gain fusion reactor.

The magnetic fusion star builders are already planning to build another tokamak after ITER that will overcome the final barriers to commercialization and act as a demonstration power plant. This will deliver energy to the grid, and all that’s necessary to achieve it: heat extraction (ultimately to drive a turbine), tritium breeding, robotic maintenance, and neutron-compatible materials. The power-to-the-grid reactor will be called DEMO, for demonstration power plant.

DEMO is more of an idea than a certainty, and the design is a work in progress. Star builders are waiting to see how ITER’s first years of operation go before deciding what to keep and tweak in DEMO. What most designs suggest is that DEMO, if it gets the go-ahead, will generate five hundred megawatts, equivalent to a modestly sized nuclear fission power plant, and will have a gain of at least thirty times the energy put in.

DEMO faces many challenges. It probably needs to be slightly bigger than ITER; it needs to run with higher-density plasma; it needs to run for hours at a time, meaning that disruptions must be kept under control; and it needs to be completely self-sufficient in tritium.23

The laser star builders have thought about a demonstration power plant too. Inertial fusion faces more or less the same challenges as magnetic fusion, but one major difference is that inertial fusion reactors must rapidly repeat. Dr. Nick Hawker described this as First Light Fusion’s biggest challenge—they’ll need to have a shot as frequently as every five seconds.

NIF’s laser currently manages four hundred shots per year. To be economical, laser fusion for energy will need to run with ten shots per second. The reason many repeats are required is that each capsule explosion on NIF doesn’t release that much energy. For power generation, there needs to be a lot more energy coming out per second, and the energy needs to be released at a constant rate. Only by rapidly firing the laser at targets to produce mini-explosions, a bit like a gas engine in a car, can laser fusion devices hope to be commercially viable.24

With the current technology on NIF, this is impossible to do without breaking the laser. The optics need hours to cool down after each shot. Not to mention that the flashlamps take time to charge up and are horribly inefficient: of the 400 megajoules drawn from the grid, just half a percent (1.8 megajoules) currently make it into the laser beam.

Since NIF was designed several decades ago, laser technology has moved on, and the flashlamps that energize NIF’s 192 laser beams have been surpassed by diode-energized lasers. The newer diode lasers are around twenty to forty times more efficient and produce less waste heat. But while they can fire an impressive ten times a second, they’re a long way from being able to squeeze enough energy into each shot.25

Then there are the fiendishly complex targets that inertial fusion typically requires. For NIF, the cost of these needs to tumble from hundreds of thousands of dollars to just a couple of cents to make commercialization viable—remember that ten will be used up every second. When I raised with scientists at NIF how improbable that seems, they pointed out that modern manufacturing is effective at making precision-engineered products that cost cents—for example, bullets.

Livermore’s plans for a power plant based on laser fusion found expression in a prototype design called LIFE (Laser Inertial Fusion Energy). The program to design LIFE was canceled when scientists couldn’t get NIF to produce as much energy gain as they had predicted theoretically in the early 2010s. If NIF hits net energy gain, especially if it does so before any other star machine, then you can expect that the plans for an inertial fusion power plant will be quickly dusted off and scientists will focus on solving some of the fearsome challenges. But, for now at least, LIFE is dead.26

Notably, none of the challenges that face either the magnetic or laser approaches to fusion are true showstoppers: they’re likely to be solvable with sufficient investment of resources and engineering skill. After all, until the current generation of star machines, no device had ever been the hottest place in the solar system or reached the density of the Sun’s core.

The hard challenges of commercializing fusion and using it to save the planet don’t end with engineering the reactor itself, however.

A major concern of star builders is that DEMO and LIFE, if they do happen, will come far too late for climate change. DEMO is scheduled for twenty years after ITER comes online—that is, in the 2050s—when many nations have said they’ll already have achieved net zero carbon emissions. A LIFE-like reactor will probably only get into the planning stage after, and only if, NIF hits net energy gain. And neither LIFE nor DEMO will be selling electricity, even if they do supply it to the grid. They’re demonstration power plants, not the first commercial fusion power stations.

The new fusion entrepreneurs are absolutely, painfully right that the pace of progress in fusion energy is going to be too slow to help save the planet unless star building gears up. Ian Chapman told me that fusion was better late than never. While that’s true, if the star builders really want to ensure fusion energy is ready in time to be useful in preventing the worst effects of climate change, they need to step it up a notch.

Ian Chapman said that with the current funding and risk profile of the international collaborations on magnetic fusion energy, power wouldn’t be getting to the grid until 2050. From that, he sees rapid deployment, “the same growth rate as fission had, about 30 percent year-on-year, and the same scale of plant and cost of capital.” Even with this apparently rapid rate of deployment, starting from 2050 means that fusion would only power half the world’s electricity needs by 2083. With few other options, policymakers may be forced to continue with a mix of energy production that includes fossil fuels, as well as nuclear fission and renewables.

The start-ups want to get fusion power onto the grid significantly more quickly. Tokamak Energy told me that star power must be deployed at “huge scales” during the 2030s. Nick Hawker has worked backward to get First Light Fusion’s plan of action: “If we want to contribute to net zero by 2050 we need to be building plants, multiple, in the 2040s. And the first of a kind has to be built in the 2030s. Which means the physics problem has to be solved in the 2020s.” If they’re right, fusion plants will have to appear very quickly once net energy gain is achieved.

Can We Afford to Do Fusion?

The progress toward net energy gain, and more recently, the challenges that stand in the way of fusion power stations, all cost money. All of which means it’s high time to find out what UK Atomic Energy Authority CEO Ian Chapman’s fifth challenge is. “This one matters to me a lot,” he says, more seriously. “If you do all of them, but the cost of electricity is chronic [prohibitive], then we have fusion, but it doesn’t penetrate the market.” All of the work, the battles against plasmas, the decades of innovation—they won’t matter if the economics aren’t right.

Money—to fund people, machines, or other resources—can speed up progress toward fusion. Conversely, lack of money can slow it down. When people ask how long it will be until fusion is achieved, they may as well be asking how much more money needs to be spent to get to a working reactor. The answer to how close fusion is as a power source depends on our collective appetite to see it happen.

Fusion is an expensive endeavor, partly because star machines seem to demand ever bigger scales—and bigger scales incur disproportionately bigger costs. ITER is going to be bigger than JET, DEMO is likely to be bigger yet. Initial estimates of the total cost of ITER were around €5 billion ($6.7 billion), but that had shot up to €20 billion (about $26.6 billion) by 2016. Even ITER insiders agree that scale is a problem. Sir Steve Cowley, the former CEO of the UK Atomic Energy Authority, has said, “I fully support ITER because we have to do a burning [self-sustaining fusion] plasma. But commercial reactors will need to be smaller and cheaper.”27

NIF was supposed to cost $1.4 billion, but cost overruns took the total price tag to $4.1 billion.28 Rough plans for a successor to NIF wouldn’t need a bigger building, because of advances in laser technology, but would probably need to scale up the laser energy, and this adds to the cost. “That’s why the NIF laser is not viable,” First Light Fusion’s Nick Hawker told me, when we were discussing commercialization. “The NIF laser was over $1000 per joule of energy, and our gain machine is going to be between four and five dollars per joule of energy. Even at that price, it’s a problem.”

Of course, first-of-a-kind reactors have research and development costs that don’t apply to mature technologies. But star builders still think that capital costs will dominate commercial fusion reactors. “The actual fuel costs will be small,” Professor Sibylle Günter told me. She listed the two biggest costs as the initial investment for the device and buildings, and the maintenance of the plant. This could be a problem, as finding funding for capital intensive power plants, with payoffs over decades, isn’t easy. The UK government, for example, has struggled to find private financing for a mammoth three-thousand-megawatt fission plant at Hinkley Point in Somerset.

Here’s where the new star builders have a killer argument: if their machines work, they’ll be smaller and less capital intensive. “A small, modular device means more can be built off-site in a factory, and that’s a big factor to driving cost down,” Tokamak Energy’s CEO, Jonathan Carling, told me. Tokamak Energy has published academic research suggesting that the need for scale in tokamaks may be a false supposition. They hope that their spherical tokamaks can sidestep the need for ever bigger machines. The huge price drops that can be achieved with small modular devices is a well-known phenomenon—Moore’s Law, for microchips, is one famous example. Solar cells are another: they became more than three thousand times cheaper between 1956 and 2019. First Light Fusion is keeping costs down by relying on off-the-shelf technologies whenever possible.29

However, it’s a big “if.” What if we have to rely on government attempts to do fusion, which so far have utilized huge machines? There’s no doubt that the price tags for JET ($2.6 billion), NIF ($4.1 billion), and ITER ($22 billion) are high, but maybe that’s not intolerable. Those sums aren’t so different from the cost of the Large Hadron Collider at CERN ($5.3 billion), the Square Kilometre Array ($1 billion), and the most expensive big science project ever, the International Space Station ($120 billion). The next generation of particle collider will probably cost $25 billion. Even with their high price tags, these are all extremely worthwhile programs that will enhance our species’ existence. But while all will deliver new scientific knowledge, star builders would say that only the fusion machines are capable of delivering a new energy source. And a new energy source is desperately needed.30

When the costs of existing experimental reactors are spread over the world’s population, they’re minor. The going rate of around $10 billion is about the same as a US aircraft carrier. The first commercial reactor would be in the same ballpark, with subsequent reactors much cheaper. Compared to the USA’s total spend on energy of more than $1,000 billion each year, the cost of fusion reactors is small.31 It’s positively tiny compared to the cost of America’s war in Iraq, which is in the multiple thousands of billions.

But these are somewhat silly comparisons. It’s more sensible to ask whether funding for fusion is enough for it to happen on a reasonable timescale. It hasn’t been, at least historically—and we’ve known that for a long time.

In the 1970s, the US Energy Research and Development Administration put together estimates of how quickly fusion might be achieved under different levels of annual funding. They estimated that the minimum level of funding that would see commercialization of fusion ever happen was $2 billion per year. From 1976 to 2012, the average US level of funding for fusion energy sciences was roughly $0.6 billion per year for magnetic and laser fusion combined. That’s well under the minimum that it was thought might be required to ever reach a prototype fusion reactor, whether via tokamaks or giant lasers.32

Funding of around $0.6 billion per annum (which has also been the allocation in more recent years) may sound like a lot, but in 2018 it was only 0.1 percent of the US’s research and development budget and less than what big oil and gas firms spend individually per year on research and development.33

Worldwide, by far the largest fusion expenditure is on ITER, which has totaled around $1.7 billion per year over its long gestation period. Again, that sounds like a lot, but it’s only around a tenth of 1 percent of the global spend on research and development.

Moreover, it’s good to remember that 9 million people a year are dying from air pollution and 150,000 or so are already dying from climate change–related phenomena such as drought, floods, and fires. Fusion comes with risks because—despite what some star builders say—it’s impossible to know for certain whether it will ever be commercially viable. But the potential upsides of eliminating those unnecessary deaths seem worth it.

For context, consider the fact that the world spends roughly $20 billion per year on research into cancer, which is thought to be responsible for 10 million deaths a year.34 Cancer research today can probably translate into lives saved or improved much more quickly than fusion research (because the latter will only be helpful if it results in technology that is commercially viable), so it’s certainly not a perfect comparison. What the numbers do highlight, though, is that fusion is currently less well funded than you might expect given its potential.

People who complain that fusion is taking a long time should be aware that money is a large part of the reason. Investment is key to speeding up or slowing down progress. And we’ve known since the 1970s that investment levels in fusion are too low to make rapid progress. It’s not that net energy gain isn’t possible—it’s just that we haven’t wanted it badly enough. If we really want scientists to save the planet by building a star, someone’s going to have to pay for it.

The funding situation is changing. “Five years ago no one in government spoke about fusion,” Ian Chapman told me. “Now, when I go into the Treasury, people want to have discussions about it.” As he also noted, China has a much bigger appetite for risk and funding when it comes to fusion, and their plans suggest they may set the future pace of global research. As for the money from private investors that is now pouring into fusion, some of it is being directed toward projects with very long odds, but as star builder David Kingham put it, private sector fusion grows the pie. To make fusion deliver in time, it’s all going to be needed.

At the risk of getting ahead of ourselves, it’s interesting to speculate on how expensive fusion energy will be for consumers if and when it’s commercialized. To spotlight again Ian Chapman’s fifth challenge, an energy source that is perfect in every other way but is one hundred times more expensive than anything else isn’t going to achieve much in the way of market penetration. To compare the costs of different types of power, the LCOE (levelized cost of electricity) is often used. It’s calculated by comparing the costs of a power plant with the entire amount of energy that the plant will produce over its lifetime. It’s usually measured in dollars per amount of energy produced. For instance, based on a number of countries, the International Energy Agency estimates that a conventional coal power plant has an estimated LCOE of $24 per gigajoule (a gigajoule is a thousand megajoules). It’s a useful way to think about how expensive energy sources are.

It’s hard to know how expensive fusion energy will be because there are so many unanswered questions. Will fusion plants have different regulatory requirements from fission plants? How big will a plant be? How long will a reactor chamber last? How much downtime will there be? Any estimate of the cost of fusion has to make heroic assumptions to get to a number. A recent US Department of Energy report on the likely costs of nuclear technologies refrained from calculating an LCOE precisely because of this uncertainty—and even the LCOE values for established technologies are significantly different depending on the assumptions used. That’s not to say people haven’t tried, but any estimates should be taken with a grain of salt.

One of the best guides to the likely cost of fusion power is the cost of fission power. Fission power plants are a good comparison because they’re also a nuclear technology and would probably need a similar scale of facility—though the regulations for fusion are likely to be significantly less stringent than they are for fission. The cost of fission power is an upper bound for fusion given that the overall costs of fission include dealing with long-lived radioactive waste and risks like meltdown. What is similar between fission and fusion is that much of the expense is likely to be in the form of capital costs covering construction, commissioning, and financing (the fuel only makes up a small part of the LCOE for nuclear technologies). The International Energy Agency put the price of advanced nuclear fission reactors at $19 per gigajoule, cheaper than conventional coal.

As part of the designs for the prototype fusion power plants, DEMO for magnetic fusion and LIFE for inertial fusion, cost-of-electricity estimates were made. For a successor to DEMO, cost is reckoned at $21 to $45 per gigajoule. LIFE came in a bit lower, on the high end at $21 to $30 per gigajoule. Nick Hawker has published detailed estimates of cost ranges for his more modular machine that suggest $30 per gigajoule is likely but that as low as $7 per gigajoule could be possible.35 Twenty to thirty dollars per gigajoule isn’t too far away from the estimates for fission, so seems plausible. But, honestly, no one really knows. What we can say is that it’s unlikely that fusion will have an LCOE that is dramatically less than the LCOE of nuclear fission, unless star builders find a way to substantially shrink the size of the plant required, via new technologies such as smaller lasers or better superconducting magnets.36

What about other power sources?I The cheapest fossil fuel is the combined gas cycle turbine at $18 per gigajoule, but that cost doesn’t take into account the negative externalities of air pollution and carbon dioxide. The other fossil fuels are relatively expensive. The really interesting comparisons are with renewables; concentrating solar thermal (using mirrors to heat a liquid) is $34 per gigajoule, industrial-scale solar photovoltaic (panels) is $16, offshore wind is $24, and onshore wind is $14. Solar cells and onshore wind are already the most competitive forms of power generation, and fusion is unlikely to beat them on price.37

Fusion isn’t magic and it certainly won’t be free or too cheap to meter.38 It’s like Nick Hawker said: the problem with power generation isn’t cost, because wind and solar are already the cheapest power sources, and are likely to remain so. If we take the cost estimates seriously, then the price of fusion energy will be competitive, perhaps one of the lowest, but it’s unlikely to be the cheapest form of power.

What fusion can buy the world is carbon-free energy on the scale that we need, and at the rate of deployment that we need, for the period of time that we need, in order to save the planet.

I. The quoted figures are medians for a range of countries as estimated by the International Energy Agency with a discount rate of 7 percent. The order of prices given is similar to the order of prices for electricity given by the US Energy Information Administration.




EPILOGUE CAN WE AFFORD NOT TO DO FUSION?


“Thermonuclear energy will be ready when it becomes necessary for humanity.”

—Lev Artsimovich, head of the Soviet Fusion Program, 1951–19731



Life on Earth is robust but fragile. It’s robust because life has been going on for at least 3 billion years. It’s fragile because most species that have ever existed have gone extinct. When I think about the planet’s most successful species, I don’t think about humans. I think about crocodiles and coelacanths.

Crocodiles have racked up 85 million years as a species. But even hardy crocodiles are novices compared to another species that has persisted for 400 million years. The coelacanth is a lobe-finned fish species that was thought to have died out 66 million years ago. Apparently, no one told the coelacanths this because, in the 1930s, one was caught by a fishing boat. Far from going extinct, they’ve survived four of Earth’s five mass extinctions over their incredible run (you can see the 66-million-year-old fossil of a coelacanth next to a twentieth-century specimen preserved in formaldehyde in London’s Natural History Museum). In our current form as Homo sapiens, we’ve only been around for a few hundred thousand years. We need to start playing the long game when it comes to our own survival. We need to be more coelacanth.2

Mass extinctions and global catastrophes do happen. All too recently, we’ve seen how a pandemic can leave death and economic ruin in its wake, and how unpreparedness can amplify its worst effects. But the Earth as a whole isn’t safe from other terrors. Three of the biggest existential threats we face are asteroid or comet impact; massive volcanic eruptions, called super-eruptions; and—unique to us—runaway human-caused climate change.

An asteroid about eight miles wide is probably responsible for wiping out the dinosaurs and 75 percent of all other species at the time. The dinosaurs reigned for more than 100 million years, so they weren’t too shoddy in the survival stakes either. In 1908, we got a tiny, frightening taste of this kind of event when an asteroid that was at most a few hundred meters wide disintegrated above Siberia and destroyed more than 2,000 square kilometers (approximately 772 square miles) of forest. The chances of an asteroid or comet big enough to kill most of the world’s population smashing into Earth are around one in ten thousand per century. Super-eruptions are more likely and would affect at least half the planet and probably all of it, raining down ash over entire continents.3

The aftermath of these extinction-scale events would be enormous climate change. Dust and earth from asteroid impacts or volcanic eruptions could block out part of the Sun’s light, producing a cooling effect and making it harder to grow food or use solar energy.

What can we do to prepare for these rare but world-changing disasters? Having a source of energy that can keep going despite sweeping and adverse changes in climate seems like a good precaution. As we know, fossil fuels will run out before too long. And renewables that rely on large areas of land are susceptible to environmental changes. Fission could be one solution. Star power is another: the fuels are (relatively) common—deuterium is found in all the world’s oceans while lithium is found on all the world’s inhabited continents—and in any case not that much of either is needed.

This may all sound scary. It is. But it’s also prudent to think about in the long run. We know that these events can happen. On long enough timescales, they’re almost certain to. Personally, I’d like humanity to thrive far into the future. The choices we make today have enormous consequences for future generations. Star builders say that using a fraction of world research budgets to perfect fusion energy is a small price to pay for a disaster-resilient power source.

Of course, there are reasons beyond just saving our skin to want to see fusion achieved.

The pursuit of fusion has led to scientific discoveries that are among the most extreme and surprising of any field. Think for a second about plasmas. Understanding them is key for fusion, yes, but every plasma discovery also gives us a better understanding of 99 percent of the visible universe. Plasmas are one of the most dramatic examples of how “more is different”: while we might understand the behaviors of the individual components—nuclei and electrons—something changes when they’re combined in large numbers and complexity emerges out of simplicity.4 Understanding these rich phenomena can be its own reward, as with so many other topics in science. Even if the study of plasmas wasn’t worth it for the joy of discovery alone, their emergent complexity holds practical lessons for other subjects, like economics, where people’s interactions are also different from the sum of their parts.I5

A growing understanding of plasmas has led to more practical applications too, like cleaning surgical equipment or, quite literally, growing diamonds.6 Also, using lasers and plasmas together has resulted in new and better ways to fight cancer: lasers can be used to accelerate protons in a plasma to very high energies, and those protons can more accurately target cancerous cells than, for example, X-rays.7

Machines like NIF are doing incredible science in addition to the experiments on inertial fusion energy and stockpile stewardship. NIF has been used to re-create the conditions in the core of stars that have ten times the mass of the Sun, leading to better estimates of their rate of fusion reactions.8 NIF experiments have taken us elsewhere in space too. Shortly before his death at the age of ninety-five, Livermore founder Edward Teller told scientists there that what he wanted for his one hundredth birthday was to get “excellent predictions—calculations and experiments—about the interiors of the planets.”9 The strides forward came too late for Teller, who passed away in 2003, but since NIF opened, Livermore’s scientists have managed to re-create the huge pressures of the interiors of gas giants like Jupiter and Saturn, albeit on a tiny scale. In the experiments, NIF’s laser beams were used to compress liquid deuterium to 6 million times Earth pressure and to a temperature of a few thousand degrees. As the pressure increased, usually transparent deuterium liquid first became opaque and then, most remarkably and bizarrely of all, turned into a shiny metal. It is like squeezing your coffee cup and finding that it has turned into a plate.10

The engineering challenges that star builders like Professor Ian Chapman are solving en route to commercializing fusion have industrial spin-offs. Culham’s remote handling robots can be used in many situations that require dexterity but aren’t safe for humans to enter. Also, developing resilient fusion reactors is pushing engineers to create new materials suitable for extremes.11 Lawrence Livermore has filed a host of patents based on what they’ve had to invent to make NIF work. As happened with research into crewed space flight, fusion research is driving innovation beyond its own needs.

The scientific and industrial reasons to pursue fusion, good as they are, aren’t the most bold or ambitious arguments to perfect the power source of stars though. There’s a reason to achieve fusion that speaks even more loudly to our existence as a species—which is that we could spread our wings and explore the universe.

Venturing farther into space sounds like a wild dream, and it is, for now. But we’ve been to the Moon. We’ve landed an un-crewed spacecraft on an asteroid. We’ve sent probes outside of the solar system. Before too long, we may send a crewed mission to Mars. What person doesn’t want to open the next door and see what’s waiting for us in the rest of the universe?

The only way we’ll travel to the universe beyond our celestial backyard is with plasma physics and nuclear fusion. Fusion rockets are humanity’s best hope for traveling across the vast distances of space.

Rocket science has a reputation for being complicated, but it all boils down to two simple ideas. The first is this: if you expel stuff in one direction, you’ll travel in the other direction. The second relates to how much force can be created. That’s determined by how much mass is being expelled, and how quickly it’s being expelled. Rockets expel a lot of mass quickly to get into orbit. But there’s a problem with expelling lots of mass; you have to carry the mass with you until it’s expelled. The more force you need, the more mass you have to carry, which increases the force you need, and so on. To avoid this problem, propulsion methods that work in space won’t be able to rely on expelling lots of mass; instead they’ll need to maximize the speed of the mass being expelled (and to expel only a little mass).

You can probably guess why fusion is a good choice for the hasty space traveler. Fusion can create enormous exhaust speeds with only small amounts of mass because of its high energy density. While the best chemical rockets can achieve exhaust speeds of 4.5 kilometers (about 2.8 miles) per second, and nuclear fission might reach 8.5 kilometers per second, a working nuclear fusion reactor could potentially produce exhaust speeds of hundreds to thousands of kilometers per second.12

Sticking a fusion reactor on a spacecraft is, surprisingly, not the only fusion-spacecraft option out there. Project Orion was part of Edward Teller’s “Plowshare” program to turn nuclear weapons to peaceful purposesII and was co-led by physicist Freeman Dyson.13 It looked at chucking exploding hydrogen bombs out of the back end of a spacecraft to cause it to accelerate in the other direction. The scheme isn’t quite as insane as it may seem, and Dyson himself estimated that it could produce exhaust speeds of one thousand to ten thousand kilometers (approximately six hundred to six thousand miles) per second. Apart from this approach to fusion-powered space travel posing significant proliferation and safety risks, tests of pulsed nuclear explosion rockets are effectively banned by international treaties—so it seems much more sensible to use controlled fusion reactors to achieve similar ends. However fusion-powered rockets are ultimately achieved, research into fusion for energy will aid their development.14

Anyway, developing fusion propulsion isn’t just about exploring the universe; fusion rockets could also help us prevent planetary-scale extinction of life from happening in the first place. The major challenge in preventing a humanity-killing asteroid or comet is detecting and reaching it early enough so that mitigating action—such as steering it out of the way—can be taken. Giving an asteroid a small push early on is as effective as a big push later on. Fusion-powered rockets could travel through space faster than conventional rockets, buying us more time to take action. And in the catastrophic event that we couldn’t save the Earth, the ability to travel to a new home would be the ultimate insurance policy for humanity.

Nuclear fusion reactor–powered spacecraft bring space travel within reach. They’d cut down the time it takes to get to Mars significantly, making it possible to do round-trips within a year. They could even allow us to travel outside of the solar system. The closest star system outside of our own is centered on Proxima Centauri, a red dwarf star four light-years away—that is, it takes light four years to make the journey from Proxima Centauri to Earth. Proxima Centauri has a habitable zone, a region where—in principle—life could exist. Within that habitable zone sits Proxima Centauri B, the closest exo-planet to Earth. While it’s highly unlikely that Proxima Centauri B is habitable, we don’t yet know. With a fusion rocket, a trip to Proxima Centauri B would be possible in under forty years, a remarkably short time.15

I began this book with a crazy idea—to create a slice of star matter and do nuclear fusion reactions in it to produce energy. The scientists, entrepreneurs, and governments that have pursued this goal aren’t so crazy though. The scientists are some of the best there are. Some whom we’ve met are trusted with stewardship of the United States’ nuclear arsenal; they really know what they’re doing when it comes to nuclear physics. Others, like Professor Ian Chapman at Culham, have won multiple awards for the quality of their research. The entrepreneurs in the race to build a star are daring and ambitious, raising amounts that most start-ups can only dream of and making decades’ worth of progress in fusion in just a few years. The governments funding fusion are leading the richest countries, and represent a majority of the world’s population.

Their motivations don’t seem crazy either. We’re causing an unprecedented change in our environment, and it’s mostly driven by our use of energy. But our use of energy has improved life in ways that would have seemed impossible to our forebears. Reducing energy demand enough to stop climate change seems impractical; if anything, we’re likely to need more energy, not less. We have technologies to get us partway there—most notably, solar and wind power, and fission too, where it’s accepted. But they won’t get us the whole way. Those pursuing this apparently crazy idea say that we can have it both ways: we can improve quality of life for many more people and protect the environment at the same time. Fusion could deliver CO2-free energy at scale and is likely to be one of the safest power sources, if not the safest, ever devised. Climate change aside, we need new sources of energy because our primary sources of energy, fossil fuels, are dwindling. The ingredients of even the most basic form of fusion, with deuterium and tritium, could last us around 33 million years. It’s not as long as the coelacanths have been swimming around, but it’s a damn good start. And those 33 million years would surely buy us enough time to figure out how to do fusion reactions that use even longer-lasting fuel.

Even if you believe that fusion could save the planet, you might not be convinced that it’s possible to make it work. And yet nature tells us not only that fusion can happen, but that it’s by far the universe’s most ubiquitous power source—the one that lights each and every day on Earth, and maps the heavens at night. The universe’s visible matter began with nuclear fusion, and stars end with it when they go supernova. We couldn’t exist without the atoms in our bodies being forged by it. Fusion is everywhere, so, star builders say, why not on Earth too? As a species, we’ve already harnessed controlled fission (in today’s nuclear plants), and both uncontrolled fission and fusion in nuclear weapons. Is it really so crazy to think that we might be able to harness controlled fusion too?

Star builders say “no!” and the machines that they’ve built have come very close to demonstrating that scientifically with net energy gain. Magnetic confinement fusion has reached 67 percent of gain in fusion power, inertial confinement fusion 3 percent in energy. More important, we know from pen-and-paper physics that net energy gain from fusion is possible. Experimental evidence strongly suggests that inertial confinement fusion will produce net energy gain with a big enough laser. The conditions for self-sustaining nuclear fusion, or ignition, are close, and there have been millionfold improvements toward them since the first fusion machines were built. That progress has taken a long time, and now entrepreneurs are challenging the slow-moving government laboratories, pushing progress to become faster, cheaper, and more commercially viable. While there is not complete agreement on how, and the when will depend on money and luck, star builders all say that net energy gain is coming.

Star builders are now looking beyond net energy gain, and setting their sights on putting fusion energy on the grid. Huge engineering and commercial challenges remain. Entire plants must first produce more energy than they use (every day, and not just in individual experiments). Fusion energy must be extracted and turned into electricity in a safe and sustainable way. And fusion energy must be both widely available and affordable. To go from no fusion power to significant fusion power is a change on a scale that is difficult to appreciate, requiring thousands of plants to be constructed all over the world. But many star builders won’t think they’ve really succeeded unless fusion is delivered quickly enough, and on big enough scales, to help the planet avert a climate catastrophe that—right now—is coming toward us like a juggernaut.

It’s been a long wait to get even this far in the race to power the planet, but it’s worth asking two questions: Is progress being made? And is the destination worth it? My star-building adventure has convinced me that the answer to both of those questions is absolutely yes. Given the potential benefits, it seems clear that we can’t afford not to do fusion.

And if we do forge ahead, it seems highly likely that, many centuries from now, if we’re still here at all, we’ll be enjoying clean energy—indirectly, from solar power, and directly, from star machines.

Just how close that fusion-powered future is will depend on how much we want—no, need—it to work. And the people I’ve met on this adventure say that, ultimately, we will need it: because fusion is the only power source that can take us to the stars.

I. One of the equations at the heart of plasma physics, the Fokker-Planck equation, has recently made its way into macroeconomic models.

II. Named after the passage in the Bible: “and they shall beat their swords into plowshares.” Isaiah 2:3–4.
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