

[image: cover]




For Alice




[image: cover]




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, recreating 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 five million lines of computer code running the show. In front of us, screens cover the wall. Bruno sees me look at the colour-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 coloured map of the laser system. Messages sent out over the public address system instructed people to ‘leave laser bay one now, I repeat …’ and, later, to ‘leave laser bay two’. 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 Plexiglass. One, a man in his mid-thirties with stubble, paces up and down. It’s his experiment and, given that the typical target costs between $100,000 and $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 400 megajoules of energy, equivalent to lighting 400 sticks of dynamite.


The shot director begins the count down, ‘Ten … nine …’ and the smaller rectangles on the big screens begin to flip from greys 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 grey. But the countdown continues: ‘five … four … three … two … one … SHOT!’


In the cable-choked master oscillator room behind me, a short beam of infra-red light is created. It’s just six-metres long, equivalent to flipping a light switch on for twenty nano-seconds. 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 metre.


The fledgling beam is split into two sets of twenty-four smaller beams by precisely engineered optics. Each set travels down optic fibres to two bays of amplifiers that run almost the length of the building. There, the beams get a ten 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 travelling 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 7000 xenon flashlamps. The lamps are similar to those used by photographers, except here, where extremes are common, they’re stacked two metres 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 infra-red laser beams sweep through the glass, the excited atoms relax, firing out their own infra-red 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 four million billion times over. Of the 400 megajoules in the capacitors, less than 1 per cent makes it into the laser beam; nevertheless, these 192 infra-red 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-kilometre trip nearing its end. Each beam passes through two giant slabs of crystal. The first changes the colour of the incoming laser light, converting much of the infra-red to a vibrant green. The two colours pass through a second slab of crystal where they mix like paint to make a third colour of light. This new beam is packed with high energy ultra-violet photons that are beyond our visual range.


The beams enter the target chamber, a ten-metre radius sphere of ten centimetre-thick aluminium panels rounded off with thirty centimetres 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 centre of the chamber. The 192 laser beams are aimed at its ends, ninety-six on each, to a precision of fifty millionths of a metre. This level of precision is like trying to hit a dartboard’s bullseye from a kilometre away. The gold cylinder is nine millimetres long and chilled to an incredible nineteen 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 nano-seconds could change the world.


In the first eight nano-seconds, the beams pack so much energy into the cylinder’s walls that the gold atoms are ripped apart. The ionised 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 nano-seconds in, they reach a capsule at its centre. 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 per cent the height of Mount Everest. Making a sphere so small and so perfect took hours of dextrous 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 vaporise 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 vaporisation 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 kilometres per second (800,000 miles per hour).


The solid layer of hydrogen and its gassy centre 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 football 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 two hundred kilograms.


In the capsule’s gas centre, 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 each other 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, with another particle ejected in the process. The fusion-released energy manifests in the frenzied speeds of the products of the reaction; each helium nucleus rushes out at thirteen million metres per second. As the outgoing helium 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 nano-seconds after the lasers have entered the cylinder, in excess of ten 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 millimetres across as hot and as high-pressure as the Sun’s core fusing in the centre of a ten-metre 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 nano-second.


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 recreate a star exactly, but to recreate 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 per cent being breakeven and greater than 100 per cent being net energy gain.


But getting to 100 per cent, as much energy out as in, is an enormous scientific and technical challenge. No one has yet done it. But 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 optimisation 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 metres. Making the leap from flying 250 metres 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 3000 per cent (thirty times energy out for energy in), or even 10,000 per cent (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 recreate 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 favourite 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 or 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 life-long 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 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 co-founder Paul Allen.14 Goldman Sachs has ploughed 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 photoshoot 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 programmes.


The British PM may have joked that fusion was taking longer than expected, but his speech also announced an additional £200 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 50 per cent 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 ONE


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 ageing 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’d walked along Livermore’s winding paths to get to my meeting with Mark in the NIF visitors’ centre, 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 coloured visitor centre 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 greying 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, had 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, 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 characterises Livermore’s portfolio: Dr Omar Hurricane, NIF’s chief scientist. You’d be forgiven for thinking that he is 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 favour of an inertial confinement fusion job at Lawrence Livermore.


‘I got hired into the weapons programme 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 any more? That led to the stockpile stewardship programme, my generation.’ He was involved in extending the lifetime of the W87, a thermonuclear bomb that is used in inter-continental 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 programme, “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 arms-length civil service organisation 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 pretence. 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 1500-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 a Portakabin 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 ground-breaking contributions to science, to running the world’s most successful fusion experiment in less than a decade. Given his inexperience, his appointment was described by some as a risk.2


‘It’s a risk in that I didn’t have decades of experience running big organisations with thousands of people. Conversely, had you appointed someone who knew how to organise 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 20th 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-emphasising 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 thirteen million dollars 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 1.0-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 bonnet?” 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 has 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 2000 Kelvin, which is 300 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 2000 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 towards reality. He’s young, having founded First Light Fusion 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 colour 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 organisation 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 seven mega ampere (twenty-five 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 in the 2020s. 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 be first, Ian Chapman believes that the new competition is essential and inevitable: ‘I’m very supportive of all of their endeavours, 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 1100 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 beginning 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.’
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