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Nuclear fusion: Can the stellarator unleash the power? New Scientist 30 January 2016 For 50 years we've been trying to harness the process that powers the sun, with little progress. A new breed of leaner, meaner reactor could be the answer WINTER is uncompromising on the plains of north-east Germany. Today a keen wind is blowing in unchecked from the Baltic, and ears are hidden beneath woolly hats. But there is also a brightness in the air, and a cheek-tingling warmth. The sun is out. An orb of burning gas 150 million kilometres away is doing its business. How we would love to bring that searing power a little closer to home. Harnessing nuclear fusion, the process that fuels the sun, would mean practically limitless, carbon-free energy – no small deal in a warming world. Trouble is, we have been pursuing this dream for five decades or more. Always, it has seemed another five decades away. Our technology simply does not allow us to reliably command the stars. This sunny December day on Germany’s Baltic coast could mark a decisive step towards changing that. The switch is being flipped on the Wendelstein 7-X stellarator – a machine you could definitely describe as the world’s most powerful microwave oven, and perhaps the future of its energy supply, too. Housed at the Max Planck Institute for Plasma Physics on the outskirts of Greifswald, Wendelstein 7-X is not the largest, furthest advanced or best funded attempt to build a nuclear fusion reactor. Those accolades all belong to the International under construction in the south of France. But ITER is beset by delays, cost overruns and even doubts about whether it’s the right design for the job. A new bloom of alternative fusion projects, the biggest of which is Wendelstein 7-X, is now providing some competition. Can they finally ignite success? It’s not difficult to grasp the “why?” of nuclear fusion. The amount of energy the sun beats down on Earth each year far exceeds all the energy of known and suspected fossil-fuel resources on Earth. But the “how?” has always been a little more problematic – with good reason. “Until about 70 years ago people didn’t even really know how the sun shined continuously all day long,” says physicist Robert Wolf of the Griefswald Institute. We do now know the basics. Stars like the sun consist largely of hydrogen gas that fuses to make helium, an atomic rearrangement that releases a vast amount of energy. The first difficulty is that hydrogen atoms don’t like being fused. Within the sun, it takes temperatures of 15 million °C and pressures over a 100 billion times those at Earth’s surface. That’s a combination we can’t hope to mimic on Earth – so we don’t try. Hydrogen has two heavier, more readily interacting isotopes, deuterium and tritium. These will fuse into helium at just a couple of times atmospheric pressure, with one gram of deuterium-tritium fuel yielding the combustion heat of over 10 tonnes of coal. The catch is this reaction requires even hotter conditions: around 100 million °C. At such searing temperatures, deuterium and tritium exist not as atoms, but as an ionised, charged “plasma” of atomic nuclei stripped of their electrons. No conceivable reactor material can withstand the heat of this plasma, so it must be confined by other means. Most commonly magnetic fields are used, although other methods have been tried (see “Driven by inertia“). Charged particles move along magnetic field lines, so weave the right shape of magnetic field around a plasma and you can stop its particles escaping and melting the reactor sides – in theory, at least. In practice, currents within the plasma tend to create their own magnetic fields, making it highly unstable. Creating, containing and sustaining a plasma to ignite fusion for any length of time has been the central frustration of fusion for the past 50 years. ITER – the acronym is Latin for “the way” – should show the way forward. It represents the combined response of 35 nations hoping to make fusion commercially viable within the next 20 years. Preparatory work began on the project in 1998, with construction of the 15-storey-high, hangar-sized reactor building at SaintPaul-lès-Durance in Provence starting in 2010. ITER had a predecessor, the Joint European Torus (JET), that still operates at the Culham Centre for Fusion Energy near Oxford, UK. JET, inaugurated in 1983, can keep a plasma stable for seconds at a time, enough for fusion ignition but not “breakeven” – the crucial point of creating more energy than is used to fire up the reactor. The plan for ITER is to maintain fusion conditions for minutes at a time, and produce 10 times as



much energy as was put in. If all goes smoothly, an even larger follow-up reactor, called DEMO, will actually produce electricity sometime in the 2030s. But not all is going smoothly. In 2008, the date of ITER’s first plasma was set for 2017. By 2010, it was 2020. Now it is unlikely to happen before 2025, with breakeven a few years after that, says Steven Cowley, director of JET and a member of the ITER collaboration. The latest meeting of ITER’s ruling council in November last year postponed any statement on progress until June this year. Meanwhile, the project’s costs have spiralled from $5 billion to over $21 billion. Fig.1



Rumbles of discontent are becoming loud. Committees in both the UK parliament and the US Congress have begun to question whether fusion research offers value for money. China, meanwhile, a collaborator on ITER, seems increasingly intent on going it alone, with plans to build its own experimental fusion reactor by 2030. Wendelstein 7-X is intended to offer an alternative way. ITER and JET are both tokamaks, devices that contain the fusion plasma within a doughnut shaped vessel surrounded by huge supercooled, superconducting magnets. Wendelstein 7-X is, by contrast, a stellarator – basically a doughnut-shaped device surrounded by huge supercooled, superconducting magnets. There is a crucial difference. Whereas magnetic fields in a tokamak have to be generated both inside and outside the plasma for stable operation, in a stellarator both the reactor doughnut and the surrounding magnetic fields have a complex, asymmetric design to ensure that every particle, wherever it is in the plasma, experiences the same force(see diagram). At least in supercomputer simulations of the reactor, this allows for continuous, stable operation indefinitely – a great boon for a commercial device. “The advantage of the stellarator is you switch it on and it operates,” says Remmelt Haange of ITER, who has worked on both that reactor and the Wendelstein 7-X device. A flash of light lasting about a tenth of a second on 10 December was the first hint that it might actually work, as a helium plasma was injected into the Wendelstein device and heated to 1 million °C, using an unprecedented microwave equivalent of 2000 kitchen ovens. Pending the results of further tests over the past few weeks, the plan is to ignite the first hydrogen plasma at a ceremony this coming week, on 3 February. The aim over the next few years is to build up to maintain stable fusion conditions for about half an hour. If that works, another, bigger machine will produce 3 gigawatts of thermal power, and about 1 gigawatt of electricity – about the same as a medium-size coal-fired power station.



As is the way in fusion research, it’s a long, slow road – but Thomas Sunn Pedersen at Wendelstein 7-X is convinced the stellarator is the best way forward for fusion. “I personally think the chances are high, that’s why I work here,” he says. “But we’re nowhere near showing that’s more than a belief.” Hopefully the evidence should be there by the mid-2020s, around the time ITER is due to start up. “The timescales fit rather well,” says Wolf. “If ITER then produces net energy gain, we can answer the question of how to proceed.” David Campbell at ITER thinks that if things get that far, it won’t be an easy decision. “It’s not a simple shoot-out. You’ll be balancing the physics advantages of the stellarator against the engineering advantages of the tokamak,” he says. But with both ITER and Wendelstein 7-X mere stepping stones towards a commercial fusion reactor, viable fusion is still decades in the future. Could there be a quicker way? Dennis Whyte of the Plasma Science and Fusion Center at the Massachusetts Institute of Technology thinks so. “The fusion scientific community really wants to see ITER succeed, but on a reasonable timeline,” he says. With an eye on that “reasonable”, in 2014 Whyte and his colleagues proposed a “smaller and sooner” tokamak one-tenth the size of ITER which, they claim, could reach breakeven before it. The secret lies in advances made in superconductors since both ITER and Wendelstein 7-X were conceived. ITER needs the world’s largest liquid helium plant to cool its superconducting magnets, which are made out of a niobium-tin alloy. Whyte’s ARC device – standing for “affordable, robust, compact” – will have new, commercially available high-temperature superconductors for its magnetic coils, made of barium copper oxide plus a rare earth metal. These require only much cheaper nitrogen cooling. Otherwise, it’s largely the same tried-and-tested technology. “We are not reinventing the wheel when it comes to the basic science of plasma confinement and stability,” says Whyte. Even so, Whyte estimates a first device capable of producing 200 megawatts of electricity will cost something like $5 billion and take five years to build. Fig.2.



Whyte is not the only one to think this way. Tokamak Energy is a commercial company exploiting technology pioneered at the Culham Centre, and plans to use the new superconductors to build a spherical tokamak. Similar in conception to ARC, this design squishes the tokamak’s conventional doughnut geometry into a sphere with a narrow hole running down the middle, a shape rather like a cored apple. The goal is to make a 180-megawatt reactor small enough to fit in a living room, says David Kingham from the company. “We are aiming for fusion energy gain in five years, first electricity in 10 years and commercial deployment in 15 years,” he says – for a total cost of around £2 billion. Others are less confident these “small fusion” projects will succeed. Campbell points out that it took almost 20 years for the superconductors selected for ITER to reach a point where they could be made into large,



high-quality magnets. Per Helander, head of theory for Wendelstein 7-X, worries that any significantly smaller geometry will have much higher heat flows than either ITER or Wendelstein 7-X, where they are already one-fifth the flux at the sun’s surface. “I think it can be done, but it makes it more complicated,” he says. “I’m rather sceptical, but I think it’s good that these projects exist.” Fig.3.



The general feeling is that, for a problem as complex as nuclear fusion – and one with such a potentially huge payoff – more competition can only be a good thing. Certainly Haange is wishing Wendelstein 7-X well. “The machine looks fantastic, it’s a pleasure to see it up and running,” he says. “It’s like diesel and petrol engines – they are different principles, but it’s useful to have both in the end.” Perhaps the race for nuclear fusion is finally about to ignite. Questions:



Fig.4.



1. Use Fig.4. to write the overall nuclear reaction that takes place in the stars. 2. What are the conditions required to make this reaction possible? 3. Use Fig.2. to write the nuclear reactions that would enable the creation of star power starting in a reactor on Earth from deuterium and lithium. 4. What are the benefits of nuclear fusion compared with the other sources of energy? 5. What are the techniques currently developed to enable this reaction in a reactor on Earth? 6. Prove that 40 litres of seawater containing 0.015 % of deuterium and 5 grams of lithium can create as much energy as the combustion of 40 tonnes of coal. Fig.3. Data:







m( !!𝐻𝑒)=4.002602 u m( !!𝑛)=1.008665 u m( !!𝑇)=3.016049 u m( !!𝐷)=2.014103 u The atomic mass unit u is approximately the mass of one nucleon (either a single proton or neutron) and is numerically equivalent to 1 g/mol. It is defined as one twelfth of the mass of an unbound neutral atom of carbon-12 in its nuclear and electronic ground state and has a value of 1.660539×10-27 kg. The heating value of coal (anthracite) is 30080 kJ.kg-1.
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