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Introduction


‘Can nature possibly be so absurd as it seemed to us in these atomic experiments?’


This is the question that physicist Werner Heisenberg discussed late into the night with his mentor Niels Bohr during the 1920s, when they were writing the rulebook for a whole new way of understanding the world.


The quantum world they were uncovering is seriously bizarre: it is a world where things can exist in two places at once and become inexplicably linked, no matter how far apart they are. In the realm of atoms, electron and particles of light, objects seem to change their behaviour when they are being watched. Surely this couldn’t be real, pondered Heisenberg.


Today, after almost a century of intense research, we know the answer to Heisenberg’s question. In the microscopic world of atoms and their constituents, our common-sense understanding of reality breaks down and different rules apply. Quantum mechanics has never failed an experimental test.


In this New Scientist Instant Expert guide we take you on a tour of this weird world and the fascinating characters who uncovered it. They include Albert Einstein, who hated the idea of the ‘spooky action at a distance’ of quantum mechanics, and Erwin Schrödinger, who devised his famous cat thought experiment to demonstrate the absurdity of this bizarre place.


What does this all mean? Do things only become real when they are observed? Are new universes spawned every time we make a measurement? What does this mean for the bedrock of reality?


As well as these mind-bending questions, quantum mechanics has given us many practical technologies: lasers, nuclear reactors and the transistors that underlie computers and all digital technology. In the future, it promises much more: computers more powerful than any built before, the ability to communicate with absolute privacy, and even quantum teleportation.


This guide also explores the role quantum mechanics plays in biology. Has evolution taken advantage of quantum weirdness in designing the biochemistry of life, from birds’ navigation systems to the photosynthesis of plants?


Ideas from quantum mechanics are even beginning to percolate out into the vast scale of the cosmos. Many physicists think that combining it with Einstein’s general theory of relativity will reveal a new understanding of the Big Bang and the nature of space and time.


This guide gathers together the thoughts of leading physicists and the best of New Scientist magazine to bring you up to date with the past, present and future of the quantum world, its applications and intriguing implications.


Alison George, Editor-in-Chief, Instant Expert guides
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Welcome to the weird


The discovery of the quantum world was kick-started by what its originator called ‘an act of desperation’ at the end of the nineteenth century. This chapter describes how this new field of physics arose and developed.


 


How the quantum world was uncovered


As a young student, the German physicist Max Planck (1858–1947) had been told by his university professor that, in physics, ‘almost everything is already discovered and all that remains is to fill a few holes’. When, in his forties, Planck (see Figure 1.1) decided to tackle one of these minor problems, in the process he inadvertently gave rise to a revolutionary new field of physics.


The problem that Planck investigated was the radiation released by a black body – a perfect absorber and radiator of energy – that defied explanation by the existing laws of physics (see ‘The laws of classical physics’ below). No matter how hot they became, black bodies emitted almost no ultraviolet light.
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FIGURE 1.1   Max Planck, the originator of quantum theory, which revolutionized our understanding of atomic and subatomic processes


In 1900 Planck announced his solution to this ‘ultraviolet catastrophe’: instead of being continuous, energy comes in discrete little packages, which he called quanta. But Planck had no idea why energy should be like this – which is why he called his solution an act of desperation. He had no experimental proof, just a mathematical formula. No one, least of all Planck, appreciated what a radical discovery it was.


That began to change when, five years later, a 25-year-old unknown called Albert Einstein (1879–1955) (see Figure 1.2) proposed an even more revolutionary idea. He was working on the photoelectric effect, the phenomenon whereby electrons are released from metals by certain frequencies of light, regardless of the light’s intensity. He argued that, if energy could be transmitted in discrete packets, then so, too, could light. He proposed that light, rather than being a continuous wave, is made up of a stream of little ‘atoms’ called photons. Although he is best known for his theory of relativity, Einstein called his 1905 paper in which he proposed the concept of a photon his ‘only revolutionary one’.


The traditional understanding of light and energy was beginning to fall apart. A further breakthrough came from Einstein’s Danish contemporary Niels Bohr (1885–1962), who was struggling with the fact that, according to the classical laws of physics, atoms should not exist. Inside the atom, negatively charged electrons whizz around a positively charged nucleus, but, in theory, these electrons would lose energy and ultimately spiral into the nucleus. The stability of matter was impossible.


Bohr resolved this by proposing that electrons move around in discrete orbits and cannot exist between these two orbits. If they jump between two orbits, they emit photons. His calculations of the frequencies of these photons agreed perfectly with the data from experiments at that time. This was another confirmation that light is emitted in small packets whose energy matches the energy difference between these two levels of electrons.
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FIGURE 1.2   Albert Einstein in 1904; his work on the photoelectric effect led him to propose the concept of the photon.




The laws of classical physics


The English scientist Isaac Newton (1643–1727) imagined the universe to be like a giant clockwork machine running according to his immutable laws of motion, devised in the 1680s. Once the initial conditions have been set, the universe evolves deterministically.


The laws of classical Newtonian physics were subject to many tests during the eighteenth and nineteenth centuries. They provide such an accurate description of events at the macro level, from the motion of billiard balls to the movement of planets, that the Nobel prize-winning physicist Albert Michelson (1852–1931) famously wrote in 1903 that ‘the more important fundamental laws and facts of physical science…are so firmly established that the possibility of their ever being supplanted in consequence of new discoveries is exceedingly remote’.


Quantum physics, however, has changed this picture in the most dramatic way. In quantum physics the notion of chance enters at a fundamental level. When a quantum particle, such as a particle of light – a photon – encounters a piece of glass, such as your window, it seems to behave randomly. There is a chance that it will go through, but there is also a chance that it will be reflected. As far as we can tell, there is nothing in the universe that determines which alternative will happen at any given time.





Then something even more surprising happened, thanks to French physicist and aristocrat Louis de Broglie (1892–1987) (see Figure 1.3). If light waves are also particles, he argued, then why not think about nature in a unified way, and suppose that atoms and electrons are also wavelike? Building on Einstein’s photon equations, he showed that electron ‘particles’ also behave as ‘waves’.
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FIGURE 1.3   Louis de Broglie, who showed that electron ‘particles’ also behave as ‘waves’


Einstein loved this revolutionary idea but, at that time, it was just a hypothesis. De Broglie had no experimental evidence. However, his work gave huge momentum to new research. Soon, experiments on electrons and helium atoms confirmed that they really do behave like waves – they scatter and create interference patterns when they pass through a grating in the same way as water would (see Figure 2.1). Despite defying our common-sense notions, wave–particle duality became accepted as reality.


In 1927 Werner Heisenberg (1901–76), one of Bohr’s most brilliant students, realized that one of the consequences of wave–particle duality was that it put a fundamental limit to how much information we could ever know about a physical system. The more precisely we measure a particle’s location, the less we can know about its momentum. This uncertainty is nothing to do with the practical challenge of making measurements at the scale of photons and electrons – it is a fundamental feature of the universe. Heisenberg showed that, in the quantum world, objects do not have separate properties of momentum and position as they do in our everyday world. They have a mixture of the two, which can never be completely separated. Even today, Heisenberg’s uncertainty principle remains one of quantum theory’s most unsettling predictions.




Bohr and Heisenberg


Some middle-aged men have trains in their attics. Niels Bohr had Werner Heisenberg. In the winter of 1926–7, the brilliant young German was working as Bohr’s chief assistant, billeted in a garret at the top of the Bohr’s Copenhagen institute. After a day’s work, Bohr would come up to Heisenberg’s eyrie to chew the quantum fat. They often sat up late into the night, in intense debate over the meaning of the new, revolutionary quantum theory.





An equally unsettling proposition came at around the same time from the Austrian physicist Erwin Schrödinger (1887–1961). In 1925, after giving a talk, he was asked by one of the audience: ‘You keep talking about electrons and atoms being waves but shouldn’t they obey a wave equation? You never mentioned a wave equation in your talk.’ That equation did not yet exist. So Schrödinger went away skiing over the weekend and came back with that equation – now known as the Schrödinger equation – describing how a quantum system changes with time. The kind of equation to describe the behaviour of water or light could now be applied to atoms and molecules. This led to even more outcomes that defy our everyday notions of how the world works.


Schrödinger agreed that we cannot describe a particle as inhabiting a fixed point in space. Instead, he said that we can only assign a set of possibilities to all the possible positions where it could exist, and a particle only settles into a specific location when someone takes the trouble to look at it.


The absurdity of this logic weighed heavily on the quantum physicists of that time and at this point Einstein became an opponent of the field. Even those who are used to the idea feel uncomfortable about the implications of Schrödinger’s equation. It means that a particle can be in two places at the same time and, when measured, it will seem to randomly pop up in only one of them. From any given starting condition, quantum mechanics cannot predict an outcome, unlike in the classical world of physics, leading to Einstein’s famous criticism that God doesn’t play dice.


Einstein’s other major complaint was about the strange quantum phenomenon of entanglement, where two particles are linked, no matter far apart they are. When a photon is sent to a beam splitter called an interferometer, it goes both ways at the same time. If you make a measurement in one arm of the beam splitter and you don’t detect a photon, it means you have instantaneously created a photon in the other arm of the interferometer. Even if the two arms were thousands of light years apart, the detection of a photon in one arm would cause a photon to be created or destroyed instantaneously in the other arm, despite the vast distance between them. How could that be? Einstein didn’t like this ‘spooky action at a distance’ because it appeared to violate the laws of relativity, which state that nothing can travel faster than the speed of light. He also complained that quantum mechanics provided no deeper description about why this happened (see ‘Faraday’s “magic”’ below).




Faraday’s ‘magic’


During the 1820s the pioneer of electromagnetism Michael Faraday (1791–1867) used to perform a trick in his Christmas lectures at the Royal Institution in London that seemed similar to the ‘spooky action at a distance’ of quantum mechanics.


Faraday had a large coil with a magnet at one end, and at the other end, some distance away, was a compass. When he put the magnet in the coil, the needle on the compass moved, even though it was nowhere near the magnet. To the audience it looked like magic – like spooky action at a distance. In reality, the movement of the compass was caused by the changing magnetic field in the coil. But, at that time, the concept of a magnetic field had not yet been developed.


With quantum mechanics we are also lacking such an explanation. When I make a measurement in one place, things collapse in another location, seemingly randomly and without any reason. As far as we know, there’s nothing happening in between the two places – there is no equivalent of electrons moving down Faraday’s coil.





Even today, scientists are grappling with the philosophical conundrums raised by quantum mechanics. What do they mean? Is nothing really real until it is observed? The Australian-born British physicist William Lawrence Bragg (1890–1971) even hypothesized that ‘everything in the future is a wave, everything in the past is a particle’, implying that quantum mechanics may be responsible for the directionality of time.
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FIGURE 1.4   Duelling over duality: philosophers and physicists have long argued about whether light is a wave or a particle


But the quantum pioneers have been vindicated. Quantum theory has never failed an experimental test. At the subatomic level, the way things are measured really does determine the outcome, and particles and waves are dual aspects of a single reality (see Figure 1.4). Even today, we know of no natural law that prevents quantum mechanics from being true at the level of the universe.


The key players
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FIGURE 1.5   The founding figures of quantum mechanics at the Solvay Conference in Brussels in 1927


In October 1927 an incredible meeting of minds took place at the fifth Solvay Conference in Brussels, where the leading physicists of the time met to discuss the new field of quantum mechanics. Of the 29 people in the photograph marking the event (Figure 1.5), 17 were, or would become, Nobel prizewinners (Marie Curie, the only woman in the picture, would even be awarded two). All the founding figures of quantum mechanics were present:


Albert Einstein (front row, fifth from left)


Einstein was only 26 years old when he produced the remarkable series of papers of his annus mirabilis, 1905. These included his work on special relativity and the famous equation E = mc2. However, the first major paper he published that year was on the photoelectric effect, marking a major leap forward in the nascent field of quantum mechanics by showing how energy comes in discrete packets. It was this work, and for his ‘services to theoretical physics’ for which he was awarded the Nobel Prize in 1921. As a Jew, Einstein faced increasing hostility in Nazi Germany and renounced his citizenship in 1933. He eventually found refuge at the Institute of Advanced Study in Princeton, New Jersey, where he remained until his retirement.


Erwin Schrödinger (back row, sixth from left)


When this picture was taken, Schrödinger was still eight years away from formulating his famous cat-centred thought experiment, which exposed the apparent absurdity of quantum mechanics. Born in Vienna, Austria, Schrödinger devised a wave equation to explain the behaviour of quantum systems – work that won him the 1933 Nobel Prize in Physics. An opponent of the Nazi regime, he left Austria in 1934 and eventually went to live in Dublin, Ireland, where he helped to establish an Institute of Advanced Studies. He is also known for his unconventional love life, living with both his wife and his mistress.


Max Planck (front row, second from left)


The grandfather of quantum mechanics, Max Planck was born in Kiel, Germany. Unlike most of the other key players in the field, Planck was relatively old (42) when he proposed that energy comes in discrete packets, but after making this revolutionary discovery, which won him a Nobel Prize in 1918, he played only a minor role in the further development of quantum theory. He remained in Germany, as a professor at the University of Berlin, but his personal life was mired in tragedy. His son Karl was killed in the First World War, both his daughters died in childbirth and the Gestapo executed another of his sons, Erwin, in 1945 due to his suspected involvement in a plot to assassinate Adolf Hitler.


Werner Heisenberg (back row, ninth from left)


Best known for his uncertainty principle, Heisenberg was born in Würzburg, Germany, and after finishing his doctorate he worked for Niels Bohr in Copenhagen. He was awarded the 1932 Nobel Prize in Physics for ‘the creation of quantum mechanics’ and for his theory of the atom, in which electrons absorb and emit radiation of fixed wavelengths when jumping between fixed orbits around a nucleus. He was also the lead scientist in the Uranverein, Germany’s project to develop nuclear technology, and famously met with Bohr in Germany-occupied Copenhagen in 1941 to discuss his dilemmas about this work. After the war he remained in Germany, investigating nuclear energy, cosmic rays and subatomic particles.


Paul Dirac (middle row, fifth from left)


Born in Bristol, UK, Paul Dirac (1902–84) was responsible for a crucial piece of the explanation of fundamental particles and forces. His equation, which he proposed in 1928 to describe an electron travelling at close to the speed of light, married the quantum physics of Schrödinger and Heisenberg with Einstein’s special relativity. It also predicted a whole new set of subatomic particles known as ‘antiparticles’. He shared the 1933 Nobel Prize in Physics with Schrödinger. He was an eccentric and awkward character: the master of monosyllabic answers, he went through life refusing to engage with colleagues, students and even his own family.


Wolfgang Pauli (back row, eighth from left)


Without the exclusion principle developed by Wolfgang Pauli (1900–58) in 1925, matter as we know it would not exist. His principle says that no two electrons in an atom can enter the same quantum state. This work won him a Nobel Prize in 1945. He also was the first to predict the existence of mysterious neutrino particles in 1930. Soon after this, Pauli had a nervous breakdown, and underwent therapy with the renowned psychoanalyst Carl Jung. He was also a close friend of both Niels Bohr and Werner Heisenberg. Pauli was born in Vienna and, although raised a Catholic, had Jewish roots, which led him to leave for the United States in 1940. After the war he returned to Zurich, where he remained for the rest of his life.


Arthur Compton (middle row, sixth from left)


This American physicist was awarded the Nobel Prize just after the 1927 Solvay Conference ‘for the effect named after him’, which showed how photons are scattered by charged particles. This was an important piece of the quantum jigsaw puzzle, demonstrating that light cannot be explained as purely a wave phenomenon. Compton (1892–1962) played a key role in the Manhattan Project, the US nuclear weapons programme of the Second World War.


Louis de Broglie (middle row, seventh from left)


Prince Louis-Victor Pierre Raymond de Broglie (to give his full name) was born in Dieppe, France, to a noble family. He wrote an astonishingly original 70-page PhD thesis in 1924, with the title ‘Recherches sur la Théorie des Quanta’, in which he laid out the principle of wave–particle duality – and was awarded the Nobel Prize in Physics a mere five years later. He presented his ‘pilot wave’ theory, in which a particle is accompanied by a guiding wave, at the 1927 Solvay Conference, but later abandoned the idea. It was rediscovered in 1952 by the US physicist David Bohm (1917–92), who reformulated it. De Broglie was instrumental in helping to establish CERN, the European Organization for Nuclear Research in Geneva, Switzerland.


Max Born (middle row, eighth from left)


The German physicist and mathematician Max Born (1882–1970) was awarded the 1954 Nobel Prize in Physics, ‘for his fundamental research in quantum mechanics, especially for his statistical interpretation of the wavefunction’, work he had carried out at the University of GÖttingen 30 years earlier. During his tenure there, he also supervised many of the future leading lights in the field, such as Heisenberg and Pauli. When the Nazis came to power in the 1930s, Born (a Jew) was suspended and left for the UK.


Niels Bohr (middle row, far right)


Born in Copenhagen, Denmark, Bohr was the first of the quantum pioneers to truly recognize and confront the philosophical problems posed by the theory. His solutions are still debated today. After Denmark was occupied by Germany during the Second World War, Bohr had a famous meeting with Heisenberg, who had become the head of the German nuclear programme. By 1943, under threat of arrest (like many of the quantum pioneers, he too was Jewish), he fled to Sweden, then the UK, where he joined the British mission to the Manhattan Project. After the war he returned to Denmark. He was awarded the Nobel Prize in Physics in 1922 for ‘for his services in the investigation of the structure of atoms and of the radiation emanating from them’.




How can a theory that works so well have such unnatural foundations?


Most theories are built on a solid foundation of first principles – not so quantum theory. Although it was initially inspired by an idea rooted in the real world – that energy came in small packets called quanta – by the time luminaries such as Erwin Schrödinger and Werner Heisenberg had finished its mathematical formulation, the theory had acquired a life of its own.


Gone was any certain correspondence between mathematical variables and physical properties. In their place were abstruse objects such as wave functions, state vectors and matrices, all acting in an unreal mathematical environment called Hilbert space – a higher-dimensional, complex version of normal three-dimensional space.


Bizarrely, though, these abstractions work. Follow a set of mathematical rules laid down by the founders of quantum theory and you can make physical predictions that are confirmed time and time again by experiment. Particles that pop up out of nothingness only to disappear again, objects whose physical states can become ‘entangled’ and can influence each other instantaneously over vast distances, cats that remain suspended between life and death as long as we don’t look at them: all of these flow from the mathematical formulation of quantum theory, and all seem to be true reflections of how the world works.
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