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  This book is dedicated to my father, to whom I am indebted for, among many things, first telling me about some strange theory called quantum mechanics.




  





   




   




   




   




  
Introduction




   




   




   




   




  During my teens, I was an avid reader of a magazine called The Unexplained that was full of accounts of UFO sightings, Bermuda Triangle stories, and assorted other

  paranormal phenomena. I remember the tingle of excitement I would feel as I opened each issue to be reassured that the world was full of weird and wonderful occurrences that no one understood. Best

  of all were the fascinating photographs that seemed to have been taken with a cheap camera, a shaky hand, in thick fog on a dark night. They would purport to provide evidence for flying saucers,

  ghostly apparitions, and Loch Ness monsters. I particularly remember one morbid picture showing the charred remains of an old lady’s dismembered feet, still inside their cosy slippers and

  lying next to a pile of ash in a living room; all that remained of the old dear after an incident of ‘spontaneous human combustion’.




  I have no idea whether that magazine is still going – I certainly have not come across it recently – but the public’s fascination with all manner of paranormal phenomena that

  appear to have avoided being neatly labelled, classified and packaged by science continues unabated. It seems many people take comfort in the knowledge that there are still corners of our world

  that are holding out against science’s inexorable advance, where magic, mystery, and otherworldliness still survive and thrive.




  This is quite a shame; I find it frustrating that all science’s victories in explaining and rationalizing the multitude of phenomena in our Universe are sometimes regarded as mundane or

  lacking in wonder. One physicist who let this get under his skin was Richard Feynman, who won the Nobel Prize in 1965 for his contribution to our understanding of the nature of light. He wrote:




  

    

      

        ‘Poets say science takes away from the beauty of stars – mere globs of gas atoms. Nothing is “mere”. I too see the stars

        on a desert night, and feel them. But do I see less or more? … What is the pattern, or the meaning, or the why? It does not do harm to the mystery to know a little more about it. For

        far more marvellous is the truth than any artists of the past imagined it. Why do the poets of the present not speak of it?’


      


    


  




  These days, with so many popularizations of science that the public has access to in books, magazines, television documentaries, and the Internet, I believe attitudes are changing. But there

  remains one area of science that cannot be entirely rationalized using everyday language, or explained in simple, easily digestible concepts and sound bites. I refer not to any speculative,

  half-baked idea based on some pseudo-scientific arguments such as ESP or, worse still, astrology. On the contrary, this subject is very much mainstream science. In fact, it is a field of study that

  is so pervasive, so fundamental to our understanding of nature, that it underpins a large fraction of all physical sciences. It is described by a theory the discovery of which was without doubt the

  single most important scientific advance of the twentieth century. By some curious coincidence, it is also the subject of this book.




  Quantum mechanics is remarkable for two seemingly contradictory reasons. On the one hand, it is so fundamental to our understanding of the workings of our world that it lies at the very heart of

  most of the technological advances made in the past half a century. On the other hand, no one seems to know exactly what it means!




  When it comes to the world of the quantum we really are crossing into a quite extraordinary domain. A domain where it seems we are free to choose any one of a number of explanations for what is

  observed, each of which is in its way so astonishingly strange that it even makes tales of alien abductions sound perfectly reasonable.




  If only people knew how frustratingly and yet wonderfully un-mundane the quantum world really is, how our familiar and solid reality ultimately rests so tenuously on an

  unfathomable ghostly reality beneath. No need any longer for tales of the Bermuda Triangle or poltergeist activities; quantum phenomena are much stranger. And while just about every recorded

  paranormal incident can be explained away with no more than a pinch of common sense, quantum theory has been tested, prodded, and probed in every imaginable way for nearly a hundred years. It is a

  pity none of the predictions of quantum mechanics made it, as far as I am aware, into an issue of The Unexplained.




  I must make it clear from the outset that it is not the theory of quantum mechanics that is weird or illogical. On the contrary, it is a beautifully accurate and logical mathematical

  construction that describes Nature superbly well. In fact, without quantum mechanics we would not be able to understand the basics of modern chemistry, or electronics, or material science. Without

  quantum mechanics we would not have invented the silicon chip or the laser; there would be no television sets, computers, microwaves, CD and DVD players, mobile phones, and so much more that we

  take for granted in our technological age.




  Quantum mechanics accurately predicts and explains the behaviour of the very building blocks of matter – not just the atoms, but the particles that make up the atoms – with

  incredible accuracy. It has led us to a very precise and almost complete understanding of how subatomic particles interact with each other and connect up to form the world we see around us, and of

  which we are of course a part.




  Thus, we seem to be faced with a bit of a contradiction. How can a scientific theory be so successful in explaining so many ‘how’s and ‘why’s, and yet still be so

  obscure?




  Most practising physicists who use the rules and mathematical formulae of quantum mechanics on a daily basis will say that they do not have a problem with it. After all, they know that it works.

  It has helped us to understand a vast array of phenomena in nature, its mathematical framework and formulation is precise and well understood and, despite the numerous attempts of many who

  have doubted it, has survived with flying colours every conceivable experimental test thrown at it. Indeed, it is not uncommon for physicists to become irritated by those of

  their colleagues who still feel unable to come to terms with the counter-intuitive and bizarre nature of the subatomic world forced upon us by the theory. After all, what right do we have to expect

  nature at the unimaginably tiny scale of atoms to behave in a way familiar to us from our everyday experiences on the scale of humans, cars, trees, and buildings? It is not that the theory of

  quantum mechanics is a strange description of Nature but that Nature herself behaves in a surprising and counter-intuitive way. And if quantum mechanics provides us with the theoretical tools to

  understand everything we observe then we have no right to blame Nature – or the theory – for our intellectual shortcomings.




  Many physicists become impatient with those seeking a more intuitive interpretation of quantum mechanics, and take what is in my view a rather unscientific stance. They will say ‘Why

  don’t you just shut up and simply use the quantum tools to make predictions about results of experiments? It is a futile waste of time to seek complete enlightenment about anything that

  cannot be checked experimentally.’




  In fact, the standard interpretation of quantum mechanics – the one that is in general taught to all physics students – has built into it strict rules and conditions that physicists

  must adhere to regarding the sort of information they are able to extract from Nature given a particular experimental set-up. I know this must sound unnecessarily obscure to appear so early on in

  the book but you must appreciate from the outset that quantum mechanics is like no other intellectual human endeavour, either before it or since.




  Like most physicists I have spent many years thinking about quantum mechanics, both from a professional point of view as a practising researcher and as someone interested in its deeper meaning

  – a field known as the foundations of quantum mechanics. Maybe the twenty years or so I have been grappling with quantum mechanics is not enough time for me to have

  ‘come to terms’ with it yet. But I feel I have heard enough sides of the debate (and believe me it is still ongoing despite the optimistic and in some ways dishonest claims to the

  contrary by those adhering to a particular interpretation) for me to at least take a step back from the fray. Most of what I cover in this book will, I hope, not be controversial, and where I do

  touch on issues relating to ‘what is going on’ I hope to adopt a neutral and objective position. I am not a supporter of any particular interpretation of quantum mechanics, but I do

  have clear views on the issue. You are of course free to disagree with these but I am sure I can win you over – unless you are one of the ‘shut up and calculate’ brigade, in which

  case you should not be reading this book but doing something more useful instead!




  All I will say for the time being is that my favoured version is called the ‘shut up while you calculate’ interpretation. This way I am free to worry about quantum mechanics when I

  am not busy using it.




  But this book is not just about the meaning of quantum mechanics. It is also about its successes, both in explaining so many phenomena, and in its many past, present, and future applications in

  our everyday lives. I will thus take you on a journey through philosophy, subatomic physics, and theories of higher dimensions to today’s high-tech world of lasers and microchips and

  tomorrow’s remarkable world of quantum magic.




  But while I hope this all sounds fascinating, it is natural for the complete novice to the field to first ask what all the fuss is about. There are many ways of highlighting the weird nature of

  quantum mechanics, some from everyday examples we are familiar with and which we take for granted, others by employing ‘thought experiments’: idealized situations that do not need to be

  realized in the laboratory to be appreciated. Indeed, nothing brings home so ruthlessly and beautifully the mystery of quantum mechanics as the experiment with the double slit. So, that is where I

  will begin.




  





   


   


   


   


  

  
Chapter 1




  Nature’s Conjuring Trick




   




   




   




   




  Before I start throwing around too much science this early on in the book I will describe a simple experiment. It will, I predict, sound like magic. Indeed you may well wish

  not to believe a word of it; that is up to you. Like any magician worth his salt, I will not, at this stage, reveal to you exactly how or why it works. Unlike a conjuring trick, however, you will

  slowly begin to appreciate as the story unfolds that there is no sleight of hand, no hidden mirrors or secret compartments. In fact, you should be left concluding that there is no rational

  explanation of how things could possibly be the way I outline them.




  Since I can only use adjectives such as ‘weird’, ‘strange’ and ‘mysterious’ just so many times, I will waste no further time with this fanfare and get on with

  it. What I will describe is a real experiment and you will have to trust me that what is seen is not just theoretical speculation. The experiment is simple to do given the right apparatus and has

  been performed many times in many different ways. It is also important to point out that I shall describe the experiment, not using the benefit of an understanding of quantum physics, but from the

  point of view of the reader who does not yet know what to expect or how to come to terms with the astonishing results. I will assume that you will be trying to rationalize the results logically as

  we go along according to what you might regard as common sense, which is quite different to the way a quantum physicist would explain things. That will come later.




  I should first say that the trick, if I may still refer to it as a trick for now, could be performed simply by shining light on a special screen; and indeed this is often the way it is described

  in many texts. However, it turns out that the nature of light is itself very strange, and this reduces the dramatic effect. We learn at school that light behaves as a wave; it can be made up of

  different wavelengths (which give the different colours of the spectrum we see in a rainbow). It exhibits all the properties we expect of waves, such as interference (when two waves mix),

  diffraction (the spreading out of waves when they are squeezed through a narrow gap), and refraction (the bending of a wave as it travels through different transparent media). These phenomena are

  to do with the way waves behave when they encounter a barrier or when two waves meet. The reason I mention that light is strange is because this wave-like behaviour is not the whole story. In fact,

  Einstein won his Nobel prize for showing that light can sometimes exhibit some very unwave-like behaviour; but more of that in the next chapter. For the purposes of the two-slit trick, we can

  assume that light is a wave, since this doesn’t ruin the really good part.




  First, a beam of light is shone on a screen with two narrow slits in it that allow some of the light to pass through to a second screen where an interference pattern is seen. This is a sequence

  of light and dark bands that are due to the way the separate light waves emerging from the two slits spread out, overlap and merge before hitting the back screen. Where two wave crests (or troughs)

  meet they combine together to form a higher crest (or lower trough) that corresponds to more intense light and hence a bright band on the screen. But where a crest of one wave corresponds with a

  trough of the other they cancel out resulting in a dark patch. In between these two extremes some light survives and there is a gradual blending in of the pattern on the screen. It is therefore

  only because light behaves as a wave washing through both slits simultaneously that the interference pattern appears. No problem so far I hope.
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  Light shone through two narrow slits will form a pattern of fringes on the screen due to interference between the light waves emerging from the slits. This will of course only

  happen if the light source is ‘monochromatic’ (consisting of light of a single wavelength).




   




  Next, a similar experiment is carried out using sand. This time the second screen is placed below the one with the slits and gravity does the work. As the sand falls onto the first screen,

  separate piles gradually build up on the lower one beneath the two slits. This is not surprising since each individual grain of sand must pass through one or other of the two slits; we are not

  dealing with waves now and there is no interference. The two piles of sand will be of the same height provided the two slits are of the same size and the sand is poured from a position above their

  mid-point.




  Now for the interesting part: repeating the trick with atoms. A special apparatus – let us call it an atomic gun for want of a better name – fires a beam of atoms at a screen with

  two appropriately narrow slits.1 On the other side, the second screen is treated with a coating that shows up a tiny bright spot wherever a single atom

  hits it.
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  Grains of sand do not behave as waves of course and form two piles beneath the slits.




   




  Of course I don’t need to tell you that atoms are incredibly tiny entities and so should clearly behave in a manner similar to the sand, as opposed to spread-out waves, capable of

  overlapping both slits at once.




  First, we run the experiment with just one slit open. Not surprisingly, we get a spread of light spots on the back screen behind the open slit. This slight spreading of the spots might be

  worrying if you already know something about wave behaviour since that is what happens to a wave passing through a narrow slit (diffraction). However, we can quickly reassure ourselves that we

  needn’t be too concerned just yet as some of the atoms may just be bumping off the edges of the slit rather than going cleanly through and this might account for the spread.




  Next, we open the second slit and wait for the spots to appear on the screen. If I asked you to now predict the distribution of the bright spots that builds up you would naturally guess that it

  would look like the two piles of sand. Namely, that a cluster of spots builds up behind each slit, giving two distinct patches of light that are brightest in their centre and gradually fade away as

  we move out and the ‘hits’ become rarer. The mid-point between the two bright patches will be dark, corresponding as it does to a region of the screen that is equally hard to reach for

  the atoms whichever slit they manage to get through.
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  Now repeat the trick with atoms. When one of the slits is closed the atoms only pass through the open slit. The distribution of spots indicates where the atoms have landed. While

  this slight spreading is actually due to a wave property called diffraction, we can still argue that the atoms are behaving as particles and the result is no different to one of the sand piles.




   




  Well, surprise, surprise, atoms just don’t behave like this. Instead, we see an interference pattern of light and dark fringes just as we did with light. The brightest part of the screen,

  believe it or not, is in the centre where we would not expect many atoms to be able to reach!




  We could have a stab at explaining how the pattern might be forming in the following way. Despite an atom being a tiny localized particle (after all, each atom hits the screen at a single point)

  it seems that the stream of atoms have somehow conspired to behave in a way similar to a wave. They wash up against the first screen, and those that manage to get through the slits

  ‘interfere’ with each other’s paths, via atomic forces, in a way that mimics exactly the pattern that is produced when the peaks and troughs of two waves come together. Maybe the atoms bump into each other in a particular coordinated way such as to guide each other onto the screen. Atoms, we would reason, are most certainly not like spread-out waves

  (such as light, or water waves, or sound waves); but then maybe we should not expect them to behave exactly like grains of sand either.




  So here is where this comforting prop is knocked away. To begin with, we see that the pattern of fringes on the back screen is connected somehow to the way two waves interfere. Just as with

  normal waves, its details depend on the width of the slits, the distance between them and how far away the back screen is.




  This in itself is not proof that the atoms are behaving in a wave-like fashion. However, not only has the double-slit experiment been performed with atoms, but it has also been done by firing

  individual atoms one at a time! That is, only when we see the flash of light on the back screen signalling the arrival of the atom do we fire the next one, and so on. There is only ever one atom

  travelling through our apparatus at any one time. Each atom that manages to get through the slits leaves a tiny localized spot of light somewhere on the screen. In practice, most of the atoms are

  stopped by the first screen rather than pass through its narrow slits, and so we are only interested in those that do get through.




  What we see is quite incredible. The spots gradually build up on the screen and light bands of an interference pattern slowly emerge where there is a high density of spots. In between these

  bands are dark regions where no or very few atoms land.




  It seems we can no longer argue that atoms emerging from one slit bump into atoms emerging from the other. The interference pattern cannot be the result of a collective behaviour. So what is

  going on? What makes this result particularly spectacular is that there are places on the back screen where atoms were arriving when only one of the slits was open. By opening the second slit we

  are providing another route for the atoms to go through, so you would expect to increase the chances of atoms reaching these places. Instead, with both slits open no atoms ever arrive at all.

  Somehow, if the atom really does only go through one slit then it must already know whether or not the other one is open, and act accordingly!




  To recap, each atom fired from the gun leaves it as a tiny ‘localized’ particle and arrives at the second screen also as a particle, as is evident from the tiny flash of light when

  it arrives. But in between, as it encounters the two slits, there is something mysterious going on, akin to the behaviour of a spread-out wave that gets split into two components, each emerging

  from a slit and interfering with the other on the other side. How else can we rationalize the way the atom has to be aware of both slits at the same time?




  When I used to perform conjuring tricks at my kids’ birthday parties – and they are now too old for such embarrassments – there were always a few smart alecs who would announce

  that they know how the tricks are performed. They would insist on looking up my sleeves and behind the screen and under the table to catch me out. Such normally annoying behaviour is positively

  encouraged in scientific experiments. So let us try to look up nature’s sleeve by lying in wait behind one of the two slits to see what the atoms actually do. This can be achieved by setting

  up an atom detector behind one of the slits so that it can catch any atom passing through that slit. We find that an atom is registered every now and then. We never catch part of an atom. At least

  that would prove that the ‘rest of the atom’ had gone through the other slit. Sometimes of course an atom will go through the other slit, as witnessed by a spot of light appearing on

  the screen. Naturally, the accumulation of many spots on the screen does not now have the feature of an interference pattern since atoms are only getting through one of the slits, just as they did

  in the first part of the experiment when only one slit was open. Now, instead of closing the second slit we have caught all the atoms that go through it in our detector.




  You should now be beginning to doubt the truth of what I am saying. It is one thing for atoms to magically transform themselves from tiny particles into spread-out waves whenever they encounter

  two possible routes through the first screen. Maybe there is an as yet unexplained physical process that takes place. But it is another matter entirely to suggest that the atom can somehow be aware

  of the detector hiding behind one of the slits ready to catch it in the act of its spread-out state. It is as though it knows beforehand that we are lying in wait ready to ambush it and cunningly

  maintains its particle persona!
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  With both slits open, the atoms are fired through one at a time. Only after we see a spot appearing on the screen do we send the next one through.

  Each atom seems to land at a random spot on the screen and, to begin with, there is no obvious pattern. Gradually, as the number of spots builds up, an interference pattern of bands emerges. What

  is going on? How can the atoms conspire to form this pattern that is a result of wave-like behaviour? It seems that each atom is more likely to land in certain regions than in others. Clearly, some

  wave-like process is involved in the propagation of a single atom. But the interference pattern only arises when a wave goes through both slits. How does a tiny atom, which leaves the gun as

  a localized particle and hits the screen at a definite point, go through both slits at once?




   




  But even here we have not really added anything new to the original set-up. Presumably the detector somehow has the ability to convert a spread-out ‘wave’ atom back to a localized

  particle just as the back screen does whenever an atom reaches it.




  The detector can be set up in a less intrusive way so as to be able to simply register a ‘signal’ as an atom passes through that slit on its way to the screen. If an atom is not

  detected but a hit is recorded on the back screen then it must have gone through the other slit.2 Of course, I am over-simplifying here; we will see

  later that the detector cannot register a signal without being very intrusive.




  So, you might think that we have proof at last that the atoms do indeed go through either one slit or the other, as we have every right to expect, and not simultaneously through both like a

  spread-out wave. But before you get too smug take a look at the screen. Once enough atoms have registered a signal in the detector as they pass through the slit that is under surveillance and you

  are thus convinced that half went through one slit and half through the other, you will find that the interference pattern has disappeared! In its place are just two bright patches due to the

  collection of a pile of atoms behind each slit. The atoms are now behaving like particles, just like the grains of sand. It is as though each atom behaves like a wave when it is confronted by the

  slits, unless we are spying on it in which case it innocently remains as a tiny particle. Crazy, isn’t it?
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  With a detector in place that records which slit each atom passes through, the interference pattern disappears. It is as though the atoms do not wish to be

  caught in the act of going both ways at once, and only travel through one slit or the other. Two bands form on the screen adjacent to the slits as a result of particle-like behaviour, similar to

  what happens with the sand.
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  With the detector turned off we now have no knowledge of the route taken by each atom. Now that their secret is safe, the atoms revert to their mysterious wave-like

  behaviour and the interference pattern comes back!




   




  Of course you might be the kind of person who is very hard to please and even now think this not too surprising. Maybe the mere presence of a large detector in the path of the atoms might

  somehow upset its strange and delicate behaviour. But it seems this is not the problem, for switching the detector off – and therefore having no knowledge of which slit the atom has passed

  through – allows the interference pattern to build up again. It is only when the atom is being watched that it remains as a particle throughout. Clearly the act of observing the atom is

  crucial.




  As if all this is not enough, there is one final twist to the trick. Even if we admit that atoms are crafty little things, maybe they are not crafty enough! How about if we let the atoms get

  through the slits, one at a time of course, and allowing them to do whatever it is that atoms do in order to give the interference pattern on the back screen. But this time we make sure we catch

  them in the act. In what are known as ‘delayed choice’ experiments it is possible to have a detector in place and only switch it on after the atom has gone through the slits. We can be

  sure of this by controlling the energy of the fired atoms and thus knowing how long it would take for any atom to reach the first screen.




  This sort of experiment has indeed been carried out using photons rather than atoms, but the argument remains the same. With modern high-speed electronics the detector can be close enough to one

  of the slits to be able to tell whether the atom had come through it, and yet it need only be switched on after the atom, behaving like a spread-out wave, has emerged from

  both the slits, but before it reaches the detector. Surely now it is too late for the atom to suddenly decide to behave like a localized particle that has only passed through one of the slits.

  Apparently not. In such experiments, the interference pattern is nevertheless found to disappear.




  What is going on? This seems like magic, and I suspect you probably do not believe me. Well, physicists have spent many years trying to come up with a logical explanation for what is seen. Here

  is where I must be careful to qualify what I mean by a ‘logical explanation’. I am using it in the loose, everyday sense, meaning an explanation that sits comfortably within the bounds

  of what we might regard as rational, reasonable and sensible, and not in contradiction or conflict with the behaviour of the other phenomena of which we have more direct experience.




  In fact, quantum mechanics does provide us with a perfectly logical explanation of the two-slit trick. But it is an explanation only of what we observe and not of what is going on when we are

  not looking. But since all we have to go on is what we can see and measure, maybe it makes no sense to ask for more. How can we assess the legitimacy or truth of an account of a phenomenon that we

  can never, even in principle, check? As soon as we try, we alter the outcome.




  Maybe I am asking too much of the word ‘logical’. After all, there are many instances in everyday life where we might regard the behaviour of something as illogical or irrational.

  All this means is that this behaviour was unexpected in some sense. Eventually, we should in principle be able to analyse the behaviour based on the notion of cause and effect; that this happens

  and therefore that happens as a consequence and so on. It does not matter how complex the chain of events are that lead to a certain behaviour, or even that we can fully understand each step. What

  matters is that, somehow, what is observed can be explained. There may be new processes at work, new forces or properties of nature that have not yet been understood or even

  discovered. All that matters is that we can use logic, however convoluted, to explain what might possibly be going on.




  Physicists have been forced to admit that, in the case of the double-slit trick, there is no rational way out. We can explain what we see but not why. However strange you may find the

  predictions of quantum mechanics, it must be emphasized that it is not the theory – mankind’s invention – that is strange, but rather Nature herself that insists on such a strange

  kind of reality on the microscopic scale.




  A few years ago I read that Robert Frost’s poem The Road Not Taken had been voted by Americans as their most popular poem of all time. Frost, long regarded as America’s

  best-loved 20th-century poet, spent most of his life in New England where he wrote mainly about the rural life in the surrounding countryside of New Hampshire. The somewhat melancholic The Road

  Not Taken is a beautiful example of this. It also happens to touch – quite unintentionally on the part of Frost – on the very essence of what the quantum world must be like:




  

    

      

        Two roads diverged in a yellow wood,




        And sorry I could not travel both




        And be one traveller, long I stood




        And looked down one as long as I could




        To where it bent in the undergrowth;




        Then took the other as just as fair,




        And having perhaps the better claim,




        Because it was grassy and wanted wear;




        Though as for that the passing there




        Had worn them really about the same,




        And both that morning equally lay




        In leaves no step had trodden black.




        Oh, I kept the first for another day!




        Yet knowing how way leads to way,




        I doubted if I should ever come back.




        I shall be telling this with a sigh




        Somewhere ages and ages hence:




        Two roads diverged in a wood, and I –




        I took the one less travelled by,




        And that has made all the difference.


      


    


  




  While we are often burdened with regrets about the choices we make in life, quantum mechanics tells of a very different reality at the subatomic level. Meeting it for the first time, the quantum

  world may seem unbelievable to us when judged according to the prejudiced views of our everyday experiences – what we call common sense. But the alien way that quantum

  objects behave is beyond any doubt. A single atom can travel down both roads in Frost’s yellow wood… no regrets for atoms; they can sample all possible experiences simultaneously.

  Indeed, they follow the advice of the great American baseball player, Yogi Berra, who said, ‘If you come to a fork in the road, take it.’
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  The quantum skier. To highlight just how strange the behaviour of quantum particles really is, it would be as though a skier, faced with having to go round a tree blocking his

  path, decided instead to go both ways at once. Clearly, this would be regarded, in our everyday world of trees and skiers, as some kind of hoax. But it really does happen in the quantum world.




   




  What we have seen in this chapter is just one example of the way in which the quantum phenomenon known as ‘superposition’ manifests itself. I could have described any one of a number

  of equally baffling ‘tricks’ that rely on quantum superposition, along with several other fascinating features unique to the quantum domain. I hope this chapter has not put you off

  continuing on the exciting journey ahead.
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  We usually think of a physical body as a localized object while the notion of a wave is intimately linked to something extended and delocalized. Contrary

  to this common belief quantum physics claims that both, seemingly contradictory, notions can apply to one and the same object in one and the same experiment.




  We have recently implemented such an experiment with large carbon molecules called buckyballs. These molecules, known as C60 and C70, contain sixty or

  seventy carbon atoms each, arranged to form the smallest known replica of a soccer ball, with a diameter no bigger than one millionth of a millimetre. In spite of their small size these molecules

  are the most massive objects ever used to demonstrate the wave-like nature of matter to date.




  The experiment is set up as follows. The molecule source is a simple oven, filled with the carbon powder. The molecules can escape from a hole, like water vapour escaping from

  a hot kettle. They then fly through two collimating slits towards a laser detector with high resolution that can be shifted to record the spatial distribution of the molecular beam.




  On the way towards the detector the molecules may encounter three different possibilities – either no obstacle at all, or a very narrow slit or a very fine grating,

  which is a membrane with several slits.




  The molecular beam profile for the first, ‘empty’, case is a single narrow peak and is in complete agreement with our naïve expectation, assuming that each molecule can be

  regarded as a free-flying classical ball.




  However, the first weirdness occurs in the second case: If we place a single, very narrow slit – 70 nanometres (millionths of a millimetre) wide – in between the source and the

  detector we find a profile on the screen that differs from the empty case. We notice a strong broadening – instead of the narrowing, which we would have expected if the molecules were just

  little soccer balls. This is a consequence of diffraction, a property of waves.
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  The situation becomes even stranger when we replace the narrow slit by a grating. This structure is now composed of several openings, slightly narrower (nominally 50

  nanometres) than the first slit. The slits are regularly spaced (about 50 nanometres apart). If molecules were simple particles we would expect an increased signal everywhere on the screen. But

  – to the surprise of our common sense – we now find that there are positions where we hardly detect any molecules at all.




  Opening two or more pathways in the wall, instead of only one, reduces the number of detected molecules at certain places. This is very counterintuitive and can no longer be

  explained with the model of classical balls flying along well defined paths, but it is in perfect agreement with a model based on the wave-nature of single molecules. Here we give up on the concept

  of a ‘trajectory’ and allow the molecules to simultaneously explore an extended space, which is orders of magnitude larger than the molecule itself, resulting in quantum

  interference.




  It is important to note that the clicks in the detector are well localized and that the location where an individual molecule arrives is absolutely random, as far as we can

  tell. But still, the weird wave-like pattern is built up as more and more molecules hit the detector.




  





   


   


   


   




  
Chapter 2
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  Many books on popular science, even physics textbooks, tend to promulgate two myths concerning the origin of quantum mechanics. Of course, oversimplified accounts of the

  development of science are quite common, indeed necessary, in its teaching. Most of scientific progress is a messy and slow process and it is only with hindsight, and with an overall understanding

  of a theory or a phenomenon, that its story can be told pedagogically instead of chronologically. This necessitates the distilling of certain events and personalities from the mêlée,

  often due to the neat packaging that results from the dishing out of Nobel prizes.




  So what are these two myths?




  The first is the oversimplified and inaccurate account of the state of physics at the end of the 19th century. The story goes that the scientists of the time felt they had most of physics

  wrapped up and explained; that all physical phenomena could be completely understood within a worldview supported by the twin pillars of Isaac Newton’s mechanics and laws of motion and James

  Maxwell’s newly completed electromagnetic theory. There just remained a handful of ‘i’s to dot and ‘t’s to cross.




  The second myth is that the German physicist Max Planck proposed a revolutionary new formula to describe an experimental result in the field of thermodynamics1 that could not be reproduced by the prevailing theory, and right away the quantum revolution was born.




  How it all began




  While this book is not meant to be about the history of quantum mechanics or the personalities involved in its development, I will nevertheless tell in this chapter the story

  of how and why it all came about. Thus, while I do not wish to dwell for too long on the state of physics before quantum mechanics, it is interesting to try and pinpoint exactly when and how it all

  began. Regarding the first myth, the truth is that by the time the 19th century came to a close, there were so many issues to resolve and strange phenomena to explain that clearly something had to

  give. Physicists and chemists could not even agree on whether matter was ultimately composed of indivisible atoms or whether it was continuous and infinitely divisible. Nor could they decide on

  whether or not Newton’s mechanics (equations that governed how macroscopic objects2 interacted and moved under the influence of forces) could be

  cast in terms of Maxwell’s more fundamental theory of electromagnetism.




  And as if such fundamental questions were not enough, relatively new fields of physics, such as thermodynamics and statistical mechanics,3 were

  generating heated debate. On the experimental side, there were the unexplained phenomena of the photoelectric effect and black body radiation (both of which I will describe soon), and no one

  understood how to interpret the meaning of the patterns of ‘line spectra’ in the light given off by certain elements. To add to all this, there was worldwide excitement generated by the

  newly discovered mysterious phenomena of X-rays (1895) and radioactivity (1896), not to mention the electron (1897). Basically, physics was in a glorious mess.




  The second myth is that in late 1900 Max Planck revolutionized science by proposing that energy came in lumps (called ‘quanta’) – a notion he was forced to introduce in order

  to understand how warm objects radiated their heat – and quantum theory was instantly up and running. In truth, it was far less clear-cut than that. Indeed, some historians of science deny

  that Planck deserves any credit at all for ‘discovering’ quantum theory.4 Unlike many other great revolutions in science, quantum mechanics

  was not due to the stroke of genius of one man. Newton had his eureka moment while contemplating an apple falling from a tree on his mother’s farm, and hit upon his famous Law of Gravitation

  (although it is likely that this event was apocryphal). And no one will deny credit to Darwin for his theory of evolution, nor to Einstein for his theories of relativity. But the discovery of

  quantum mechanics would have been simply too much for one person. Its development took thirty years and the combined intellectual might of the world’s greatest minds.




  Before I proceed, here is a good place to explain why I interchange between ‘quantum theory’ and ‘quantum mechanics’. The former is used to refer to the state of affairs

  during the period 1900–1920 when everything was at the level of simple postulates and formulae that helped clarify some issues surrounding the nature of light and the structure of atoms. It

  wasn’t until the 1920s that the real revolution took place, and a completely new worldview (quantum mechanics) replaced Newton’s ‘mechanics’ when it came to describing the

  underlying structure of the subatomic world.




  But back to the question of how it all got started, and let us be fair about this. Planck was awarded the Nobel Prize for physics in 1918 with the citation: ‘in

  recognition of the services he rendered to the advancement of physics by his discovery of energy quanta’. So while we will see how others such as Einstein and Boltzmann can also lay claim to

  laying the foundations of the original quantum theory, the key to all this is, after all, the concept of the ‘quantum’; something that was first introduced in Planck’s simple

  formula. So what exactly did he do?






  Planck grew up in Munich and studied in Berlin, obtaining his PhD when he was only 21. Ten years later he was a full professor of physics. But it was to be a further eleven years before he

  proposed his famous formula in a lecture to the Berlin Physical Society. He had come up with it in an ad hoc manner in order to solve a long-standing problem to do with the way some objects radiate

  heat. But he regarded it more as a neat mathematical trick than as containing a deep truth about nature itself.5




  

  
Planck’s constant




  According to Planck’s formula, the energy of the smallest bundle of light of a given frequency (a single quantum) is equal to the frequency

  multiplied by a certain constant. This is known as Planck’s constant of action. It has the symbol h and, like the speed of light c, is one of the universal constants of

  nature.




  The relation between energy and frequency is very simple. For instance, the frequency of violet light at one extreme of the visible spectrum is twice that of red light at the

  other end, and so a quantum of violet light has twice as much energy as a quantum of red light.




  Today, every student of physics learns about Planck’s constant. In units of kilograms, metres and seconds it has the incredibly tiny value of 6.63 x 1034, and

  yet it is one of the most important numbers in science. Despite this number being so small, the crucial point is that it is not zero, otherwise there would be no quantum behaviour.




  Very often, Planck’s constant is combined with another fundamental constant of nature, pi (π). This number, as every school kid is taught, is the ratio of a

  circle’s circumference to its diameter and crops up all the time in physics equations. In fact, the quantity h/2π appears so often in quantum mechanics that a new symbol has been

  invented to describe it, called HBAR (pronounced ‘aich-bar’).
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  Black-body radiation




  The Sun’s heat, or thermal radiation, that you feel on your face on a summer’s day has travelled through the vacuum of space to reach us. What you might not be

  aware of is that this radiation has covered the distance between the Sun and the Earth in exactly the same time (about eight minutes) that it has taken for the Sun’s light to reach us. The

  reason for this is that both the Sun’s thermal and visible radiation are forms of electromagnetic waves. All that distinguishes them from each other is their wavelength. The oscillations

  corresponding to visible light are squeezed more closely together (shorter wavelengths – and thus higher frequency) than those of the waves we feel as heat. The Sun also emits even shorter

  wavelength ultraviolet light that is beyond the visible spectrum.




  But it is not just the Sun that emits electromagnetic radiation. All bodies do, and over the whole frequency range of the spectrum. The distribution over frequency depends

  on the body’s temperature. If a solid is hot enough it will glow visibly, but as it cools its glow will diminish as the longer wavelength radiation – beyond the visible –

  dominates. This does not mean that it ceases to emit visible light, but simply that the intensity of the light will be too weak for us to see. Of course all matter also absorbs and reflects

  radiation falling on it. Which wavelengths are absorbed and reflected defines the colour of everything we see.




  Physicists in the second half of the 19th century were very interested in the way a particular type of warm object, known as a black body, emits radiation. Black bodies are so called because

  they are perfect absorbers of radiation and do not reflect any light or heat. Of course, a black body must somehow dispose of all the energy it absorbs – otherwise its temperature would

  become infinite! Therefore, it radiates off its heat over all possible wavelengths. The wavelength of the most intense radiation depends of course on the temperature of the black body.




  In almost all physics textbooks you will find a graph showing several curves (called spectra) produced when the intensity of radiation emitted by a black body is plotted against the

  radiation’s wavelength,6 at various temperatures. These curves all start off at low intensity for the very short wavelengths, rise to a maximum and

  fall off again at longer wavelengths. It was the exact shape of these curves that so interested physicists such as Max Planck.




  It is often the way in scientific research that once new experimental data become available it is the job of theories to explain it. So it was with the black-body spectra. In 1896, a colleague

  of Planck’s, Wilhelm Wien, came up with a formula that allowed him to plot a curve that was in very good agreement with his own precisely measured experimental data down at the short

  wavelength end, but which didn’t agree very well at the longer wavelengths.




  At around the same time, one of the giants of 19th-century physics, the Englishman Lord Rayleigh, proposed a different formula based on a more rigorous theoretical derivation than Wien’s

  equation. However, his theory suffered from the opposite problem: it matched the data perfectly well on the longer wavelength side of the curve, but broke down completely on the other side: at

  radiation wavelengths shorter than those of visible light. This failure of Rayleigh’s theory manifested itself in a curve which predicted that the thermal radiation emitted by a black body

  should increase in intensity as the wavelength got shorter, and shoot up to infinity in the ultraviolet region of the spectrum. This problem became known as the ‘ultraviolet

  catastrophe’.




  Contrary to many popular accounts, Max Planck became interested in black-body radiation not because of the failure of Rayleigh’s formula,7 but

  in order to place Wien’s formula on a firm theoretical foundation. After his early attempts failed, there followed a period of very intense work after which he tentatively, and rather

  reluctantly, arrived at a new and quite different formula.




  Planck was conservative in his views and, in the early part of his career, did not even believe in the existence of atoms, as advocated by contemporaries of his such as Ludwig Boltzmann. Planck

  felt that it would soon be proved that matter was continuous in the sense that it was not ultimately composed of fundamental ‘building blocks’, but could be infinitely divided up and

  still retain its essence. However, in finding a solution to the black-body radiation problem, it was Boltzmann’s ideas that he based his theory on. He presented his results in a seminar to

  the German Physical Society on 14 December 1900, a date widely regarded as the birthday of quantum physics.




  His suggestion was this: if a black body is ultimately composed of vibrating atoms – although it should be stressed that Planck simply referred to them as ‘oscillators’ (vague

  elementary entities that oscillate, or vibrate, at a frequency that depends on the body’s temperature) – then the energy they give off (the black body’s

  radiation) depends on their frequency of vibration. This would mean that the higher their frequency, the more energy they would emit. But the key point was that such oscillators would only have

  certain modes of vibration and their frequencies would have to ramp up in definite steps rather than smoothly.8 Therefore, the energy given off could

  only have certain values since not all possible energies would be allowed. That is, the energy would come in discrete lumps, or ‘quanta’. This was a radical departure from

  Maxwell’s electromagnetic theory, in which energy is regarded as continuous.




  Two things need to be mentioned here. Firstly, Planck did not at first realize the implications of his revolutionary idea. His introduction of energy quanta was, in his own words, ‘a

  purely formal assumption and I really did not give it much thought except that, no matter what the cost, I must bring about a positive result’. Secondly, Planck did not regard all energy as

  being ultimately composed of irreducible tiny lumps. That had to wait five more years for the genius of Einstein.




  To recap then, Planck’s hypothesis was based on two assumptions: the first was that the energy of the atoms (or oscillators) can only take on certain values. These are simple multiples of

  the vibrating frequency of the atoms. The second was that emission of radiation by a black body is associated with the energy of the atoms dropping from one value, or level, to a lower one. When

  the energy drops, the atom emits a single quantum of radiation energy.




  The easiest way to visualize this is to think of a ball rolling down a flight of stairs and hence giving up its ‘potential’ energy in jumps instead of

  continuously, as when it rolls down a smooth slope. The difference is that the quantum jumps between the atomic energy levels happen instantaneously, whereas the ball’s potential energy does

  in fact pass through all energy levels since it takes a short but finite time to drop down each step.




  The importance of Planck’s work was not appreciated right away. In the words of the historian Helge Kragh:




  

    

      

        ‘If a revolution occurred in physics in December 1900, nobody seemed to notice it. Planck was no exception, and the importance ascribed to his work is largely an

        historical reconstruction.’


      


    


  




  This seems rather harsh, but probably true. I would prefer to be more generous and put it slightly differently. Planck is rightly the founding father of the quantum; he just didn’t know it

  at the time! It took other, deeper and more original thinkers to really appreciate what he had started. In any case, Planck’s contribution was just the first small step. Physicists such as

  Einstein, Bohr, de Broglie, Schrödinger, and Heisenberg contributed, individually, more than Planck. It is just that Planck was the first.
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