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My acquaintance with quantum theory goes back more than twenty years to my school days, when I discovered the magical way in which the electron-shell model of the atom explained the periodic table of the elements and virtually all of the chemistry that I had struggled with through many a tedious lesson. Following up this discovery for myself with the aid of library books allegedly ‘too far advanced’ for my modest scholastic level, I immediately discovered the beautiful simplicity of the quantum theory’s explanation of atomic spectra, and experienced for the first time the revelation that the best things in science are both beautiful and simple, a fact that all too many teachers conceal from their students, by accident or design. I felt like the character in C. P. Snow’s The Search – which I only read much later – who discovers much the same thing:


I saw a medley of haphazard facts fall into line and order … ‘But it’s true,’ I said to myself. ‘It’s very beautiful. And it’s true.’ (Macmillan edition, 1963, page 27.)



Partly as a result of this insight, I decided to read physics at university. In due course the ambition was fulfilled, and I became an undergraduate at the University of Sussex in Brighton. But there, the simplicity and beauty of the underlying ideas was smothered in a wealth of detail and mathematical recipes for solving specific problems with the aid of the equations of quantum mechanics. Applying these ideas in the world of physics today seemed to bear as much relevance to the underlying truth and beauty as piloting a 747 must bear to hang gliding, and although the power of that initial insight remained as a major influence in my career, for a long time I neglected the quantum world and explored other scientific pleasures.

The fires of that early interest were rekindled by a combination of factors. In the late 1970s and early 1980s, books and articles began to appear attempting, with varying success, to introduce the strange world of quantum to a non-scientific audience. Some of these alleged ‘popularizations’ were so outrageously far from the truth that I could not imagine any reader discovering the truth and beauty of science by reading them, and I began to feel moved to do the job properly. At the same time, news was coming in of the continuing series of experiments that has now established the reality of some of the strangest features of quantum theory, and that news inspired me to delve back into the libraries and refresh my understanding of those strange ideas. Finally, one Christmas I was asked by the BBC to appear on a radio programme as a kind of scientific counterweight to Malcolm Muggeridge, who had recently announced his conversion to the Catholic faith and was the principal guest at the time of this festival. After the great man had had his say, emphasizing the mysteries of Christianity, he turned to me and said ‘but here’s the man who knows all the answers, or claims to know all the answers.’ In the limited time at my disposal, I endeavoured to respond in kind, pointing out that science does not claim to have all the answers, and that it is religion, not science, that depends essentially on absolute faith and conviction that the truth is known. ‘I don’t believe anything,’ I said, and was about to expand on this philosophy when the programme came to an end. All through the festive season, I was greeted by both friends and acquaintances with an echo of those words, and spent hours explaining that my lack of absolute faith in anything did not prevent me from leading a normal life making use of such reasonable working hypotheses as the likelihood that the sun won’t disappear overnight.

The process crystallized my thoughts on what science is all about, and involved a lot of discussion of the basic reality – or unreality – of the quantum world, enough to convince me that I really was ready to write the book you now hold. While preparing the book, I tried out many of the more subtle arguments in my regular scientific contributions to a radio show hosted by Tommy Vance and broadcast by the British Forces Broadcasting Service; Tom’s probing questions soon uncovered deficiencies in my presentation, and resulted in a better organization of my ideas. The main source of the reference material used in preparing the book was the library of the University of Sussex, which must have one of the best collections of books on quantum theory anywhere, and some more obscure references were tracked down for me by Mandy Caplin, of New Scientist, who has a persuasive way with telex messages, while Christine Sutton straightened out some of my misconceptions about particle physics and field theory. My wife not only provided the essential backup in terms of literary research and organization of the material, but smoothed out many of the rough edges. I am grateful also to Professor Rudolf Peierls for taking the trouble to explain to me in detail some of the subtleties of the ‘Clock in the Box’ experiment and the ‘EPR Paradox’.

So any praise for the good qualities in this book should be laid at the doors of: the ‘advanced’ chemistry texts, whose titles I now forget, that I found in the Kent County Library at the age of sixteen; the misguided ‘popularizers’ and publicists for quantum ideas, who convinced me that I could do it better; Malcolm Muggeridge and the BBC; the University of Sussex library; Tommy Vance and BFBS; Mandy Caplin and Christine Sutton; and especially Min. Any complaints concerning the remaining deficiencies in the book should, of course, be addressed to me.

JOHN GRIBBIN

July 1983





‘I don’t like it, and I’m sorry 
I ever had anything to do with it.’

ERWIN SCHRÖDINGER 
1887–1961

‘Nothing is real.’

JOHN LENNON 
1940–1980






Introduction

If all the books and articles written for laymen about relativity theory were laid end to end, they’d probably reach from here to the moon. ‘Everybody knows’ that Einstein’s theory of relativity is the greatest achievement of twentieth-century science, and everybody is wrong. But if all the books and articles written for the layman about quantum theory were laid end to end, they’d just about cover my desk. That doesn’t mean that quantum theory is unheard of outside the halls of academe. Indeed, quantum mechanics has become highly popular in some quarters, being invoked to explain phenomena such as telepathy and spoon bending, and providing a fruitful input of ideas for several science fiction stories. Quantum mechanics is identified in popular mythology, so far as it is identified at all, with the occult and ESP, some weird and esoteric branch of science that nobody understands and nobody has any practical use for.

This book was written to counter that attitude toward what is, in fact, the most fundamental and important area of scientific study. The book owes its genesis to several factors that came together in the summer of 1982. First, I had just finished writing a book about relativity, Spacewarps, and felt that it would be appropriate to tackle the demystification of the other great branch of twentieth-century science. Second, I was at that time increasingly irritated by the misconceptions trading under the name quantum theory among some non-scientists, Fritjof Capra’s excellent The Tao of Physics having spawned imitators who understood neither the physics nor the Tao but suspected there was money to be made out of linking western science with eastern philosophy. Finally, in August 1982 the news came from Paris that a team had successfully carried out a crucial test confirming, for those who still doubted, the accuracy of the quantum-mechanical view of the world.

Don’t look here for any ‘eastern mysticism’, spoon bending or ESP. Do look here for the true story of quantum mechanics, a truth far stranger than any fiction. Science is like that – it doesn’t need dressing up in the hand-me-downs of someone else’s philosophy, because it is full of its own delights, mysteries, and surprises. The question this book addresses is ‘What is reality?’ The answer(s) may surprise you; you may not believe them. But you will find out how contemporary science views the world.




Prologue

Nothing Is Real

The cat of our title is a mythical beast, but Schrödinger was a real person. Erwin Schrödinger was an Austrian scientist instrumental in the development, in the mid-1920s, of the equations of a branch of science now known as quantum mechanics. Branch of science is hardly the correct expression, however, because quantum mechanics provides the fundamental underpinning of all of modern science. The equations describe the behaviour of very small objects – generally speaking, the size of atoms or smaller – and they provide the only understanding of the world of the very small. Without these equations, physicists would be unable to design working nuclear power stations (or bombs), build lasers, or explain how the sun stays hot. Without quantum mechanics, chemistry would still be in the Dark Ages, and there would be no science of molecular biology – no understanding of DNA, no genetic engineering – at all.

Quantum theory presents the greatest achievement of science, far more significant and of far more direct, practical use than relativity theory. And yet, it makes some very strange predictions. The world of quantum mechanics is so strange, indeed, that even Albert Einstein found it incomprehensible, and refused to accept all of the implications of the theory developed by Schrödinger and his colleagues. Einstein, and many other scientists, found it more comfortable to believe that the equations of quantum mechanics simply represent some sort of mathematical trick, which just happens to give a reasonable working guide to the behaviour of atomic and subatomic particles but that conceals some deeper truth that corresponds more closely to our everyday sense of reality. For what quantum mechanics says is that nothing is real and that we cannot say anything about what things are doing when we are not looking at them. Schrödinger’s mythical cat was invoked to make the differences between the quantum world and the everyday world clear.

In that world of quantum mechanics, the laws of physics that are familiar from the everyday world no longer work. Instead, events are governed by probabilities. A radioactive atom, for example, might decay, emitting an electron, say; or it might not. It is possible to set up an experiment in such a way that there is a precise fifty-fifty chance that one of the atoms in a lump of radioactive material will decay in a certain time and that a detector will register the decay if it does happen. Schrödinger, as upset as Einstein about the implications of quantum theory, tried to show the absurdity of those implications by imagining such an experiment set up in a closed room, or box, which also contains a live cat and a phial of poison, so arranged that if the radioactive decay does occur then the poison container is broken and the cat dies. In the everyday world, there is a fifty-fifty chance that the cat will be killed, and without looking inside the box we can say, quite happily, that the cat inside is either dead or alive. But now we encounter the strangeness of the quantum world. According to the theory, neither of the two possibilities open to the radioactive material, and therefore to the cat, has any reality unless it is observed. The atomic decay has neither happened nor not happened, the cat has neither been killed nor not killed, until we look inside the box to see what has happened. Theorists who accept the pure version of quantum mechanics say that the cat exists in some indeterminate state, neither dead nor alive, until an observer looks into the box to see how things are getting on. Nothing is real unless it is observed.

The idea was anathema to Einstein, among others. ‘God does not play dice,’ he said, referring to the theory that the world is governed by the accumulation of outcomes of essentially random ‘choices’ of possibilities at the quantum level. As for the unreality of the state of Schrödinger’s cat, he dismissed it, assuming that there must be some underlying ‘clockwork’ that makes for a genuine fundamental reality of things. He spent many years attempting to devise tests that might reveal this underlying reality at work but died before it became possible actually to carry out such a test. Perhaps it is as well that he did not live to see the outcome of one line of reasoning that he initiated.

In the summer of 1982, at the University of Paris-South, in France, a team headed by Alain Aspect completed a series of experiments designed to detect the underlying reality below the unreal world of the quantum. The underlying reality – the fundamental clockwork – had been given the name ‘hidden variables’, and the experiment concerned the behaviour of two photons or particles of light flying off in opposite directions from a source. It is described fully in Chapter Ten, but in essence it can be thought of as a test of reality. The two photons from the same source can be observed by two detectors, which measure a property called polarization. According to quantum theory, this property does not exist until it is measured. According to the hidden-variable idea, each photon has a ‘real’ polarization from the moment it is created. Because the two photons are emitted together, their polarizations are correlated with one another. But the nature of the correlation that is actually measured is different according to the two views of reality.

The results of this crucial experiment are unambiguous. The kind of correlation predicted by hidden-variable theory is not found; the kind of correlation predicted by quantum mechanics is found, and what is more, again as predicted by quantum theory, the measurement that is made on one photon has an instantaneous effect on the nature of the other photon. Some interaction links the two inextricably, even though they are flying apart at the speed of light, and relativity theory tells us that no signal can travel faster than light. The experiments prove that there is no underlying reality to the world. ‘Reality’, in the everyday sense, is not a good way to think about the behaviour of the fundamental particles that make up the universe; yet at the same time those particles seem to be inseparably connected into some indivisible whole, each aware of what happens to the others.

The search for Schrödinger’s cat was the search for quantum reality. From this brief outline, it may seem that the search has proved fruitless, since there is no reality in the everyday sense of the word. But this is not quite the end of the story, and the search for Schrödinger’s cat may lead us to a new understanding of reality that transcends, and yet includes, the conventional interpretation of quantum mechanics. The trail is a long one, however, and it begins with a scientist who would probably have been even more horrified than Einstein if he could have seen the answers we now have to the questions he puzzled over. Isaac Newton, studying the nature of light three centuries ago, could have had no conception that he was already on the trail leading to Schrödinger’s cat.




Part One



THE QUANTUM


‘Anyone who is not shocked by quantum theory has not understood it.’

NIELS BOHR 
1885–1962






CHAPTER ONE

Light

ISAAC NEWTON INVENTED physics, and all of science depends on physics. Newton certainly built upon the work of others, but it was the publication of his three laws of motion and theory of gravity, more than three hundred years ago, that set science off on the road that has led to space flight, lasers, atomic energy, genetic engineering, an understanding of chemistry, and all the rest. For two hundred years, Newtonian physics (what is now called ‘classical’ physics) reigned supreme; in the twentieth century revolutionary new insights took physics far beyond Newton, but without those two centuries of scientific growth those new insights might never have been achieved. This book is not a history of science, and it is concerned with the new physics – quantum physics – rather than with those classical ideas. But even in Newton’s work three centuries ago there were already signs of the changes that were to come – not from his studies of planetary motions and orbits, or his famous three laws, but from his investigations of the nature of light.

Newton’s ideas about light owed a lot to his ideas about the behaviour of solid objects and the orbits of planets. He realized that our everyday experiences of the behaviour of objects may be misleading, and that an object, a particle, free from any outside influences must behave very differently from such a particle on the surface of the earth. Here, our everyday experience tells us that things tend to stay in one place unless they are pushed, and that once you stop pushing them they soon stop moving. So why don’t objects like planets, or the moon, stop moving in their orbits? Is something pushing them? Not at all. It is the planets that are in a natural state, free from outside interference, and the objects on the surface of the earth that are being interfered with. If I try to slide a pen across my desk, my push is opposed by the friction of the pen rubbing against the desk, and that is what brings it to a halt when I stop pushing. If there were no friction, the pen would keep moving. This is Newton’s first law: every object stays at rest, or moves with constant velocity, unless an outside force acts on it. The second law tells us how much effect an outside force – a push – has on an object. Such a force changes the velocity of the object, and a change in velocity is called acceleration; if you divide the force by the mass of the object the force is acting upon, the result is the acceleration produced on that body by that force. Usually, this second law is expressed slightly differently: force equals mass times acceleration. And Newton’s third law tells us something about how the object reacts to being pushed around: for every action there is an equal and opposite reaction. If I hit a tennis ball with my racket, the force with which the racket pushes on the tennis ball is exactly matched by an equal force pushing back on the racket; the pen on my desk top, pulled down by gravity, is pushed against with an exactly equal reaction by the desk top itself; the force of the explosive process that pushes the gases out of the combustion chamber of a rocket produces an equal and opposite reaction force on the rocket itself, which pushes it in the opposite direction.

These laws, together with Newton’s law of gravity, explained the orbits of the planets around the sun, and the moon around the earth. When proper account was taken of friction, they explained the behaviour of objects on the surface of the earth as well, and formed the foundation of mechanics. But they also had puzzling philosophical implications. According to Newton’s laws, the behaviour of a particle could be exactly predicted on the basis of its interactions with other particles and the forces acting on it. If it were ever possible to know the position and velocity of every particle in the universe, then it would be possible to predict with utter precision the future of every particle, and therefore the future of the universe. Did this mean that the universe ran like clockwork, wound up and set in motion by the Creator, down some utterly predictable path? Newton’s classical mechanics provided plenty of support for this deterministic view of the universe, a picture that left little place for human free will or chance. Could it really be that we are all puppets following our own preset tracks through life, with no real choice at all? Most scientists were content to let the philosophers debate that question. But it returned, with full force, at the heart of the new physics of the twentieth century.

Waves or Particles?

With his physics of particles such a success, it is hardly surprising that when Newton tried to explain the behaviour of light he did so in terms of particles. After all, light rays are observed to travel in straight lines, and the way light bounces off a mirror is very much like the way a ball bounces off a hard wall. Newton built the first reflecting telescope, explained white light as a superposition of all the colours of the rainbow, and did much more with optics, but always his theories rested upon the assumption that light consisted of a stream of tiny particles, called corpuscles. Light rays bend as they cross the barrier between a lighter and a denser substance, such as from air to water or glass (which is why a swizzle stick in a gin and tonic seems to be bent), and this refraction is neatly explained on the corpuscular theory provided the corpuscles move faster in the more ‘optically dense’ substance. Even in Newton’s day, however, there was an alternative way of explaining all of this.

[image: ]
Figure 1.1 Parallel water waves passing through a small hole in a barrier spread out in circles from the hole, leaving no ‘shadow’.
The Dutch physicist Christiaan Huygens was a contemporary of Newton, although thirteen years older, having been born in 1629. He developed the idea that light is not a stream of particles but a wave, rather like the waves moving across the surface of a sea or lake, but propagating through an invisible substance called the ‘luminiferous ether’. Like ripples produced by a pebble dropped into a pond, light waves in the ether were imagined to spread out in all directions from a source of light. The wave theory explained reflection and refraction just as well as the corpuscular theory. Although it said that instead of speeding up the light waves moved more slowly in a more optically dense substance, there was no way of measuring the speed of light in the seventeenth century, so this difference could not resolve the conflict between the two theories. But in one key respect the two ideas did differ observably in their predictions. When light passes a sharp edge, it produces a sharply edged shadow. This is exactly the way streams of particles, travelling in straight lines, ought to behave. A wave tends to bend, or diffract, some of the way into the shadow (think of the ripples on a pond, bending around a rock). Three hundred years ago, this evidence clearly favoured the corpuscular theory, and the wave theory, although not forgotten, was discarded. By the early nineteenth century, however, the status of the two theories had been almost completely reversed.

[image: ]
Figure 1.2 Circular ripples, like the ones produced by a stone dropped in a pond, also spread as circular waves centred on the hole when they pass through a narrow opening (and, of course, the waves that hit the barrier are reflected back again).
In the eighteenth century, very few people took the wave theory of light seriously. One of the few who not only took it seriously but wrote in support of it was the Swiss Leonard Euler, the leading mathematician of his time, who made major contributions to the development of geometry, calculus and trigonometry. Modern mathematics and physics are described in arithmetical terms, by equations; the techniques on which that arithmetical description depends were largely developed by Euler, and in the process he introduced shorthand methods of notation that survive to this day – the name ‘pi’ for the ratio of the circumference of a circle to its diameter; the letter i to denote the square root of minus one (which we shall meet again, along with pi); and the symbols used by mathematicians to denote the operation called integration. Curiously, though, Euler’s entry in the Encyclopaedia Britannica makes no mention of his views on the wave theory of light, views which a contemporary said were not held ‘by a single physicist of prominence’.fn1 About the only prominent contemporary of Euler who did share those views was Benjamin Franklin; but physicists found it easy to ignore them until crucial new experiments were performed by the Englishman Thomas Young just at the beginning of the nineteenth century, and by the Frenchman Augustin Fresnel soon after.

Wave Theory Triumphant

Young used his knowledge of how waves move across the surface of a pond to design an experiment that would test whether or not light propagates in the same way. We all know what a water wave looks like, although it is important to think of a ripple, rather than a large breaker, to make the analogy accurate. The distinctive feature of a wave is that it raises the water level up slightly, then depresses it, as the wave passes; the height of the crest of the wave above the undisturbed water level is its amplitude, and for a perfect wave this is the same as the amount by which the water level is pushed down as the wave passes. A series of ripples, like the ones from our stone dropped into the pond, follow one another with a regular spacing, called the wavelength, which is measured from one crest to the next. Around the point where our pebble drops into the water, the waves spread out in circles, but the waves on the sea, or ripples produced on a lake by the blowing wind, may run forward as a series of straight lines, parallel waves, one behind the other. Either way, the number of wave crests passing by some fixed point – like a rock – in each second tells us the frequency of the wave. The frequency is the number of wavelengths passing each second, so the velocity of the wave, the speed with which each crest advances, is the wavelength multiplied by the frequency.

[image: ]
Figure 1.3 The ability of waves to bend around corners also means that they can quickly fill in the shadow behind an obstacle, provided the obstacle is not much bigger than the wavelength of the waves.
The crucial experiment starts out with parallel waves, rather like the lines of waves advancing towards a beach before they break. You can imagine these as the waves produced by dropping a very large object into the water a very long way away. The ‘ripples’ spreading out in ever-growing circles look like parallel, or plane, waves if you are far enough away from the source of the ripples, because it is difficult to detect the curvature of the very large circle centred on the spot where the disturbances started. It is easy to investigate what happens to such plane waves in a tank of water when an obstacle is placed in their path. If the obstacle is small, the waves bend around it and fill in behind by diffraction, leaving very little ‘shadow’; but if the obstruction is very large compared with the wavelength of the ripples, then they only bend slightly into the shadow behind it, leaving a region of undisturbed water. If light is a wave, it is still possible to have sharp-edged shadows, provided the wavelength of light is very small compared with the size of the object casting the shadow.

[image: ]
Figure 1.4 The ability of light to diffract around corners and through small holes can be tested using a single slit to make a circular wave and a double slit to produce interference.
[image: ]
Figure 1.5 Like water ripples passing through a hole, the light waves spread out in circles from the first slit, moving ‘in step’ with one another.

Now turn the idea around. Imagine a nice set of plane waves progressing across our tank of water and coming up to, not an obstruction surrounded by water but a complete wall across their path, with a gap in the middle. If the gap is much larger than the wavelength of the disturbance, just the portion of the wave that is lined up with the gap gets through, spreading out slightly but leaving most of the water on the other side of the barrier undisturbed – like the waves arriving at the entrance to a harbour wall. But if the hole in the wall is very small, the hole acts as a new source of circular waves, as if pebbles were being dropped into the water at that spot. On the far side of the wall, this circular (or, more accurately, semicircular) wave spreads out across the water surface, leaving no part undisturbed.

So far, so good. Now, at last, we come to Young’s experiment. Imagine the same setup as before, a water tank with parallel waves coming to a barrier, but this time a barrier with two small holes in it. Each of the holes acts like a new source of semicircular waves in the region of the tank beyond the wall, and because these two sets of waves are being produced by the same parallel waves on the other side of the wall, they move exactly in step, or in phase. Now, we have two sets of ripples spreading out across the water, and this produces a more complicated pattern of ripples on its surface. Where both waves are lifting the water surface upward, we get a more pronounced crest; where one wave is trying to create a crest and the other is trying to create a trough the two cancel out and the water level is undisturbed. The effects are called constructive and destructive interference, and are easy to see, in a cruder way, by dropping two pebbles into a pond at once. If light is a wave, then an equivalent experiment should be able to produce similar interference among light waves, and that is exactly what Young discovered.

[image: ]
Figure 1.6 Circular waves advancing from each of the holes in the doubly slitted screen interfere to produce a pattern of light and shade on the viewing screen – clear proof that, as far as this experiment is concerned, light behaves as a wave.
He shone a light upon an obstructing screen in which there were two narrow slits. Behind this obstruction, light from the two slits spread out and interfered. If the analogy with water waves was correct, there ought to be a pattern of interference behind the obstruction producing alternate zones of bright light and darkness, caused by constructive and destructive interference of waves from each slit. When Young placed a white screen behind the slits, that is exactly what he found – alternate bands of light and shade striping the screen.

But Young’s experiment didn’t exactly set the world of science on fire, especially in Britain. The scientific establishment there regarded opposition to any idea of Newton’s as almost heretical, and certainly unpatriotic. Newton had only died in 1727, and in 1705 – less than a hundred years before Young announced his discoveries – had been the first scientist to receive a knighthood. It was too soon for the idol to be dethroned in England, so perhaps it was appropriate at that time of the Napoleonic wars that it was a Frenchman, Augustin Fresnel, who took up this ‘unpatriotic’ idea and eventually established the wave explanation of light. Fresnel’s work, although a few years later than Young’s, was more complete, offering a wave explanation of virtually all aspects of the behaviour of light. Among other things, he accounted for a phenomenon familiar to all of us today, the beautifully coloured reflections produced when light shines on a thin film of oil. The process is again caused by interference of waves. Some light is reflected from the top of the film of oil, but some passes through and is reflected back from the bottom surface of the layer. So there are two different reflected beams, which interfere with one another. Because each colour of light corresponds to a different wavelength, and white light is composed of a superposition of all the colours of the rainbow, the reflections of a white light from an oil film will produce a mass of colours as some waves (colours) interfere destructively and some constructively, depending on just where your eye is in relation to the film.

By the time Léon Foucault, the French physicist famous for the pendulum that bears his name, established in the middle of the nineteenth century that, contrary to the predictions of Newton’s corpuscular theory, the speed of light is less in water than in air, this was no more than any reputable scientist expected. By then ‘everybody knew’ that light was a form of wave motion propagated through the ether, whatever that might be. Still, however, it would be nice to know exactly what is ‘waving’ in a beam of light. In the 1860s and 1870s, the theory of light seemed at last to have been completed when the great Scottish physicist James Clerk Maxwell established the existence of waves involving changing electric and magnetic fields. This electromagnetic radiation was predicted by Maxwell to involve patterns of stronger and weaker electric and magnetic fields in the same way that water waves involve crests and troughs in the height of the water. In 1887 Heinrich Hertz succeeded in transmitting and receiving electromagnetic radiation in the form of radio waves, which are similar to light waves but have much longer wavelengths. At last the wave theory of light was complete – just in time to be overturned by the greatest revolution in scientific thinking since the time of Newton and Galileo. By the end of the nineteenth century, only a genius or a fool would have suggested that light is corpuscular. His name was Albert Einstein; but before we can understand why he took this bold step we need a little more background concerning the ideas of nineteenth-century physics.




CHAPTER TWO

Atoms

MANY POPULAR ACCOUNTS of the history of science say that the idea of atoms goes back to the ancient Greeks, a time of the birth of science, and go on to praise the ancients for their early perception of the true nature of matter. But this account is a bit of an exaggeration. It is true that Democritus of Abdera, who died some time close to 370 BC, did propose that the complex nature of the world could be explained if all things were composed of different kinds of unchangeable atoms, each type with its own shape and size, in constant motion. ‘The only existing things are atoms and empty space; all else is mere opinion,’ he wrote,fn1 and later Epicurius of Samos and the Roman Lucretius Carus adopted the idea. But it was not in those days the front-runner among theories to account for the nature of the world, and Aristotle’s suggestion that everything in the universe is made up from the four ‘elements’ fire, earth, air, and water proved much more popular and enduring. While the idea of atoms was largely forgotten by the time of Christ, Aristotle’s four elements were accepted for two thousand years.

Although the Englishman Robert Boyle used the concept of atoms in his work on chemistry in the seventeenth century, and Newton had it in mind in his work on physics and optics, atoms only really became a part of scientific thought in the latter part of the eighteenth century when the French chemist Antoine Lavoisier investigated why things burn. Lavoisier identified many real elements, pure chemical substances that cannot be separated into other chemical substances, and he realized that burning is simply the process by which oxygen from the air combines with other elements. In the early years of the nineteenth century John Dalton put the role of atoms in chemistry on a secure footing. He stated that matter is made up of atoms, which are themselves divisible; that all the atoms of one element are identical, but that different elements have different kinds of atoms (different sizes or shapes); that atoms cannot be created or destroyed, but are rearranged by chemical reactions; and that a chemical compound, made from two or more elements, is composed of molecules, each of which has a small, fixed number of atoms from each of the elements in the compound. So the atomic concept of the material world really came into being, in the form that is taught in textbooks today, scarcely two hundred years ago.

Nineteenth-Century Atoms

Even so, the idea only slowly gained favour among chemists in the nineteenth century. Joseph Gay-Lussac established by experiment that when two gaseous substances combine together the volume of one gas required is always a simple proportion to the volume of the other. If the compound produced is also a gas, the volume of that third gas is also in a simple proportion to the other two. This fits in with the idea that each molecule of the compound is made of one or two atoms of one gas combined with a few atoms of the other. And the Italian Amadeo Avogadro used this evidence, in 1811, to derive his famous hypothesis, which says that for any fixed temperature and pressure equal volumes of gas contain the same number of molecules, whatever the chemical nature of the gas. Later experiments have established that Avogadro’s hypothesis is correct; it can be proved that each litre of gas at a pressure of one atmosphere and temperature of 0°C contains roughly 27,000 billion billion (27 × 1021) molecules. But it was only in the 1850s that Avogadro’s countryman, Stanislao Cannizzaro, developed the idea to a point where more than a few chemists began to take it seriously. As late as the 1890s, however, there were still many chemists who did not accept the ideas of Dalton and Avogadro. But by then they had been overtaken by events in the development of physics, where the behaviour of gases had been explained in detail, using the concept of atoms, by the Scot James Clerk Maxwell and the Austrian Ludwig Boltzmann.

During the 1860s and 1870s, these pioneers developed the idea that a gas is made up of very many atoms or molecules (the number derived from Avogadro’s hypothesis gives you some idea how many), which can be thought of as tiny, hard spheres that bounce around, colliding with one another and with the walls of the container that holds the gas. This related directly to the idea that heat is a form of motion – when a gas is heated, the molecules move faster, which increases the pressure on the walls of the container, and if the walls are not fixed in place, the gas will expand. The key feature of these new ideas was that the behaviour of a gas could be explained by applying the laws of mechanics – Newton’s laws – in a statistical sense to a very large number of atoms or molecules. Any one molecule might be moving in any direction in the gas at any time, but the combined effect of many molecules colliding with the walls of the container each second produces a steady pressure. This led to the development of a mathematical description of gas processes called statistical mechanics. But still there was no direct proof that atoms existed; some leading physicists of the time argued strongly against the atomic hypothesis, and even in the 1890s Boltzmann felt himself (perhaps mistakenly) to be an individual struggling against the tide of scientific opinion. In 1898, he published his detailed calculations in the hope ‘that, when the theory of gases is again revived, not too much will have to be rediscovered’;fn2 in 1906, ill and depressed, unhappy about the continuing opposition of many leading scientists to this kinetic theory of gases, he killed himself, unaware that a few months before, an obscure theorist called Albert Einstein had published a paper that established the reality of atoms beyond reasonable doubt.

Einstein’s Atoms

This paper was just one of three published by Einstein in the same volume of the Annalen der Physik in 1905, any one of which would have assured him of a place in the annals of science. One of the papers introduced the special theory of relativity and is largely outside the scope of the present book; another concerned the interaction of light with electrons and was later recognized as the first scientific work dealing with what we now call quantum mechanics – it was for this work that Einstein received the Nobel Prize in 1921. The third paper was a deceptively simple explanation of a puzzle that had baffled scientists since 1827 – an explanation that established, as far as any theoretical paper ever could, the reality of atoms.

Einstein later said that his major aim at that time was ‘to find facts which would guarantee as much as possible the existence of atoms of finite size’,fn3 an aim that perhaps indicates the importance of the work at the beginning of the last century. At the time these papers were published, Einstein was working as a patent examiner in Berne – his unconventional approach to physics had not made him an obvious candidate for an academic post when he completed his formal education, and the patent office job suited him. His logical mind proved well able to sort out the wheat of new inventions from the chaff, and his skill at the job left him plenty of free time in which to think about physics, even during office hours. Some of his thoughts concerned the discoveries made by the British botanist Thomas Brown almost eighty years before. Brown noticed that when a pollen grain floating in a drop of water is examined using a microscope it is seen to bounce around in an irregular fashion, moving in a random pattern that is now called Brownian motion. Einstein showed that this motion, although random, obeys a definite statistical law, and that the pattern of behaviour is exactly what should be expected if the pollen grain is being repeatedly ‘kicked’ by unseen, sub-microscopic particles that move in accordance with the statistics used by Boltzmann and Maxwell to describe the way atoms move in a gas or liquid. It looks so obvious today that it is hard to credit what a breakthrough this paper made. You or I, used to the idea of atoms, can see at once that if pollen grains are being jostled by unseen collisions then it must be moving atoms that push them around. But before Einstein made the point, respected scientists could still find room to doubt the reality of atoms; after his paper appeared, there was no longer room to doubt. Easy when explained, like the fall of an apple from a tree, but if it was so obvious why had it not been appreciated in the previous eight decades?

It’s ironic that this scientific paper should have been published in German (in the journal Annalen der Physik), because it was the opposition of leading German-speaking scientists such as Ernst Mach and Wilhelm Ostwald that seems to have convinced Boltzmann that his was a lone voice crying in the wilderness. In fact, by the beginning of the twentieth century there was a great deal of evidence for the reality of atoms, even if, strictly speaking, that evidence could only be described as circumstantial; British and French physicists subscribed to the atomic theory with far more conviction than many of their German counterparts, and it was an Englishman, J. J. Thomson, who had discovered the electron – which we now know to be one of the components of the atom – in 1897.

Electrons

There had been a long controversy in the late nineteenth century concerning the nature of radiation that is produced from a wire that carries an electric current through a tube that has been pumped empty of air. These cathode rays, as they were called, might be a form of radiation, produced by vibrations of the ether but different in character from light and the newly discovered radio waves, or they might be streams of tiny particles. Most German scientists subscribed to the idea of ether waves; most British and French scientists thought that the cathode rays must be particles. The situation was confused by the accidental discovery of X rays by Wilhelm Röntgen in 1895 (in 1901, Röntgen received the first ever Nobel Prize in Physics for this discovery), but that proved to be a red herring. Important though the discovery was, in a sense it came too soon, before there was a theoretical framework of atomic physics into which X rays could be fitted. We will meet them again in a more logical context as our story develops.

Thomson worked at the Cavendish Laboratory, a research centre in Cambridge established by Maxwell, as the first Cavendish Professor of Physics, in the 1870s. He devised an experiment that depended on balancing the electric and magnetic properties of a moving charged particle.fn4 The path of such a particle can be deflected both by magnetic and by electric fields, and Thomson’s apparatus was designed so that these two effects cancelled each other out and left a beam of cathode rays that travelled straight from a negatively charged metal plate (or cathode) to a detector screen. This trick only works for electrically charged particles; so Thomson established that cathode rays are indeed negatively charged particles (now called electrons) and he was able to use the balance of electrical and magnetic forces to calculate the ratio of the electric charge of an electron to its mass (e/m). Whatever metal was used to make the cathode, he always got the same result, and concluded that electrons are parts of atoms, but that although different elements are made of different atoms all atoms contain identical electrons.

This was no serendipitous discovery, like that of X rays, but the result of careful planning and skilful experiments. Maxwell had created the Cavendish Laboratory, but it was under Thomson that it became a leading centre of experimental physics – perhaps the leading physics lab in the world – at the heart of the discoveries that led to the new understanding of physics in the twentieth century. As well as his own prize, Nobel awards went to seven of the people who worked under Thomson at the Cavendish in the period before 1914. It remains a world centre of physics to the present day.

Ions

The cathode rays, produced by the negatively charged plate in an evacuated tube, turned out to be negatively charged particles, electrons. Atoms, however, are electrically neutral, and logically enough there are positively charged counterparts to electrons, atoms that have had a piece of negative charge chipped away from them. Wilhelm Wien, of the University of Würzburg, made some of the first studies of these positive rays in 1898, and established that the particles they are made of are very much heavier than electrons, as we would expect if they are just atoms that lack an electron. Following his work on cathode rays, Thomson took up the challenge of investigating these positive rays in a series of difficult experiments that extended into the 1920s. Today the rays are called ionized atoms, or simply ‘ions’; in Thomson’s day they were called canal rays, and he studied them by using a modified cathode-ray tube in which a little gas was left behind by the vacuum pump. The electrons moving through this gas collided with its atoms, and knocked other electrons out of them, leaving the positively charged ions, which could be manipulated with electric and magnetic fields in the same way that Thomson manipulated the electrons themselves. By 1913 Thomson’s team was making measurements of the deflections of positive ions of hydrogen, oxygen, and other gases. One of the gases Thomson used in these experiments was neon; a trace of neon in an evacuated tube through which an electric current passes glows brightly, and Thomson’s apparatus was a forerunner of the modern neon tube. What he found, however, was far more important than a new kind of advertising sign.

Unlike the electrons, which all have the same e/m, it turns out that there are three different neon ions, which all have the same amount of charge as the electron (but +e instead of – e), and have different masses. This was the first evidence that chemical elements often include atoms with different masses (different atomic weights) but identical chemical properties. Such variations on an elemental theme are now called ‘isotopes’, but it was a long time before an explanation of their existence could be found. Already, though, Thomson had enough information to produce the first stab at an explanation of what the atom might be like inside – not an indivisible ultimate particle, as a few Greek philosophers had thought, but a mixture of positive and negative charges, from which electrons could be chipped away.

Thomson envisaged the atom as something like a watermelon, a relatively large sphere through which all of
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