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Quantum physics intrigues because it has a mystery at its heart. This fundamental area of science describes the behaviour of the atoms and subatomic particles that make up matter, as well as explaining the elusive but essential phenomenon of light. It lies behind electricity and magnetism – and most of the key inventions of the 20th and 21st centuries. Yet quantum physics describes a world in which events happen that are downright weird.
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It’s easy to think of particles such as electrons as tiny balls. Yet we know exactly what will happen to a ball if we throw it, given the details of its environment. The weirdness of the quantum world emerges from a lack of certainty. To the horror of some of the early developers of quantum theory, notably Albert Einstein, the equation describing the position of a particle after a certain amount of time deals only in probability. We can’t state where it will be after ten seconds, just the probability of finding it in various locations. And until we actually pin down the particle, only the probabilities exist. The same uncertainty is true for many other aspects of behaviour at the quantum level.

Contrast this with a normal object over which probability apparently rules, such as a tossed coin. If we toss a coin, the chances are 50:50 of the outcome being heads or tails. However, once the coin is tossed, even if we haven’t looked at it, just one side is facing up. It is either heads or tails. In the quantum equivalent, only those 50:50 probabilities exist until the particle interacts with the world around it. When the leading lights of quantum physics met at the Solvay Conference of 1927, this was still something that caused heated arguments among the participants. Some, such as Einstein and Erwin Schrödinger, were convinced that there had to be something underlying everything that was more “real”, something not dependent on probability. Others, such as Niels Bohr and Werner Heisenberg, saw no need for such a reality. And it was Bohr and Heisenberg who have been proved right.

This may seem a matter of philosophical niceties. After all, the world around us and the things in it behave as we expect them to, despite being made up of quantum particles. So does it really matter what happens at the quantum level? The answer is a firm “Yes, it does!” It is this kind of weird quantum behaviour that makes it possible for atoms to exist, makes it possible for the Sun to shine and lies behind much of the technology we use today, from smartphones to lasers to MRI scanners.

Quantum physics has a reputation for being difficult – and the underlying mathematics is. But the basic concepts are easy to grasp, and essential if we really want to understand the quantum-based world around us. Before we take the plunge, though, it’s important to know where this all came from – and to do that we need to look back at how our understanding of matter and light developed.
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The 1927 Solvay Conference brought together all the founders of quantum physics.
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The fresco The School of Athens by Italian Renaissance artist Raphael brings together Greek philosophers in an imaginary gathering.



THE NATURE OF EVERYTHING

Physics sits at the heart of science, underpinning our knowledge of the natural world. It’s our way of describing and understanding how the essential stuff of the universe behaves. Which means that physics has played an essential part for as long as human beings have thought about science.

This applies to every significant culture, although each began from a very different starting point. But because our modern scientific tradition is built on the foundations of Greek thought, it is most useful to look back to the Ancient Greek ideas that led to the development of modern physics and the transformation that came with quantum physics.

Much of the Ancient Greeks’ science is no longer useful, but what they gave us was more valuable: a new way of looking at nature.
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THEOLOGY TO PHYSICS

While everything natural had previously been considered the work of gods, the Greek philosopher Thales, born toward the end of the 7th century BC, and his successors looked for material rather than spiritual causes. Another Greek philosopher, Aristotle, writing over two hundred years later, called those who followed Thales physikoi, physicists, to distinguish them from theologians, the theologoi.




For the Ancient Greeks, physics meant the science of things on Earth, including living things, while astronomy was part of mathematics.





ELEMENTARY

The early Greek philosophers came up with the idea that matter was composed of elements. It was in the 5th century BC that Empedocles first argued that everything was made up of earth, air, fire and water. This may seem overly simplistic, but it was devised on the scientific principle of basing a theory on observation. Empedocles had observed the way that, for example, when a piece of wood was burned it gave off air-like smoke, spouted fire, oozed water-like sap and ended up as earth-like ashes.

This theory was expanded by Aristotle, who added a fifth element, the quintessence, or aether, because he believed that everything above the Moon’s orbit was perfect, and had to be made of something less worldly. The four elements were also used to derive an explanation of the way gravity worked.

Aristotle’s approach to gravity was based on his idea that elements had a natural home. If something primarily consisted of earth or water, it wanted to be at the centre of the universe, while fire and air moved away from the centre of the universe. (Strictly, gravity was the tendency toward the centre, while levity was the motion away.) This was one of the strongest arguments for the Sun orbiting the Earth, rather than vice versa.
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Empedocles as imagined in a 17th-century engraving.
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Sacrobosco’s 1501 picture of the spheres of the four elements (earth is the small sphere, off-centre to explain the existence of dry land).




Comets were a real problem. Despite all appearances, because their form changed as they travelled through space, they were assumed to be beneath the Moon.





ATOMISTS

Although the four elements would remain the accepted theory of matter for around two thousand years, it wasn’t the only Ancient Greek approach.
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Two of Empedocles’ contemporaries, Leucippus and his pupil Democritus, came up with the surprisingly modern-sounding atomic theory. This was based on the idea that if you took anything – a piece of cheese, say – and cut it into smaller and smaller pieces, you would eventually get to the point at which it was impossible to cut further. They used a term for “not-cuttable”: atomos. They had reduced substance to atoms.

These atoms were all made of the same basic stuff, but the atoms could have many different shapes, which defined the material. So cheese atoms, for example, would be different from air atoms.


In medieval times, an atom was also the smallest unit of time – 1/376th of a minute.

“Athomus, by þe diffinicion of trewe philisophres in þe sciens of astronomye, is þe leest partie of tyme. & it is so litil þat, for þe littilnes of it, it is undepartable & nei honde incomprehensible.”

The Cloud of Unknowing, 14th century, anon




ELEMENTS BEAT ATOMS

Although atoms sound a more up-to-date approach than earth, air, fire and water, the four elements were arguably more scientific because they could be used to predict behaviour. By contrast, because each substance had its own atoms, the atomic theory did not provide a better understanding of the world.
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Aristotle rejected atomism, instead extending the four-element theory. As we have seen, he added a fifth element – the aether or quintessence – which helped challenge a fundamental of atomism. If everything were made of atoms, Aristotle argued, then there had to be a void between those atoms. This empty space or vacuum seemed an impossibility to Aristotle, as other material would naturally fill it; and if there were a vacuum, there was no reason why a moving object should ever come to a stop. In his elements model, there were no inconvenient voids.
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According to the Ancient Greek atomists, everything was made up of atoms that could not be cut further.





THE MYSTERY OF LIGHT

Matter – physical stuff that you could touch – was relatively straightforward to describe, but ancient civilizations struggled more with the nature of light.
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Originally it was only seen as the mechanism of sight, leading to some bizarre confusion where light was portrayed as a beam that emerged from the eye. But we now know that it is so much more, whether it’s the means of transferring the energy from the Sun to the Earth that makes life possible, or the invisible web of photons that enables electromagnetism to work across a distance.

In prehistory, the brightest lights in the sky were awarded special importance. Many cultures considered the Sun and the Moon to be gods.
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Path of Sun through the sky




ARCHITECTURE OF LIGHT

Though we can only guess at the precise use of Stonehenge, there is no doubt that it, along with many other ancient structures, is aligned with the Sun’s rays at particular times of year. Although it is midsummer that is most widely celebrated now at the site, there is evidence that the key alignment occurs at midwinter, when the days start to grow longer, and the position of the light from the Sun tells of the coming spring and renewal. Light was not only about sight, but a bringer of hope.
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FIRE FROM THE EYE

Such was the enthusiasm among the Ancient Greeks to ensure that everything was made of the four elements that they assumed light must be a form of fire. Empedocles decided that this fire was emitted from the eye to reach the objects the viewer could see. He believed that the fire was carefully contained to avoid it coming into contact with the water in the eye and streamed out whenever the eye was open.

With a little logic, it seems obvious that this couldn’t work, otherwise we could see in the dark (not to mention the lack of visible fire). But the Sun was still given a role as a mechanism to help the eye’s fire to function. The Sun didn’t provide the light that allows us to see, but activated its path. This strange theory would be modified over time, bringing in straight-line travel for light rays, but for centuries the eye’s fire was still thought to have a role.
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According to Greek theory, vision required a stream of fire from the eye to reach the object that was seen.




EASTERN LIGHT

It was only thanks to the influence of Arab philosophers around the start of the 11th century AD that fire from the eye was dismissed. The more rigorous Arab scientific ideas, including a better understanding of lenses and mirrors, were brought to the West over a hundred years later.
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WAVES AND CORPUSCLES

Over time, scientists realized that something must enable the light to travel from the Sun or a flame to a viewer’s eye. By Isaac Newton’s day in the later 1600s there were two opposing theories. Newton believed that light, rather like the atomists’ matter, was made up of tiny particles that he called “corpuscles”. Others, such as his Dutch contemporary Christiaan Huygens, preferred the idea that light was made up of waves, like the ripples that move over the surface of water.

Each theory had its problems. Using his corpuscles, Newton found it difficult to explain the way that light rays bend as they pass from air to glass, or why some light reflects off a piece of glass while some of it passes through. But this didn’t mean that the wave supporters had it easy. They had to describe how waves could pass through empty space so that light from the Sun and the stars could reach us. That was easy for corpuscles, but waves had to have some material to wave in. There was a stand-off between supporters of the two main theories for over a hundred years.
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Like many early scientists, Huygens had wide interests. He studied light, astronomy, probability, mechanics…and still found time to invent the pendulum clock.





YOUNG’S SLITS

The argument between the wave and corpuscle theories was brought to a head by Thomas Young. Born in 1773, Young was a wealthy doctor who turned his mind to everything from the elasticity of materials to helping insurance companies decide on their premiums. But his greatest work was to demonstrate that light had to be a kind of wave, using an apparatus that became known as “Young’s slits”.
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In 1801, Young described how he had produced two sharp beams of light from the same source and, using a pair of narrow slits, had caused the beams to overlap on a sheet of paper. It was already known that waves could interfere with each other. If you drop two stones into water, at some points both waves will be moving up at the same time and will reinforce each other and make a stronger wave. At other points they will move in opposite directions and cancel each other out. Young saw fringes of dark and light on the paper – the light waves were undergoing this same interference process.


[image: Illustration]

Young was studying the effect of temperature on the formation of dewdrops, shining a candle light through a fine mist of droplets. The images of these droplets, projected on a white screen, formed coloured rings around a white centre. Young suspected the rings were caused by the waves of light interacting with each other, leading to his slits experiment.
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Young was one of the first people to make a partial translation of Egyptian hieroglyphics.
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In Young’s experiment, light waves from the two slits interfere with each other, causing dark and light fringes to appear on the screen.





ETHERIC WAVES

Although Thomas Young had clearly shown that light acted as a wave, his experiment did not explain how light travelled across the vacuum of space from the Sun.

By this time, it was known that sound waves could not cross space. When the air was sucked out of a jar containing a ringing bell, the sound could no longer be heard. But the bell could still be seen to move. The waves had to be vibrations in something else.

To explain how light managed this trick, scientists of the period modified the old idea of an invisible ether – something that filled all of space and could vibrate and form the waves of light. The ether was strange stuff – invisible, offering no resistance to anything passing through it, yet able to carry light across millions of miles from the Sun and stars.
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Light waves move side to side compared with their direction of travel.




When a wave passes through a material, the floppier the material, the more energy gets lost, so the wave dissipates more quickly. The ether had to be infinitely rigid…but still allow a wave through.
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When air is removed from a jar, the ringing bell inside can no longer be heard.



THE MYSTERIOUS ETHER

The ether appeared to have a unique property. In the 19th century, features such as polarization (see Time Travellers) showed that light was a side-to-side wave, like the ripples on the sea, as opposed to a compression wave, where the wave travels by repeatedly squashing and relaxing the medium in the direction of travel, like sound. Side-to-side waves travelled only on the edge of a material – but somehow they passed through the middle of the ether. Despite this oddity, if light were a wave, it surely required something to wave through, and the ether made this possible.



ELECTRICITY

Although matter and light make up much of the everyday world around us, there is another kind of stuff in the universe in the form of electricity. With its existence most obviously and dramatically demonstrated by a bolt of lightning, and by the unpleasant shock delivered by electric fish, there had long been an awareness of electricity.

Uncovering the exact nature of electricity would have to wait for the discovery of the component parts of the atom, but from the 1600s onward there was an increasing understanding of electricity as something distinct from the action of a magnet. Therefore it needed a distinct name, and the English natural philosopher William Gilbert coined “electricity” after the ancient Greek word for amber, elektron, via the later Latin “amber-like”, electricus. Without it being clear exactly what was going on, electricity was increasingly used, first in demonstrations such as the “electric boy” who was suspended from silk ropes and used to carry an electric charge to a bystander, and later by scientists such as Michael Faraday, whose experiments led to the development of the electric motor.
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A typical lightning bolt carries as much energy as a medium-sized power station run for a second.




The common term for a worker in science was “natural philosopher” until the late 19th century. “Scientist” was formed by analogy with “artist” in 1833, but took decades to become widely accepted.




AMBER’S ATTRACTION

The early Greek philosopher Thales noted the commonly observed phenomenon that when some materials, notably amber, were rubbed, they attracted small objects to them, an early example of an electric effect.
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MAGNETISM

Like electricity, magnets were familiar since ancient times. Lodestones were naturally occurring objects capable of moving light pieces of some metals without touching them.


[image: Illustration]

Gilbert used magnetized metal balls called “terrella” as models for the Earth’s magnetism.



Because of their strange power, magnets were the subject of some of the oldest scientific studies. The earliest surviving document is Peter of Maricourt’s 1269 work Epistola de Magnete.

In 1600, the same William Gilbert who named electricity published the highly influential book De Magnete. While crude magnetic compasses had been used for hundreds of years, the reason they worked was a mystery. The best suggestion at the time was that either the pole star Polaris or a strange island in the Earth’s far north somehow attracted magnets.
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Gilbert demonstrates magnetism to Queen Elizabeth I, from Hutchinson’s Story of the Nations, a 1920s history book.




THE EARTH AS A MAGNET

Gilbert was the first to work through the practical implications of the Earth itself being a giant magnet. Not all of his ideas proved correct – he thought, for example, that gravity was the result of magnetism – but his approach was one of the earliest careful scientific examinations of a natural phenomenon. By using spherical magnets, Gilbert studied various oddities of compasses, from dipping needles to variations in the apparent position of the North Pole.
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The Earth’s magnetic field, which extends far beyond the surface, enables compasses to align with the poles.






Gilbert is said to have spent the vast amount of £2,500 on his experiments. In modern terms that’s around £500,000.



MESMER’S MAGIC FLUID

By the end of the 18th century, scientists were on the verge of a better understanding of electricity and magnetism. Many, however, still associated these apparently magical phenomena with a kind of mysticism, making the timing ripe for the theories of German doctor Franz Mesmer.

Working in the 1770s, Mesmer first tried to cure a patient by getting her to drink a suspension of iron and trying to influence how it flowed through her body using magnets, but this initial approach was soon replaced by the more dramatic theory of animal magnetism.

Mesmer claimed that there was a natural magnetic fluid in the body and that it was possible for another person to manipulate this fluid (presumably as a result of their own magnetic powers). The manipulation of animal magnetism, often called Mesmerism, was supposed to cure the ill. Patients who were treated in this way reported feelings of heat in their bodies, went into trances and had fits.

It seems that Mesmer and his followers were producing the same kind of suggestive state as hypnotism – but, sadly for his patients, there was no magnetism involved…and no cure.
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German doctor Franz Mesmer devised the concept of animal magnetism.




Mesmer’s ideas were investigated by a French Royal Commission including the unfortunate Joseph-Ignace Guillotin, whose name became attached to a killing machine he didn’t invent. They decided Mesmerism was purely an effect of the imagination, but the report did little to stop the practice.
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A Mesmerist uses animal magnetism on a woman, producing convulsions.



MAXWELL’S SILVER HAMMER

The Victorian era saw the coining of a new term to replace “natural philosopher”. Although “scientician”, “scientman” and “savant” were all tried, it was “scientist” that took hold.
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Maxwell’s work resulted in four compact equations that detail the relationship between electricity and magnetism.



The initial force behind the change was probably the philosophers’ distaste for something as practical as science, but it also reflected the development of the scientific professional, which saw figures such as Michael Faraday transform the understanding of electricity and magnetism.

The unification of the two phenomena as electromagnetism was triumphantly achieved by Scottish physicist James Clerk Maxwell. Faraday and his peers had shown how electricity could produce magnetism and magnetism electricity, but Maxwell developed a theory in which the two were tightly integrated.
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The electromagnetic spectrum.
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