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Introduction


The world of quantum physics is an amazing place, where subatomic particles can do seemingly miraculous things.


They can disappear from one location and spontaneously appear in another, or communicate with each other instantly despite being on opposite sides of the Universe. Real particles can mix with virtual ones that ‘borrow’ energy from the Universe, and these interactions govern the fundamental forces that bind atoms and molecules together, creating the structure of matter itself. To the uninitiated, it seems like magic.


Quantum physics pushes us to the boundary of what we know about physics, and scientists differ in their interpretations of what it all means. The one thing everyone seems to agree on is that on the smallest scales, nature is probabilistic – God really does play dice. For example, probability determines a particle’s most likely location, or its most likely energy, momentum, or numerous other fundamental qualities. For some scientists, this is the extent of the meaning behind quantum physics. For
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others, it implies a multiverse of parallel realities where every possibility is played out. There’s no direct evidence yet that this ‘many-worlds’ interpretation is correct, but the mathematics certainly suggests it is possible.


The true meaning of quantum physics may be still up for debate, but its myriad applications are far more concrete. All of the electronics in our computers, phones, televisions and tablets operate thanks to quantum principles. Lasers could not exist without the quantized energy levels in atoms. MRI medical scans utilise quantum mechanisms in action within your own body, and computers built around the principles of quantum physics might soon be solving problems much faster than any computer currently in existence. Quantum physics is also a step towards the ultimate theory of everything. It casts light on the origin of the Big Bang and the large-scale structure of the Universe, and some scientists controversially suggest that even human consciousness is quantum mechanical in nature.


Quantum physics is science, not magic. Yet what it can do is indeed magical and, by seeking to understand it, we find ourselves delving into the very fabric of nature and reality.
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What is quantum physics?


Quantum physics describes the science of the very small, things tinier than billionths of a metre, on the scale of atoms, subatomic particles and the wavelength of light. It also shows how many properties are ‘quantized’ on these tiny scales, subdivided in discrete units rather than being continuously varying quantities. In our everyday world, it’s hard to imagine the properties found in this microscopic world. For example, there are particles like electrons that have no physical dimensions, and others with no mass. Strangest of all, however, is the notion that particles can act like waves and waves can act like particles. This simple yet confounding fact lies at the heart of quantum physics and everything that subsequently flows from it.


It took scientists a long time to accept this bizarre idea, and the revolution that followed had a profound effect on modern science. Yet the discovery of quantum theory had its roots in a much older debate – the centuries-long argument over whether light is made from particles or waves.
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‘Anyone who is not shocked by quantum theory has not understood it.’


Attributed to Niels Bohr









[image: image]





Is light a wave?


Quantum theory has its roots in a fierce and long-running debate over the nature of light. The question as to whether light is made from particles or waves dominated science in the late 17th century. In 1678, Dutch scientist Christiaan Huygens popularized the hypothesis that light propagated in the form of a wave (based on earlier ideas by philosopher René Descartes).


Of course, waves (ranging from tidal waves in water to sound waves in air) need a medium through which to propagate. It was clear that light waves were not using air as a medium – space was known to be airless, and yet we can still see the light of the Sun, stars and planets. To get around this, Huygens hypothesized a medium that he called the ‘luminiferous aether’. He neglected to explain exactly what this aether was, beyond it being weightless, invisible and apparently everywhere. Unsurprisingly, many scientists, key among them Isaac Newton, were unconvinced by Huygens’ wave theory. Instead, they argued that light must be made from particles.
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Studying the motion of water waves reveals aspects of wave behaviour, such as diffraction, that are also shared by light.


Diffraction after parallel waves pass through a narrow slit.


Interference pattern between two diffracted waves.









[image: image]





Is light a particle?


Influential English physicist Isaac Newton proposed a model of light as discrete particles (so-called ‘corpuscles’). It was based not only on objections to the wave theory of Huygens, but also upon observation. Newton pointed to the way in which light is reflected from a mirror: waves do not travel in the straight lines needed to create a reflection, but particles do. Furthermore, Newton explained refraction (the bending of light in certain materials, such as water) as the effect of a medium attracting particles of light and speeding them up. Finally, step outside on a sunny day and you will see that there are sharp edges to your shadow, whereas if sunlight were made of waves, your shadow would surely be fuzzy.


Newton’s model became the leading theory of light, but it wasn’t well received by everybody, and his rival Robert Hooke was one influential voice who still favoured the wave theory. Then, in 1801, long after Newton’s death, the double-slit experiment seemed to disprove corpuscles once and for all.
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Newton erroneously used the refraction of light passing through a prism to argue for its particle-like nature, but his discovery that white light can be split into many colours still led to important breakthroughs including the entire field of spectroscopy.
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The double-slit experiment


Despite the success of Isaac Newton’s corpuscular theory of light, the rival wave theory retained some proponents and, at the beginning of the 19th century, Englishman Thomas Young appeared to disprove Newton with an experiment that is replicated by high-school students to this day.


Young’s experiment involves shining sunlight through a barrier containing two thin slits and onto a screen. Once through the slits, the light creates two spreading diffraction patterns, which begin to overlap and interfere with one another. Where a trough in one wave coincides with the peak of another, it causes them to cancel out, so that when the light finally reaches the screen, the cancelled waves leave dark bands known as ‘interference fringes’. Since only waves can interfere in this fashion, Young concluded that light must be made from waves. By studying how the different colours within sunlight formed different fringe patterns, he was even able to estimate the wavelengths of the various colours.
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Young’s double-slit experiment


Destructive interference where waves hit screen out of step


Constructive interference where peaks and troughs arrive ‘in step’


Diffracted waves spread out and overlap


Monochromatic (single-colour) light source Interference pattern forms on screen


Barrier with two narrow slits









[image: image]





The Michelson- Morley experiment


Thomas Young’s proof that light is a wave implied that the light-carrying medium or aether proposed by Huygens (see page 10) must be real too, yet 19th-century scientists struggled to detect it. In 1887, American physicists Albert Michelson and Edward Morley set out to settle the question using an ingenious and highly sensitive experiment.


Theory held that the aether was stationary in space, so Earth’s motion would result in the speed of light appearing faster in the direction of motion compared to a perpendicular direction. Michelson and Morley built a device called an interferometer to send beams of light from a single source along perpendicular paths before reflecting and recombining them. If the speed of light varied between the paths, then the returning waves would slip ‘out of phase’ with one another, creating a pattern of interference fringes that shifted over time. But try as they might, Michelson and Morley found the speed of light was the same in all directions. The aether did not exist, so how could light be a wave?
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Semi-silvered mirror splits light beams along perpendicular paths and then recombines them Light source


Recombining light beams form interference pattern


Mirror


Sandstone block isolated in a pool of mercury to reduce vibration If the aether existed, then changes to the speed of light in different directions would cause interference patterns viewed in the microscope to shift over time.


Mirror


Microscope
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Electromagnetism


If light really is a wave, then it seems reasonable to ask: what exactly is doing the waving? The properties of an apparently unrelated phenomenon, electromagnetism, ultimately proved to hold the answer.


In 1831, Michael Faraday discovered the phenomenon of induction, in which moving electrical currents ‘induce’ moving magnetic fields, and vice versa. Faraday’s experiments (which still form the basis of electricity generation) showed a clear link between electricity and magnetism, but it was not until 1865 that James Clerk Maxwell set out a theoretical model for how induction and related effects took place. Maxwell’s theory showed how oscillating, intertwined electric and magnetic fields can move through space as electromagnetic (em) waves. Crucially, he found that em waves moved freely through a vacuum, and propagate at a velocity of 300,000 kilometres per second (186,000 mps), exactly the same speed as light. If the aether didn’t exist, then perhaps light was an electromagnetic wave?
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‘Conventional’ current flow from positive to negative


Actual motion of electrons in wire


Induced magnetic field around wire


Clockwise


Anticlockwise


Lines of magnetic flux


Lines of magnetic flux


The flow of electric current (a stream of negatively charged electron particles) through a wire induces a magnetic field around the conductor. Reversing the current reverses the direction of the magnetic field.
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Maxwell’s equations


To explain electromagnetism fully, James Clerk Maxwell appropriated a number of equations from other scientists and assembled them into a cohesive theory. His first equation describes how the strength of an electric field decreases with the square of distance. In other words, at twice the distance from the source, the field is four times weaker. The second equation describes the strength of magnetic fields and how they always follow closed loops between magnetic poles.


Maxwell’s third equation describes how interactions between oscillating electric and magnetic fields can create ‘electromotive force’, which manifests as a voltage. Finally, the fourth equation describes how an oscillating electrical current can induce a magnetic field with a strength proportional to the size of the electrical current. Together, these equations describe how electromagnetic waves behave, while providing a theoretical explanation for exactly what a light wave is, how it propagates in a vacuum and how it interacts with electric and magnetic fields.
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In Maxwell’s equations, E represents the flux of the electric field, B the magnetic flux, p the charge within a volume of space, and J the current flowing in a conductor.
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Thermodynamics and entropy


Alongside the discovery of electromagnetism, the study of energy in the form of heat led to another 19th-century scientific revolution. What became known as the laws of thermodynamics introduced several concepts that would prove critical to quantum theory.


The first law of thermodynamics explains how energy is conserved when heat is added to a closed system: the total energy of the system is equal to the heat supplied, less any work done (physical changes to the surroundings) as a result.


The second law, meanwhile, essentially describes how heat will always flow from hotter to colder systems. In fact, this law describes entropy, a measure of the amount of disorder in a system (illustrated opposite). The third law then explains how entropy approaches zero as the temperature within a system nears absolute zero. These notions of conservation of energy and entropy are discussed further on pages 82 and 320.
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Increasing entropy


The second law of thermodynamics states that systems will always tend to become less organized over time unless outside energy is applied. For example, a small splash of hot water will naturally tend to spread out through colder surroundings unless it is contained.


Low-entropy system High-entropy system
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Black bodies


The study of the ways in which objects emit electromagnetic waves led, in the mid-19th century, to the idealized concept of a ‘black body’ radiator. This is an object that is both a perfect absorber and a perfect emitter of radiation. German physicist Max Planck found that the hotter the surface of a black body, the higher the energy of the light emitted. Hence, room-temperature objects glow mostly in infrared, while objects heated to thousands of degrees emit mostly visible wavelengths, and the hottest objects of all produce light in ultraviolet or even shorter wavelengths, such as X-rays.


A star is often considered the closest thing in nature to a perfect black body. Stars show the temperature–energy relationship in action: cooler stars emit more red light and infrared wavelengths, while hotter stars tend towards the blue and ultraviolet. Attempts to study what happens to black bodies at the highest temperatures were pivotal to the birth of quantum theory (see page 26).
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Light emission from black bodies of different temperatures
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The ultraviolet catastrophe


In the late 19th century, physicists studying the behaviour of ‘black bodies’ at high temperatures found themselves faced with a problem: their models of the relationship between a black body’s temperature and the distribution of radiation emitted from its surface fell apart at ultraviolet wavelengths. This was later nicknamed the ‘ultraviolet catastrophe’.


Working to resolve the problem, around 1900 German physicist Max Planck found that two separate relationships described different parts of the energy distribution. An approximation derived by Wilhelm Wien in 1896 accurately described black-body radiation at high temperatures, while the Rayleigh–Jeans law (derived in 1900) showed that on the low-temperature end of the spectrum, the energy emitted by a black body is proportional to temperature divided by the wavelength to the power of four (as shown opposite). Planck now faced the challenge of reconciling these two apparently independent relationships.
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Wien’s approximation applies here


Rayleigh-Jeans law applies here
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Quanta


Confronted with the problem of explaining black body radiation at high temperatures, Max Planck eventually discovered that he could explain the real-life distribution of radiation if he assumed that energy was not being released in continuous amounts, but was instead emitted in discrete bursts or packets of energy that he called quanta (singular: quantum).


Planck realized there was a relation between the energy and frequency of black body radiation, defined by the simple equation shown opposite. Here, E is the energy, f is the frequency and h is a constant of proportionality now known as Planck’s constant (with a value of 6.626 x 10–34 joules per second). Planck assumed that the quantization of light was somehow a consequence of the way in which particles in a black body vibrate. It was not until 1905, however, that Albert Einstein adopted the idea of quantization, arguing that radiation was fundamentally divided into quantized packets called photons. Together, Planck’s and Einstein’s discoveries mark the birth of quantum physics.
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E=hf
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Discovery of electrons


At around the same time that scientists were homing in on the nature of light, the secrets of atomic structure were also beginning to unravel. The first hints of the existence of smaller particles inside atoms emerged from studies of a phenomenon known as cathode rays.


A cathode is a heated electrode that generates a beam of particles (in old television sets and laboratory displays, these were deflected using magnetic and electric fields to draw glowing images on a phosphorescent screen, as shown opposite). In 1897, English physicist J.J. Thomson determined that cathode rays were made of negatively charged particles with much smaller masses than atoms, being produced from inside them. The first subatomic particles ever to be discovered, these ‘electrons’ opened the way for an entirely new field of particle physics. At the time, scientists had little idea that their debates on the nature of light would soon collide with this new world of subatomic particles.
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The cathode-ray tube


Electron beam illuminates an area of the screen


Phosphorescent screen


Evacuated glass tube


Positively charged anode generates electric fields that accelerate and focus electron beam Coils produce changing electric field that changes direction of beam


Negatively charged cathode emits stream of electrons
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The photoelectric effect


The photoelectric effect was crucial to both the conception and proof of Einstein’s theory of photons (see page 34). Discovered by English engineer Willoughby Smith in 1873, the photoelectric effect involves the flow of electricity from some metals when they are illuminated under certain wavelengths of light. By the late 19th century, physicists knew enough to interpret this as the liberation of electrons from the surface of the illuminated metal, but the puzzling fact remained that, while high-frequency blue and ultraviolet light were efficient at knocking out electrons, even the most intense beams of red light could not cause electricity to flow.


Einstein realized that the photoelectric effect could be explained by interpreting light not as a continuous wave, but as discrete quantized packets similar to those used by Planck to escape the ultraviolet catastrophe (see page 26). Published in 1905, his theory predicted a relationship between the frequency of light and the energy of liberated electrons that was eventually proved in 1916 by American physicist Robert Millikan.
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Short-wavelength, high-energy light Electrons dislodged only by high-energy light


Photoelectric material (e.g. sodium, potassium, lithium)


Metals susceptible to the photoelectric effect have a loosely bound electron in their outermost electron shell (see page 60)


Long-wavelength, low-energy light







see page 60
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Einstein’s photon theory


Albert Einstein’s study of the photoelectric effect led him to some dramatic conclusions. Max Planck had shown that radiation from black bodies seemed to be released in small chunks whose energy content was related to frequency. Einstein now embraced the idea that this was an inherent aspect of light itself, rather than something entirely to do with the emission mechanism. According to him, light always came in quantized packets or photons, particle-like objects with energy proportional to their frequency.


This opened up a completely new approach to the photoelectric effect: atomic nuclei are surrounded by electrons in quantized energy levels, and it is these that interact with incoming photons. In order for an electron to escape from an atom, it must gain enough energy to leap the gap between energy levels. Einstein realized that individual photons either carry enough energy to bridge the gap, or they don’t (unsuitable photons are deflected away). The deciding factor, then, is not the number of incoming photons (the intensity of the light) but their frequency (see page 28).
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Electric field


Magnetic field


Wavelength


Perpendicular (90°) angle between waves


A single photon consists of a short burst of oscillating electric and magnetic fields moving through space and reinforcing each other by electromagnetic induction.
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Compton scattering


In 1923, American physicist Arthur Compton demonstrated another effect that highlights the particle-like nature of electromagnetic radiation. Compton fired X-rays at carbon atoms and watched how individual photons rebounded or ‘scattered’ off electrons within them. X-ray photons have far more energy than is required to liberate an electron from an atom, so they have only to give up a little bit of energy to release an electron, retaining any remaining energy as they scatter away. Owing to this loss of energy, however, each photon now has a slightly lower frequency.


Compton related the process to billiard balls: one ball hits another, transferring some of its energy and momentum. Both balls recoil away, but the first ball moves more slowly than it did before the collision. This reflects the fact that momentum has to be conserved across an entire system during such collisions: if light behaves as though it has a momentum of its own, this adds to the evidence that it must be a particle, not a wave.
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Stationary electron


Electron gains kinetic energy and is deflected


Scattered photon with less energy and longer wavelength


Scattering angle


Incoming photon









[image: image]





Wave–particle duality


By the early 1920s, the evidence that light had properties of both wave and particle was widely accepted, but the question of why light alone displayed this split personality remained a mystery. In 1924, French scientist Louis-Victor de Broglie suggested an explanation of sorts, namely that particles such as electrons also show dual aspects. He proposed that the ‘wavelength’ of a particle can be calculated by dividing the Planck constant (see page 28) by the particle’s momentum (a property now known as the de Broglie wavelength, shown opposite).


Indeed, it turns out that all matter has an associated wavelength, and the shape of its wave (called the wave function) acts as a probability curve, with peaks in the wave at locations where the particle is most likely to be found. The higher the momentum, the shorter the de Broglie wavelength, so the wave aspect is only noticeable on atomic and subatomic scales. In contrast, the de Broglie wavelength of an Olympian running the 100-metre sprint is an undetectable 10–37 metres.
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Electron diffraction


Direct proof of de Broglie’s ideas about wave–particle duality was provided by Clinton Davisson and Lester Germer in 1929. Their experiment involved firing beams of electrons at a crystal of pure nickel. Because the de Broglie wavelength of electrons is much smaller than the wavelength of visible light, the narrow gaps between the crystal’s atomic planes can act as a diffraction grating. Davisson and Germer measured interference fringes, similar to those created by light diffraction, in the intensity of electrons arriving on the other side of the crystal. The result was soon independently corroborated in a similar experiment by British scientist George Thomson.


The fact that electrons undergo diffraction not only showed conclusively that they have wavelike properties, but would also prove to have immense practical significance. The tiny wavelength of electrons allows us to use them to probe the structure of matter at much deeper levels than light microscopy.


40 THE BIRTH OF QUANTUM PHYSICS









[image: image]





Narrow gaps in crystal structure


Interference pattern forms where electrons hit screen


Electron source


Electrons diffract after passing through gaps
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Rutherford’s atomic structure


Wave–particle duality shows that quantum theory applies not only to light, but also to atoms and subatomic particles. So how did our understanding of these particles develop? Following his discovery of the electron (see page 30), J.J. Thomson proposed a simple model of the atom with negatively charged electrons embedded in a positively charged space, like plums in a pudding.


However, in 1908, Ernest Rutherford, Hans Geiger and Ernest Marsden discovered a more complex story. In a famous experiment, they fired radioactive alpha particles through a thinly beaten sheet of gold foil towards a phosphorescent screen that illuminated when struck by a particle. Most of the particles passed straight through the gold foil, but some had their paths deflected slightly, and others bounced straight back. Such behaviour was inexplicable in the ‘plum-pudding’ model, so Rutherford’s team realized that most of the matter in an atom is compressed into a tiny central nucleus, now known to be composed of even smaller subatomic particles called protons and neutrons.
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Rutherford, Geiger and Marsden’s gold foil experiment


Alpha particle source


A few particles strike gold nuclei head-on and are reflected back


Gold foil


Phosphorescent detector screen


Most particles pass undeflected between nuclei Some particles are deflected by close encounters with nuclei
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Bohr’s atomic structure


The atom suggested by Rutherford’s gold-foil experiment is inherently unstable. In his model, electrons should lose energy, spiral in and collide with the positively charged nucleus, emitting light across a continuous range of wavelengths as they do so. Yet, in reality, atoms remain stable and light is emitted by electrons only in discrete quanta.


It was Danish physicist Niels Bohr who began to make sense of this by applying the nascent quantum theory to it. He depicted electrons as orbiting only in stable orbits, each with a specific energy level. For an electron to drop into a lower orbit, it must give up some energy, releasing a photon with an energy equal to the difference between the two orbits. Similarly, in order to jump to a higher orbit an electron must absorb a photon with sufficient energy. This is the basic theory behind the science of spectroscopy (see page 56), and the difference between energy levels is given by an equation called the Planck relation (shown on page 29).
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he photoelectric effect was crucial to both the conception and
proof of Einstein’s theory of photons (see page 34). Discovered
by English engineer Willoughby Smith in 1873, the photoelectric
effect involves the flow of electricity from some metals when
they are illuminated under certain wavelengths of light. By the
late 19th century, physicists knew enough to interpret this as the
liberation of electrons from the surface of the illuminated metal,
but the puzzling fact remained that, while high-frequency blue and
ultraviolet light were efficient at knocking out electrons, even the
most intense beams of red light could not cause electricity to flow.

Einstein realized that the photoelectric effect could be
explained by interpreting light not as a continuous wave, but as
discrete quantized packets similar to those used by Planck to
escape the ultraviolet catastrophe (see page 26). Published in
1905, his theory predicted a relationship between the frequency
of light and the energy of liberated electrons that was
eventually proved in 1916 by American physicist Robert Millikan.
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Broglie suggested an explanation of sorts, namely that particles
such as electrons also show dual aspects. He proposed that the
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now known as the de Broglie wavelength, shown opposite).

Indeed, it turns out that all matter has an associated wavelength,
and the shape of its wave (called the wave function) acts as a
probability curve, with peaks in the wave at locations where the
particle is most likely to be found. The higher the momentum, the
shorter the de Broglie wavelength, so the wave aspect is only
noticeable on atomic and subatomic scales. In contrast, the de
Broglie wavelength of an Olympian running the 100-metre sprint
is an undetectable 10-* metres.
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In 1923, American physicist Arthur Compton demonstrated
another effect that highlights the particle-like nature of
electromagnetic radiation. Compton fired X-rays at carbon
atoms and watched how individual photons rebounded or
‘scattered’ off electrons within them. X-ray photons have far
more energy than is required to liberate an electron from an
atom, so they have only to give up a little bit of energy to release
an electron, retaining any remaining energy as they scatter away.
Owing to this loss of energy, however, each photon now has a
slightly lower frequency.

Compton related the process to billiard balls: one ball hits
another, transferring some of its energy and momentum. Both
balls recoil away, but the first ball moves more slowly than it did
before the collision. This reflects the fact that momentum has to
be conserved across an entire system during such collisions: if
light behaves as though it has a momentum of its own, this adds
to the evidence that it must be a particle, not a wave.
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Wave—particle duality shows that quantum theory applies not
only to light, but also to atoms and subatomic particles. So
how did our understanding of these particles develop? Following
his discovery of the electron (see page 30), J.J. Thomson proposed
a simple model of the atom with negatively charged electrons
embedded in a positively charged space, like plums in a pudding.

However, in 1908, Ernest Rutherford, Hans Geiger and Ernest
Marsden discovered a more complex story. In a famous
experiment, they fired radioactive alpha particles through a thinly
beaten sheet of gold foil towards a phosphorescent screen that
illuminated when struck by a particle. Most of the particles passed
straight through the gold foil, but some had their paths deflected
slightly, and others bounced straight back. Such behaviour was
inexplicable in the ‘plum-pudding’ model, so Rutherford’s team
realized that most of the matter in an atom is compressed into a
tiny central nucleus, now known to be composed of even smaller
subatomic particles called protons and neutrons.
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Electron diffraction

irect proof of de Broglie’s ideas about wave—particle

duality was provided by Clinton Davisson and Lester
Germer in 1929. Their experiment involved firing beams of
electrons at a crystal of pure nickel. Because the de Broglie
wavelength of electrons is much smaller than the wavelength
of visible light, the narrow gaps between the crystal’'s atomic
planes can act as a diffraction grating. Davisson and Germer
measured interference fringes, similar to those created by
light diffraction, in the intensity of electrons arriving on the
other side of the crystal. The result was soon independently
corroborated in a similar experiment by British scientist
George Thomson.

The fact that electrons undergo diffraction not only showed
conclusively that they have wavelike properties, but would also
prove to have immense practical significance. The tiny wavelength
of electrons allows us to use them to probe the structure of
matter at much deeper levels than light microscopy.
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Bohr’s atomic structure

he atom suggested by Rutherford’s gold-foil experiment

is inherently unstable. In his model, electrons should lose
energy, spiral in and collide with the positively charged nucleus,
emitting light across a continuous range of wavelengths as
they do so. Yet, in reality, atoms remain stable and light is
emitted by electrons only in discrete quanta.

It was Danish physicist Niels Bohr who began to make sense of
this by applying the nascent quantum theory to it. He depicted
electrons as orbiting only in stable orbits, each with a specific
energy level. For an electron to drop into a lower orbit, it must
give up some energy, releasing a photon with an energy equal
to the difference between the two orbits. Similarly, in order to
Jump to a higher orbit an electron must absorb a photon with
sufficient energy. This is the basic theory behind the science
of spectroscopy (see page 56), and the difference between
energy levels is given by an equation called the Planck relation
(shown on page 29).
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Introduction

he world of quantum physics is an amazing place, where

subatomic particles can do seemingly miraculous things.
They can disappear from one location and spontaneously
appear in another, or communicate with each other instantly
despite being on opposite sides of the Universe. Real particles
can mix with virtual ones that ‘borrow’ energy from the
Universe, and these interactions govern the fundamental forces
that bind atoms and molecules together, creating the structure
of matter itself. To the uninitiated, it seems like magic.

Quantum physics pushes us to the boundary of what we know
about physics, and scientists differ in their interpretations of
what it all means. The one thing everyone seems to agree onis
that on the smallest scales, nature is probabilistic — God really
does play dice. For example, probability determines a particle’s
most likely location, or its most likely energy, momentum, or

numerous other fundamental qualities. For some scientists,

this is the extent of the meaning behind quantum physics. For

6 INTRODUCTION
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others, it implies a multiverse of parallel realities where every
possibility is played out. There’s no direct evidence yet that this
‘many-worlds’ interpretation is correct, but the mathematics
certainly suggests it is possible.

The true meaning of quantum physics may be still up for debate,
but its myriad applications are far more concrete. All of the
electronics in our computers, phones, televisions and tablets
operate thanks to quantum principles. Lasers could not exist
without the quantized energy levels in atoms. MRI medical scans
utilise quantum mechanisms in action within your own body,

and computers built around the principles of quantum physics
might soon be solving problems much faster than any computer
currently in existence. Quantum physics is also a step towards
the ultimate theory of everything. It casts light on the origin

of the Big Bang and the large-scale structure of the Universe,
and some scientists controversially suggest that even human
consciousness is quantum mechanical in nature.

Quantum physics is science, not magic. Yet what it can do

is indeed magical and, by seeking to understand it, we find
ourselves delving into the very fabric of nature and reality.
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What is quantum physics?

uantum physics describes the science of the very small,
chings tinier than billionths of a metre, on the scale of
atoms, subatomic particles and the wavelength of light. It also
shows how many properties are ‘quantized’ on these tiny scales,
subdivided in discrete units rather than being continuously
varying quantities. In our everyday world, it's hard to imagine the
properties found in this microscopic world. For example, there
are particles like electrons that have no physical dimensions, and
others with no mass. Strangest of all, however, is the notion that
particles can act like waves and waves can act like particles. This
simple yet confounding fact lies at the heart of quantum physics
and everything that subsequently flows from it.

It took scientists a long time to accept this bizarre idea, and
the revolution that followed had a profound effect on modern
science. Yet the discovery of quantum theory had its roots in a
much older debate — the centuries-long argument over whether
light is made from particles or waves.
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Inﬂuential English physicist Isaac Newton proposed a model
of light as discrete particles (so-called ‘corpuscles’). It was
based not only on ohjections to the wave theory of Huygens,
but also upon observation. Newton pointed to the way in
which light is reflected from a mirror: waves do not travel in
the straight lines needed to create a reflection, but particles
do. Furthermore, Newton explained refraction (the bending
of light in certain materials, such as water) as the effect of
a medium attracting particles of light and speeding them up.
Finally, step outside on a sunny day and you will see that there
are sharp edges to your shadow, whereas if sunlight were
made of waves, your shadow would surely be fuzzy.

Newton’s model became the leading theory of light, but it
wasn't well received by everybody, and his rival Robert Hooke
was one influential voice who still favoured the wave theory.
Then, in 1801, long after Newton’s death, the double-slit
experiment seemed to disprove corpuscles once and for all.
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Newton erroneously used the refraction of light
passing through a prism to argue for its particle-like
nature, but his discovery that white light can be split
into many colours still led to important breakthroughs
including the entire field of spectroscopy.
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Is light a wave?

debate over the nature of light. The question as to whether
light is made from particles or waves dominated science in the
late 17th century. In 1678, Dutch scientist Christiaan Huygens
popularized the hypothesis that light propagated in the form of
a wave (based on earlier ideas by philosopher René Descartes).

Q uantum theory has its roots in a fierce and long-running

QOf course, waves (ranging from tidal waves in water to sound
waves in air) need a medium through which to propagate. It
was clear that light waves were not using air as a medium

— space was known to be airless, and yet we can still see the
light of the Sun, stars and planets. To get around this, Huygens
hypothesized a medium that he called the ‘luminiferous aether’.
He neglected to explain exactly what this aether was, beyond
it being weightless, invisible and apparently everywhere.
Unsurprisingly, many scientists, key among them Isaac Newton,
were unconvinced by Huygens’ wave theory. Instead, they
argued that light must be made from particles.

10 THE BIRTH OF QUANTUM PHYSICS
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homas Young’s proof that light is a wave implied that the

light-carrying medium or aether proposed by Huygens
(see page 10) must be real too, yet 19th-century scientists
struggled to detect it. In 1887, American physicists Albert
Michelson and Edward Morley set out to settle the question
using an ingenious and highly sensitive experiment.

Theory held that the aether was stationary in space, so Earth’s
motion would result in the speed of light appearing fasterin

the direction of motion compared to a perpendicular direction.
Michelson and Morley built a device called an interferometer to
send beams of light from a single source along perpendicular
paths before reflecting and recombining them. If the speed

of light varied between the paths, then the returning waves
would slip ‘out of phase’ with one another, creating a pattern of
interference fringes that shifted over time. But try as they might,
Michelson and Morley found the speed of light was the same in all
directions. The aether did not exist, so how could light be a wave?
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The double-slit
experiment

Despite the success of Isaac Newton’s corpuscular theory
of light, the rival wave theory retained some proponents
and, at the beginning of the 19th century, Englishman Thomas
Young appeared to disprove Newton with an experiment that is
replicated by high-school students to this day.

Young's experiment involves shining sunlight through a barrier
containing two thin slits and onto a screen. Once through the
slits, the light creates two spreading diffraction patterns,
which begin to overlap and interfere with one another. Where a
trough in one wave coincides with the peak of another, it causes
them to cancel out, so that when the light finally reaches

the screen, the cancelled waves leave dark bands known as
‘interference fringes’. Since only waves can interfere in this
fashion, Young concluded that light must be made from waves.
By studying how the different colours within sunlight formed
different fringe patterns, he was even able to estimate the
wavelengths of the various colours.
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Electromagnetism

flight really is a wave, then it seems reasonable to ask: what

exactly is doing the waving? The properties of an apparently
unrelated phenomenon, electromagnetism, ultimately proved to
hold the answer.

In 1831, Michael Faraday discovered the phenomenon of induction,
in which moving electrical currents ‘induce’ moving magnetic
fields, and vice versa. Faraday’s experiments (which still form

the basis of electricity generation) showed a clear link between
electricity and magnetism, but it was not until 1865 that James
Clerk Maxwell set out a theoretical model for how induction

and related effects took place. Maxwell's theory showed how
oscillating, intertwined electric and magnetic fields can move
through space as electromagnetic (em) waves. Crucially, he found
that em waves moved freely through a vacuum, and propagate
at a velocity of 300,000 kilometres per second (186,000 mps),
exactly the same speed as light. If the aether didn’t exist, then
perhaps light was an electromagnetic wave?
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Maxwell’'s equations

To explain electromagnetism fully, James Clerk Maxwell
appropriated a number of equations from other scientists
and assembled them into a cohesive theory. His first equation
describes how the strength of an electric field decreases with
the square of distance. In other words, at twice the distance
from the source, the field is four times weaker. The second
equation describes the strength of magnetic fields and how
they always follow closed loops between magnetic poles.

Maxwell's third equation describes how interactions between
oscillating electric and magnetic fields can create ‘electromotive
force’, which manifests as a voltage. Finally, the fourth equation
describes how an oscillating electrical current can induce a
magnetic field with a strength proportional to the size of the
electrical current. Together, these equations describe how
electromagnetic waves behave, while providing a theoretical
explanation for exactly what a light wave is, how it propagates in
avacuum and how it interacts with electric and magnetic fields.
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The second law of thermodynamics states that systems will always
tend to become less organized over time unless outside energy is
applied. For example, a small splash of hot water will naturally tend to
spread out through colder surroundings unless it is contained.
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Black bodies

he study of the ways in which objects emit electromagnetic

waves led, in the mid-19th century, to the idealized concept
of a ‘black body’ radiator. This is an ohject that is both a
perfect absorber and a perfect emitter of radiation. German
physicist Max Planck found that the hotter the surface of a
black body, the higher the energy of the light emitted. Hence,
room-temperature objects glow mostly in infrared, while
ohjects heated to thousands of degrees emit mostly visible
wavelengths, and the hottest objects of all produce light in
ultraviolet or even shorter wavelengths, such as X-rays.

A star is often considered the closest thing in nature to a
perfect black body. Stars show the temperature—energy
relationship in action: cooler stars emit more red light and
infrared wavelengths, while hotter stars tend towards the
blue and ultraviolet. Attempts to study what happens to black
bodies at the highest temperatures were pivotal to the birth
of quantum theory (see page 26).
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In Maxwell’s equations, E represents the flux of the
electric field, B the magnetic flux, p the charge within a
volume of space, and J the current flowing in a conductor.
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Alongside the discovery of electromagnetism, the study of
energy in the form of heat led to another 19th-century
scientific revolution. What became known as the laws of
thermodynamics introduced several concepts that would prove
critical to quantum theory.

The first law of thermodynamics explains how energy is
conserved when heat is added to a closed system: the total
energy of the system is equal to the heat supplied, less any
work done (physical changes to the surroundings) as a result.

The second law, meanwhile, essentially describes how heat will
always flow from hotter to colder systems. In fact, this law
describes entropy, a measure of the amount of disorderin a
system (illustrated opposite). The third law then explains how
entropy approaches zero as the temperature within a system
nears absolute zero. These notions of conservation of energy
and entropy are discussed further on pages 82 and 320.
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Confronted with the praoblem of explaining black body
radiation at high temperatures, Max Planck eventually
discovered that he could explain the real-life distribution of
radiation if he assumed that energy was not being released in
continuous amounts, but was instead emitted in discrete bursts
or packets of energy that he called quanta (singular: quantum).

Planck realized there was a relation between the energy and
frequency of black body radiation, defined by the simple equation
shown opposite. Here, E is the energy, f is the frequency and h is

a constant of proportionality now known as Planck’s constant
(with a value of 6.626 x 10-** joules per second). Planck assumed
that the quantization of light was somehow a consequence of the
way in which particles in a black body vibrate. It was not until 1905,
however, that Albert Einstein adopted the idea of guantization,
arguing that radiation was fundamentally divided into quantized
packets called photons. Together, Planck’s and Einstein’s
discoveries mark the birth of quantum physics.
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The ultraviolet
catastrophe

n the late 19th century, physicists studying the behaviour of

‘black bodies’ at high temperatures found themselves faced
with a problem: their models of the relationship between a
black body’s temperature and the distribution of radiation
emitted from its surface fell apart at ultraviolet wavelengths.
This was later nicknamed the ‘ultraviolet catastrophe’.

Working to resolve the problem, around 1900 German
physicist Max Planck found that two separate relationships
described different parts of the energy distribution. An
approximation derived by Wilhelm Wien in 1896 accurately
described black-body radiation at high temperatures, while
the Rayleigh—Jeans law (derived in 1900) showed that on the
low-temperature end of the spectrum, the energy emitted
by a black body is proportional to temperature divided by the
wavelength to the power of four (as shown opposite). Planck
now faced the challenge of recaonciling these two apparently
independent relationships.
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