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     The Quantum Century

Introduction

While a number of scientific revolutions occurred during the 20th century, none have proved quite so startling and far reaching as the development of what is now known as quantum theory. A branch of physics that emerged from attempts to describe the behaviour of matter and radiation at the atomic level, quantum theory has since had an enormous impact on almost all other areas of science, from chemistry to biology, to cosmology.  Applications of quantum theory have revolutionised technology, with inventions such as the transistor and the laser ushering in a new digital age. At the same time, the interpretation of the theory has posed a great challenge to science and philosophy alike, undermining age-old beliefs concerning the relationship between ourselves and the physical world we inhabit, and even the nature of reality. Yet few non-scientists are aware of the development of quantum theory, a breakthrough that many scientists see as the greatest intellectual achievement of the 20th century…  

By the end of the 19th century, most observable phenomena could be successfully explained in terms of the known laws of physics. The motion of objects could be successfully described by Newton’s laws of motion (from billiard balls to planets), and the behaviour of electricity, magnetism and light had been described by Maxwell in terms of the single phenomenon of electromagnetism. Concerning matter itself, most scientists had long been convinced that solids, liquids and gases were made up of large numbers of tiny entities called atoms (although these had yet to be observed), and supported Dalton’s suggestion that differences between the natural elements (from hydrogen gas to zinc metal) were caused by differences in their constituent atoms. Further, Mendeleyev had shown that a listing of the known elements in order of atomic weight in The Periodic Table gave rise to a periodic repetition of similar physical and chemical properties at regular intervals. However, no one knew what aspect of atoms gave rise to these similar properties, just as no one knew why heated gaseous elements always emitted radiation at certain characteristic frequencies only. A further mystery was how the atoms of different elements bonded together to form molecules.
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II 
Early quantum effects

By 1900, a perplexing physics problem had come to the fore; exhaustive studies by a plethora of scientists showed that the measured radiation of energy from a hot body in a cavity (black-body) could not be accurately predicted using the classical theories of thermodynamics and electromagnetism (The Ultra-Violet Catastrophe). Intriguingly, venerable German professor Max Planck showed that the experimental data could in fact be perfectly matched if a completely new assumption was added to the traditional theory -  namely that the energy was emitted in discrete bundles (or quanta) of some minimum value of energy. At first, this idea was considered by everyone (including Planck) to be some sort of spurious mathematical effect. No one could accept that energy in the natural world is transferred in integer multiples of some tiny minimum value (much as cash transactions occur in integer multiples of one penny). Everyday experience suggested that a footballer could impart any energy to a ball (from zero up to some maximum value) and it seemed unreasonable to expect nature to behave any differently on the microscopic level…

 The strange quantum idea made a second appearance in 1905. With the failure of classical physics to describe the manner in which light (radiation) could release electrons from a metal (The Photoelectric Effect), young German physicist Albert Einstein extended Planck’s idea of energy transfer ocurring in bundles. He suggested that the new effect could be explained if it was assumed that the incident radiation itself behaved as a stream of tiny bundles (quanta) of energy, colliding with electrons in the metal.  This second appearance of the quantum was received even less favourably than the first, as it was in conflict with the observed wave behaviour of light, and with Maxwell’s highly successful wave theory of electromagnetism. Hence, early quantum ideas made little impact initially, partly because most physicists were far more interested in other developments. In 1905, Einstein also published the Special Theory of Relativity, a theory that pointed towards a dramatic modification of Newton’s laws of motion in order to describe the behaviour of bodies moving at tremendously high speeds. Astonishingly, Special Relativity suggested that quantities such as space and time are not constant but velocity-dependent, and that matter and energy were synomonous (E = mc2). This overnight revolution was the subject of much attention, and was followed in 1915 by a related theory that described Newton’s force of gravity in terms of a curvature of space and time (the General Theory of Relativity). 

Quantum ideas were soon to make a dramatic comeback. In 1911, Ernest Rutherford and co-workers made one of the most startling discoveries of the century. They demonstrated unequivocally that atoms themselves consist almost entirely of empty space, with negative particles (electrons) somehow circling a tiny, enormously dense nucleus - much like a miniature version of our solar system!  Although it was very pleasing aesthetically that the world of the unimaginably small should mirror the behaviour of the planets, the discovery was a catastrophe for standard physics  –  since the electron is charged (unlike the earth), ‘classical’ physics predicted that the accelerating electron should quickly radiate away its energy and collapse into the nucleus. Indeed, scientists were facing one of the most dramatic conflicts between theory and experiment ever seen. Eventually, brilliant young Danish scientist Niels Bohr  became convinced that the only possible explanation lay in the new quantum ideas. In 1913, Bohr suggested that only certain allowed energy states are available to the orbiting electrons (quantum orbits). Elctrons could transfer downwards (or upwards) from one allowed energy state to another in quantum leaps, with corresponding energy emitted (or absorbed) by the atom. This idea received a great boost when Bohr and Sommerfeld showed that the energy transitions calculated from the size, shape and direction of electron orbits for the case of the Hydrogen atom coincided quite precisely with measurements of the radiation emitted by excited Hydrogen gas. An old mystery had been solved, and the scientific world began to take quantum ideas very seriously indeed. 

Ironically, feverish attempts to predict the spectra of atoms of other elements using the Bohr-Sommerfeld model failed miserably at first. With the onset of the Great War in Europe, this effort was further delayed. However, soon after the war, a great breakthrough occurred. The hypothesis of a new quantum property for electrons (spin) by fiery young Wolfgang Pauli, and his insistence that no two electrons could share all four quantum properties (the Pauli Exclusion Principle), led quickly to a simple picture of the arrangement of electrons in all atoms. This model proved enormously successful, and by 1921 the chemical and physical properties of the elements of The Periodic Table could be quantitatively explained in terms of the arrangement of the electrons in their atoms.
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II 
Wave-particle duality

While the ad-hoc application of quantum ideas to the atom was spectacularly successful in explaining the electronic structure of atoms (and marks the beginning of chemistry), there was still no sign of an underlying quantum theory. Why should electrons in atoms occupy certain energy states, and not others? Why should energy only be emitted and absorbed in discontinuous jumps? A great many eminent scientists puzzled over these questions at length. The quantum mystery deepened further in 1923, when unequivocal experimental support for Einstein’s quantum view of light emerged (The Compton Effect). The world was now faced with the added puzzle that light could sometimes exhibit wave behaviour, yet sometimes behave like discrete particles of energy (quanta). The breakthrough finally came later that year. In a remarkable feat of lateral thinking, Prinz Louis de Broglie suggested in his PhD thesis that the puzzle of wave-particle duality was itself the key to the quantum world! De Broglie made the startling proposal that “perhaps all entities considered particles have associated wave properties, and it is this duality that gives rise to quantum effects ”. Less than two years later, the wave properties of electrons were verified experimentally, an astonishing result which is still today a cornerstone of quantum theory.
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III 
Quantum Theory

The search for a quantum theory was now hotting up. Building on de Broglie’s idea, in 1926 Austrian physicist Erwin Schrödinger  published a mathematical wave equation for the electron in which the famous quantum states of Bohr, Sommerfeld and Pauli appeared naturally as the nodes of a vibrating standing wave (like a plucked guitar string). This was a very great achievement, and Schrödinger’s Equation quickly became the standard tool for the mathematical study of quantum systems (still is). Intriguingly, a completely different version of quantum theory was published that same year by Werner Heisenberg; this highly complex theory was based on a consideration of the atom as an oscillator, dispensed entirely with physical ideas like waves, and yet was equally successful! For some time, a battle ensued between the two contrasting theories. In the event, both approaches were incorporated into a more general treatment by brilliant young British scientist Paul Dirac in1929. Introducing the concept of a quantum field, Dirac’s treatment was the first quantum theory to be consistent with special relativity (by then well established) and gave the first theoretical foundation for the quantum spin of the electron, so useful earlier. The new theory also predicted the astonishing existence of anti-electrons , identical particles of opposite charge to the electron, a prediction that was soon verified.
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IV Interpretation

IV
 Interpretation

Quantum theory emerged hand in hand with serious problems of interpretation. What did Schrödinger’s wave represent physically?  How could electrons and photons sometimes appear as waves, sometimes as streams of particles? What was the meaning of a theoretical limitation on how accurately certain pairs of physical variables could be measured simultaneously? (The Heisenberg Uncertainty Principle)  Such questions were puzzled over a great deal. In the 1930s, Bohr, Heisenberg, Pauli, Born and others reached an interpretation of quantum theory which despite many objections (notably from Einstein) has remained the most conventional interpretation. In The Copenhagen Interpretation, it is assumed that the state of an a quantum system is undefined before a measurement; when a measurement is made the system assumes a certain state; Schrödinger’s wave is simply a measure of the probability of a given state being measured; and whether an object behaves as a particle or as a wave depends on how it is measured! This interpretation marked a great shift in scientific thinking, for it suggests that the physical laws governing the world of the very small have a fundamental randomness built in; that electrons and photons behave not like billiard balls under the action of predictable forces, but like tiny Lottery tickets whose value is governed by the laws of probability!  Most difficult of all was the suggestion that a quantum system only jumps into a well-defined state upon measurement. As Schrödinger famously pointed out, a cat that is observed to be alive was presumably also alive before the measurement was made - according to quantum theory, this is not true for kittens of atomic dimensions! Given such strangeness, the implications of the new theory were to some extent ignored while efforts were focused instead on the many applications.
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V 
Applications

One of the first applications of quantum theory was the description of how atoms bond together to form molecules. Applying Schrödinger’s Equation to the Hydrogen molecule, Heitler and London formulated the first successful theory of the covalent chemical bond in the late1920s. (Their theory was based on the exchange force of indistinguishable particles, a quantum idea that has no classical analogue). The development of this breakthrough by Linus Pauling and others laid the foundations of modern chemistry. 

A further application of quantum theory was the study of electrons in solids. It was early realised that the electronic structure of atoms in the crystal lattice of solids could be determined from quantum calculations (band theory). Quantum theory revolutionized the study of a class of materials that sometimes conducted electricity, and sometimes didn’t - semiconductors. During the 1940s, it was gradually realised that the conduction of electricity in semiconductors could be easily altered and controlled by the addition of impurity atoms (doping). This discovery was used to great effect in the manufacture of the world’s first transistor in 1956, a tiny semiconductor device that could act as an amplifier or as a switch in electric circuits. Unlike valve technology, semiconductor devices were easily miniaturised; valve technology was soon replaced by the tiny semiconductor transistors, and large electrical circuits were replaced by tiny electronic circuits. For the last forty years, technological advances have allowed us to pack more and more transistors onto a single microchip, with dramatic increases in processing power. 

The most powerful application of the semiconductor chip  is the modern digital computer. 

Although a few computers were manufactured using valve technology, the huge processing power of the silicon chip revolutionized the new invention. As switching speeds increased, the power of the Central Processing Unit (CPU) increaded dramatically, allowing an unimaginable number of operations per second. This breakthrough in hardware was accompanied by a revolution in software, as high-level programming architecture replaced the simple command structures of old. In the history of scientific invention, no device has impacted on daily life in the manner of the modern computer. As well as revolutionizing administration and word-processing, it has allowed huge leaps forward in almost every aspect of technology, from car manufacture to air traffic control.. More recently, the Internet and the World Wide Web have made information available on an unprecedented scale. 

Another technological revolution arose with the development of a light amplifier in the 1960s (the Laser). First suggested by Einstein, the principle of the laser is the stimulation of huge numbers of particles to simultaneously undergo a quantum leap from one quantum state down to another, resulting in an emitted beam of intense collimated light. Nowadays, laser technology is used in a myriad of applications, from medical surgery to barcode recognition. With the development of optical fibres, laser technology has replaced much of the electric circuits of telephony, and revolutionized telecommunications across the world.

*
*
*
*
*
*
*
*
*
*
VI
 Future technologies

Quantum theory also holds great promise for the development of future technologies. In the emerging field of Photonics, laser technology is allowing the replacement of the electronic current and components of microelectronic circuits with photons of light and non-linear optical switches. In Spintronics, circuits exploiting the spin of the electron may allow further miniaturisation than circuits of electric charge In Quantum Computing, the fact that quantum particles do not truly exist in one particular state before measurement may be exploited in the manufacture of ultra-fast parallel computers.  Most exciting of all, the old promise of limitless, clean energy by the process of nuclear fusion (a crushing together of nuclei) has received a great boost with the advent of laser fusion technologies.

*
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Epilogue

And what of quantum theory itself today? Problems of interpretation certainly remain, although some intriguing alternatives to The Copenhagen Interpretation have emerged in recent years. In Hidden Variable Theory, it is assumed that the outcome of a quantum measurement only appears to be determined by the laws of probability because of the presence of hidden variables that influence the measurement, variables that we may one day be able to detect. In the Many Worlds Interpretation, it is assumed that every time a measurement is made on a quantum system, all possible outcomes in fact occur - i.e. the world splits into parallel worlds each time a measurement is made. This philosophy has become quite popular, possibly because it offers an explanation for the extraordinary coincidence that is Life on Earth; according to Many Worlds even the most unlikely combination of events must occur sometime, somewhere! At the time of writing, recent work at Oxford University has boosted the reputation of the Many Worlds interpretation considerably. However, as the Archbishop of Canterbury recently remarked “..it seems unsatisfactory that in order to explain the existence of one world, scientists should postulate the existence of an infinite number of unobservable worlds”. Finally, some scientists and philosophers believe that the hypothesis that a quantum system only assumes a well-defined state upon measurement implies that an external reality may not exist independent of our consciousness. (This is the most extreme view; the rest of us doubt that human consciousness plays such a central role in the great scheme of things!)  

Despite the problems of interpretation, quantum theory has been enormously successful in almost every area of science throughout the 20th century. It has yielded great insights into the mechanisms of chemical reactions, the stability of DNA, and the origin of the cosmos, to name but a few. Modern experiments in elementary particle physics have so far overwhelmingly confirmed the strangeness of the quantum world, and routinely produce exotic particles and antiparticles predicted by quantum theory. The pioneering quantum field theory of Dirac has led to the development of Quantum Electrodynamics (QED), a quantum theory of the electromagnetic interaction that describes the interaction of light and matter with astonishing accuracy. More recently, the theory of Quantum Chromodynamics (QCD) has given a successful description of the strong force of the nucleus (the inter-quark force). An exciting development in modern times has been the attempt to describe the fundamental forces of nature (gravity, electromagnetism, the strong and the weak nuclear force) in a single framework. Just as electricity and magnetism were shown by  Maxwell to be manifestations of the single force of electromagnetism a century ago, quantum physicists Glashow, Salaam and Weinberg demonstrated a common origin for the electromagnetic and weak nuclear forces (the electroweak interaction) in 1970, using principles of symmetry. Recently, progress has been made in incorporating the strong nuclear force into a similar scheme (Grand Unified Theory). The ultimate goal is for a quantum Theory of Everything that will include gravity, thus describing a common origin for all four fundamental forces. However, modern efforts have so far failed to unite gravity with the other interactions. One reason is that the two pillars of modern physics, quantum theory and general relativity (the modern theory of gravity), have proved irreconciable. Hence, a quantum theory of gravity remains elusive (it is thought that either quantum theory or general relativity, or both, must be incomplete). Apart from problems in unification theory, another important conseqence of this dilemma is the failure of cosmologists to describe the singularity that occurred during the instant of the Big Bang. In the 21st century, the great search for a quantum theory of gravity, and for a single Theory of Everything that describes all the natural interactions in a single unified framework, takes place on a stage set by the quantum century. 
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