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Quantum Physics and Quantum Mechanics:

This is the branch of physics that deals with atoms and subatomic particles, while classical physics
only explains matter and energy on a scale familiar to human experience, including astronomy. It
began in 1803 with Young’s double-slit experiment. In order to explain phenomena such as the
spectrum of black-body radiation, Max Planck suggested in 1900 that energy exists in tiny, discrete
packets or “quanta”. He found a mathematical relationship between the amount of energy carried by
a photon with the frequency of its electromagnetic wave. This relationship is called Planck’s
Constant, shown by the symbol h. It is an important factor in quantum physics. The New Zealand-
born physicist Ernest Rutherford, working at the University of Manchester in 1911, showed that an
atom consisted of a positively charged nucleus containing most of the atom’s mass, with negatively
charged low-mass electrons circling in orbits around it. Later, in 1917, Rutherford was the first to
split an atom (nitrogen), and in 1920 detected and named the proton. For these fundamental
discoveries he is known today as the Father of Nuclear Physics.

In 1913 Niels Bohr of Copenhagen (who studied with the Australian William L. Bragg and Rutherford
in England) improved upon Rutherford’s model of the atom by proposing that electrons move only in
certain successively larger orbits. He suggested that the outer orbits could hold more electrons than
the inner ones, and that these outer orbits determine the atom’s chemical properties. Bohr also
explained the way atoms emit radiation by suggesting that when an electron jumps from an outer
orbit to an inner one, it emits energy as light. This theory explains the structure and behaviour of
complex atoms. Bohr won the Nobel Prize in Physics in 1922 for this work. (Bragg won the Nobel
Prize in Physics in 1915 for X-ray diffraction, at age 25 the youngest ever Nobel Laureate in
Physics. Rutherford won the Nobel Prize in Chemistry in 1908 for work in radioactivity).

Albert Einstein, after formulating his theories of special and general relativity in 1905 and 1915,
showed that ‘lichtquanta’ (photons) have momentum and that electrons and other subatomic objects
can display characteristics of both waves and particles. This questioned the very nature of the
extremely small. Were electrons, light, and similar entities waves or particles? In some experiments,
the tiny entities behaved like waves, while in others they behaved like particles. That’s just not
possible in our everyday macroscopic world. In 1924 Louis de Broglie suggested that all particles
can behave like a wave and vice versa. For example, a beam of electrons can be diffracted just like
a beam of light. The wavelength 4 of one individual electron can be found by dividing Planck’s
Constant h by the electron’s momentum (mass x velocity): 4 = h / m x v. The Davisson-Germer
experiment proved this to be true in 1927 by showing that electrons produced diffraction patterns.
De Broglie’s discovery melded Einstein’s photoelectric work with Planck’s work on black-body
radiation in a seemingly simple but brilliant theorem. Matter waves are now called de Broglie
waves, and the man himself is one of the Fathers of Quantum Mechanics.

Classical physics draws a distinction between waves and particles. It also relies on continuity and
determinism in natural phenomena. In the early twentieth century, newly discovered atomic and
subatomic phenomena seemed to defy those conceptions. These new phenomena could not be
explained by classical physics and even appeared to be in contradiction with it. While elementary
particles show predictable properties in many experiments, they become thoroughly unpredictable in
others, as in attempts to identify individual particle trajectories through a simple apparatus. These
discoveries helped form the quantum theories of Werner Heisenberg and Niels Bohr, who
proposed that this wave-particle duality exhibited a randomness e

that is affected by the observer himself. The mere act of making an
observation seemed to alter what was happening. By 1925-1926,
gquantum mechanics was becoming a mathematical formalism that
seemed to describe reasonably accurately those experiments that
appear to diverge from normal classical conceptions, taking the
curious position that probability and discontinuity are fundamental in
the micro-physical world. While classical physics relies on causality
(the relationship between causes and effects), the requirement =
for causality in quantum mechanics is still a contentious issue. Niels Bohr and Max Planck
Quantum mechanics cannot easily be reconciled with everyday

language and observation. Its interpretation has often seemed counter-intuitive or even bizarre to
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physicists, including its inventors. In what later came to be called the Copenhagen Interpretation,
Bohr proposed that wave equations described where entities like electrons could be, but the entities
didn’t actually come into existence until someone went looking for them. The act of observation
caused existence. In Bohr's own words, the entities in question had no “independent reality in the
ordinary physical sense”. At the subatomic level, this version says that an object doesn’t really exist
unless someone observes it. Despite this strangeness, Bohr's Copenhagen Interpretation remains
one of the most widely accepted worldviews of quantum mechanics. His correspondence principle
demands that classical physics and quantum physics must agree when the systems become large.

While most of the universe is predictable and measurable, quantum mechanics says the world of
tiny particles is governed by complete randomness. For example, a major part of quantum theory
introduced by Werner Heisenberg in 1927 and now called the Heisenberg Uncertainly Principle
states that the more precisely the position of a quantum particle is determined, the less precisely its
momentum can be known and vice versa: ergo, it's impossible to know both the speed and position
of a particle at the same time. So in quantum mechanics nothing is certain, and we can only
describe things in terms of probabilities. Einstein objected strongly to this, saying that there must be
some underlying laws of nature that could define particles and make it possible to calculate both
their speed and position. However, there’s no evidence that there are such laws, and all experimental
evidence suggests that quantum theory is true, so Einstein was probably wrong to reject it. But when
physicists tried to marry up quantum mechanics with other major theories in physics such as general
relativity, it wouldn’t work. Quantum mechanics might be correct, but in 1927 it seemed to be totally
irreconcilable with the rest of physics. (Paul Dirac would come to the rescue the next year with his
quantum field theory which would change everything and revolutionise cosmology.)

These were some of the issues that were discussed at length at the Fifth Solvay Conference in
Brussels in 1927 by the people posing for their photograph on page 4. It was there that Einstein first
heard Bohr’s presentation on complementarity. The ‘complementarity’ concept was Bohr’s attempt
to bring together several elements within the embryonic quantum theory that had become
contentious among some physicists. He said that there was a definite limit to how much of the
universe may actually be measured, because of the unavoidable interactions that take place
between an observer and the observed system. Heisenberg’'s Uncertainly Principle supported this
opinion. Einstein objected to this, saying that quantum theory failed to take proper account of “the
reality of objects with definite space-time co-ordinates and of causally determined events.”

Late in the conference, Einstein rose and challenged Bohr's Copenhagen Interpretation, saying that
an electron was a real thing, and even if someone wasn’t observing it, it was still there — wherever
“there” happened to be. The two men began a long series of friendly, high-level public debates and
exchanges, both face-to-face and in print, about quantum mechanics in general and the properties
of the newly-named ‘photons’ in particular, for their opinions differed on quite a few aspects. The
debates were gentlemanly, for Bohr and Einstein were friends and had great respect for each other.
But they were also stubborn. “It is wrong to think the task of physics is to find out how nature is,”
said Bohr. Einstein disagreed. “What we call science,” he said, “has the sole purpose of determining
what is.” He felt that natural laws could not be mere chance effects, with inherent randomness or
probability. But this is exactly what quantum mechanics tells us — that at the fundamental level
nature is inherently random, as described in Heisenberg's famous Uncertainty Principle. These
jousts lasted for many years and were summarised by Bohr in 1949 as Discussions with Einstein
on Epistemological Problems in Atomic Physics, now available on-line. It appeared in a
collection along with similar articles from other physicists. Their most famous exchange is below:

Einstein: “God does not play dice with the universe.” Bohr: “Stop telling God what to do or not to do.”
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Another difficult concept is that of quantum superposition, which is a fundamental principle of
gquantum mechanics. It states that, much like waves in classical physics, any two or more quantum
states can be added together or “superposed”, and the result will be another valid quantum state.
Conversely, every quantum state can be represented as a sum of two or more other distinct states.

Einstein could never accept the random nature of quantum mechanics and conducted a series of
thought experiments to disprove this theory. Bohr would counter these and attempt to prove him
wrong. Into the 1930s the debates increasingly became more philosophical than mathematical.
In 1935, Einstein and his co-workers Boris Podolsky and Nathan Rosen published an important
paper (known as the EPR paradox) in which they claimed that the whole formalism of quantum
mechanics together with what they called a “Reality Criterion” implied that quantum mechanics
cannot be complete. They said that Werner Heisenberg in Germany and Niels Bohr’s group in
Copenhagen were wrong about the uncertainty principle, and there must exist some elements of
reality that are not described by quantum mechanics. They concluded that there must be a more
complete description of physical reality involving some hidden variables that can characterise the
state of affairs in the world in more detail than the quantum mechanical state. Heisenberg had
claimed that you could never know, for any one time, both the position and momentum (or
trajectory, or velocity) of any atom-sized or smaller particle. He said that the two could not be
measured at the same time, and that as soon as one was measured a change would occur and you
would not get the same answer for the other one that you would have if you had measured it first.
Einstein and his group said that Heisenberg should think again. Suppose you had two very small
particles. You measured the weight of each of them and then stuck them together. You gave them a
little push. Then something broke them apart. They should have both positions and velocities that
were related. So if you measured the position of one of them, then even if you assumed that
Heisenberg was right and you could not involve altering its velocity in the process of measuring it,
surely that did not mean that it never had a definite velocity. For proof, Einstein said that you could
next measure the velocity of the second particle and, since everything was mathematically related,
you would then know the velocity of the first particle.

There was one way in which Heisenberg could be right. What if measuring the position of the first
particle would almost immediately alter the velocity of the second particle? That would be like magic.
How could anybody explain such an influence? Suppose that the two particles were moving away
very fast from each other and were now light-years apart. If something that happened to the first
particle somehow influenced the second particle almost simultaneously, its influence would have to
travel faster than light speed, which is impossible. The physicist Erwin Schrédinger suggested the
term “Verschrankung” or “entanglement” to describe correlations between two particles that interact
and then separate (as in the EPR experiment, and anything like it that happened to other things).
With Dirac he won the Nobel Prize in Physics for 1933, and in 1952 described multiple universes.

Some researchers have interpreted this result as showing that quantum mechanics is telling us that
nature is non-local, that is, that particles can affect each other across great distances in a time too
brief for the effect to have been due to ordinary causal interaction, i.e. the effect travels over
distances faster than the speed of light. Others object to this interpretation, and the problem is still
open and hotly debated among both physicists and philosophers. It has motivated a wide range of
research from the most fundamental quantum mechanical experiments through foundations of
probability theory to the theory of stochastic causality as well as the metaphysics of free will.

Einstein, conservative in his later years, said that quantum entanglement was nonsense, calling it
“spukhafte Fernwirkung” or “spooky action at a distance”, but future experiments would show that
entanglement really exists. In 1964, after a year’s leave from CERN in Switzerland, John Stewart
Bell showed mathematically that there is no way that hidden variables could account for experimental
results that show entanglement. A report in June 2017 stated that Chinese scientists, with help from
the Australian physicist Dr Ben Buchler, have proven the concept of entanglement over a distance
of 1300 kilometres using a satellite. They claim that if it can be used for communication, it will be
incredibly fast and very secure. It may also pave the way to hyperfast computers.

“Anyone who is not shocked by Quantum Theory has not understood it.” — Niels Bohr.

( For an explanation of Quantum Theory in plain English, see https://simple.wikipedia.org/wiki/Quantum_mechanics )
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The First Solvay Conference,1911. Topic: “Radiation and the Quanta” (classical physics versus the nascent
guantum theory). Attendees — seated, from left: W. Nernst, M. Brillouin, E. Solvay, H. Lorentz, E. Warburg, J.
Perrin, W. Wien, M. Curie and H. Poincaré. Standing, from left: R. Goldschmidt, M. Planck, H. Rubens,

A. Sommerfeld, F. Lindemann, Maurice de Broglie, M. Knudsen, F. Hasenohrl, G. Hostelet, E. Herzen, J.
Jeans, E. Rutherford, H. Kamerlingh Onnes, A. Einstein and P. Langevin. Einstein is near the right margin.

The Fifth Solvay Conference,1927. Topic: “Electrons and Photons” (detailed debates about the new quantum
physics). 29 attendees — seated, front row from left: I. Langmuir, M. Planck, M. Curie, H. Lorentz, A. Einstein,
P. Langevin, C. Guye, C. Wilson, O. Richardson. Seated, middle row from left: P. Debye, M. Knudsen,
W.L.Bragg*, H.Kramers, P.Dirac, A.Compton, Louis de Broglie, M.Born, N.Bohr. Standing from left:
A. Piccard, E. Henriot, P. Ehrenfest, E. Herzen, T. de Donder, E. Schrédinger, J. Verschaffelt, W. Pauli,
W. Heisenberg, R. Fowler, L. Brillouin. Einstein’s place is now at front row, centre. The image is colourised.

* William Lawrence Bragg, Australian Nobel Prize-winning physicist,
chaired five Solvay Conferences from 1948 to 1961.
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