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ABSTRACT

Introduction

In the early 19th century, physicists were becoming 
dangerously content with their understanding of what 
appeared to be a wholly deterministic1 universe. It 
was not long, however, before classical physics 
failed to explain the small-scale phenomena that 
was being observed by physicists and a new and 
radical theory was required. Quantum Theory is the 
study of discrete packets of energy called quanta 
and its still evolving theory attempts to explain the 
strange behaviour of small scale systems. Matter is 
both a wave and a particle; a cat is both dead and 
alive;2 particles that are light years apart can be 
inherently linked and others can exist in two places 
at once.

Superposition is thought by many to be the central 

tenet of quantum theory and yet it is not studied 
until degree level physics. Through this article, I 
would like to make some of the exciting aspects of 
quantum theory more accessible to readers. I will 
investigate the double slit experiment in which we 
see these quantum properties in context and discuss 
their implications. By doing so, I will merely touch 
the very edges of a dynamic, ever-changing, and 
incredibly controversial theory, yet I hope to provide 
a worthwhile insight into some of the distinctive 
characteristics which distinguish quantum theory 
from classical physics.

Background

The term, ‘classical physics’ refers to universal laws 
such as Newtonian mechanics that were known and 
understood prior to the birth of quantum theory. 
Classical physics was not replaced by quantum 
theory because such laws remain valid right down to 
the atomic scale, but they fail at the subatomic level. 
Classical physics is what we experience on a day 
to day basis and it is therefore intuitive; it describes 
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1Determinism is when the exact properties of a system at a given 
time are sufficient to define what the system will do next.
2It should be noted that the cat idea is a thought experiment that has 
extrapolated what is seen at a quantum level to a macroscopic level.
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the forces that make objects move and explains why 
liquids turn to gases at certain temperatures. It is 
logical and predictable. In comparison, quantum 
ideas appear irrational and random. It is essential 
that one carries no intuitive assumptions from the 
classical world we live in through to the quantum 
world as it is explored. As we shall see, wave-
particle duality states that matter does not exist 
as either a wave or a particle, but both. Similarly, 
superposition insists that something does not exist 
here or there, but both. It is easy to assume such 
ideas are false simply because our experience 
implies that they must be. If two beings from a 
2D world looked at a cylinder from perpendicular 
angles, one would look and insist it is a circle while 
the other would stubbornly disagree, seeing it as a 
rectangle [Figure 1]. Physicists experience a similar 
paradox. They can perform one experiment and see 
light acting unarguably as a particle, while another 
experiment will demonstrate the unambiguous 
wave-nature of light. Just like the cylinder, it is both 
and neither.

Wave-Particle Duality

While studying physics at A level, one learns about 
a famous experiment phenomenon called the 
photoelectric effect3. Although the experiment which 
shows this effect will not be covered in detail within 
this article, it is important to know that it demonstrates 
light acting as a particle. It had been found that 
the precise observations made when light causes 
electrons to escape from a metal surface could not 
be explained with the wave theory of light. The effect 
remained a mystery until 1905 when Albert Einstein 
postulated that light travelled in discrete ‘packets’ 
of energy called quanta. These quanta were later 
dubbed ‘photons’.

These ideas left physicists in a quandary because there 
were many other, equally valid, experiments that 
demonstrated light acting as a wave. In 1801, 
Thomas Young had performed the double slit 
experiment. Monochromatic4 light aimed at two slits 
forms an interference pattern5 of alternating bright 
and dark areas on a screen positioned behind the 
two slits [Figure 2]. Such an interference pattern is 
distinctly characteristic of wave motion and can only 
be explained by accepting that the light from each slit 

travels in waves. (See footnote 5 for more information 
on wave motion).

Soon after Einstein’s revelation, scientists began to 
ask: If light can act as both a wave and a particle, can 
the same be said for matter? Louis de Broglie [Figure 3]  
applied mathematics to the wave-particle duality 
of matter, showing that the wavelength of a particle 
is equal to a constant divided by the product of 
the particle’s mass and velocity λ= h/mv. The 
theory was later consolidated when an interference 
pattern was formed with electrons. This can be 
demonstrated by using the same apparatus as for 
the double slit experiment, but replacing the source 
of monochromatic light with an electron gun. The 
electrons travel through the slits one by one and hit a 
large photographic plate on the other side where they 
make a small mark on impact. Initially, the marks seem 
to appear at random across the plate, however, after 
some time, a pattern begins to form [Figure 4]. When 
thought of as particles, there is no explanation for 
why the electrons form a consistent pattern. Yet when 
thought of as waves, it is a convincing example of the 
familiar interference pattern previously observed with 
light. The discrete arrival of the marks demonstrates 
the particle-like nature of electrons, while the overall 

Figure 1: The circle-rectangle paradox [diagram drawn by author]

3For more information see “Einstein: His life and Universe” By Walter 
Isaacson
4Monochromatic means light of one wavelength

5How an interference pattern is formed: 
On passing through each slit, the light waves diffract (spread out) 
and overlap with each other. A wave consists of peaks and troughs 
the two individual displacements of each wave are added together. 
Therefore, if a peak meets with a peak it forms a super-peak and light 
is observed. Similarly, if a trough meets with another trough it forms 
a super-trough and light is observed. If, however, a peak meets a 
trough, they will cancel each other out and no wave is formed- hence 
no light is observed. The interference pattern consists of alternate 
light and dark strips that signify where the two light waves have 
overlapped and formed a light wave or cancelled each other out.
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pattern demonstrates their wave-like nature. Just like 
the monochromatic light, these finite bits of matter 
can behave as both waves and particles.

Superposition

The interference pattern observed suggests that the 
electrons travel through both slits as a continuous 
wave. Yet it is more difficult to answer the question, 
through which slit does one indivisible electron 
travel? Intuitively, one would predict that one electron 
travelling through the upper slit is most likely to hit 
the photographic plate directly opposite this upper 
slit, while an electron travelling through the lower 
slit is most likely to hit the plate opposite this lower 
slit. Yet strangely, most marks are made midway 
between the two slits indicating that this is where one 
electron is most likely to arrive. Physicists, therefore, 
concluded that one indivisible electron must travel 
through both slits at the same time, a phenomenon 
called superposition.

Superposition reveals an important feature of 
quantum physics. In classical physics, one can 
be sure that what is observed in an experiment 
will be the same no matter what method is used 
to observe it, provided the conditions of the 
experiment are kept constant. However, in this 
quantum experiment, we can observe very different 
results simply by looking in a different place. If we 
decide to add detectors by each of the two slits 
to find out exactly which slit each electron travels 
through before reaching the plate, we will never 
actually detect two electrons travelling through both 
slits at the same time, as superposition implies 
we should. Instead, the electron will always be 
detected either at the top slit or the lower slit. We 
will also notice that an interference pattern is no 
longer observed on the photographic plate, but 
instead, the marks accumulate directly opposite 
either slit (as intuition previously predicted). Hence, 
we have completely changed the outcome of the 
experiment simply through the act of measurement. 
Quantum theory brought about a much greater 
emphasis on the effects caused by measurement 
which raised questions about what happens 
when a measurement is made. The results of this 
experiment appear to depend on the question you 
are asking: if you ask a wave-like question (what 
pattern will the electrons make if allowed to act 
collectively?) then you will get a wave-like answer 
and observe an interference pattern. If, on the other 
hand, you ask a particle-like question (which slit 
does the electron pass through?) you get a particle-
like answer: the electron will travel through one slit 
only and arrive, in isolation, at the photographic 
plate, forming no such interference pattern.[1]

Figure 2: Double slits experiment showing waves [Available from http://
paulkiser.wordpress.com/2010/09/27/negative-time/]

Figure 4: Double slit experiment with electrons [Available from http://
commons.wikimedia.org/wiki/File:Two-Slit_Experiment_Electrons.svg]

Figure 3: Louis de Broglie 1892-1987 [Available from http://
en.wikipedia.org/wiki/File:Broglie_Big.jpg]
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The Measurement problem

There have been several attempts to explain what 
happens when a measurement is made and I will touch 
on them very briefly. Erwin Schrödinger [Figure 5]  
explored quantum ideas and used mathematics 
to aid him in his understanding of superposition. 
He formed an equation using wave mechanics 
to describe quantum theory mathematically. On 
analyzing Schrodinger’s wave equation, Max 
Born concluded that the equations could not be 
describing the position of the electron itself - spread 
into a wave-as it would no longer accommodate 
particle-like properties (which we clearly observed 
as each electron arrived at the photographic plate). 
Instead, Born postulated that Schrodinger’s equation 
described the probability of an electron (or particle) 
being in a given location while behaving as a wave. 
An electron could be here, there, or perhaps over 
there, and the probabilities of each are presented 
accordingly in Schrödinger’s wave equation. When 
one makes a measurement of where the electron 
does in fact reside, it can no longer exist in any place 
except the one in which it is measured. Therefore, 
the probabilities are confined to that single location 
and all other probabilities must reduce to zero. By 
taking a measurement, we destroy any potential 
the electron had to travel another path. Before such 
a measurement is made, quantum systems exist 
as a wave function as described by Schrodinger’s 
equations. The evolution of the wave function is 
deterministic and everything we measure (velocity, 
position, energy etc) depends on its wave function. 
However, at the point of measurement, the wave 
function collapses and the outcome is probabilistic. 

Quantum theory radically demonstrated that some 
events are not determined by physical laws and the 
outcome of an experiment cannot be predicted using 
all knowable information before the measurement 
is made. It is important to realize that this notion is 
different to the use of probabilities when throwing 
dice. The movement of the dice is determined, but 
many variables and forces are involved therefore 
making it easier to make probabilistic predictions. 
There are no such variables6 in quantum physics and 
so it is believed that non-determined (random) events 
are inherent in nature. Schrödinger’s wave equation 
has become well established within physics and 
physicists have since formed various theories in an 
attempt to explain what causes and what happens 
when the wave function collapses-this quest is known 
as the measurement problem.

The first theory to be popular among physicists was 
the Copenhagen Interpretation, derived by Niels Bohr. 
It states that our experience of reality is based on 
measurement and an entity is only what one measures 
it to be. In this way, the wave-particle paradox would 
be explained by stating that when you are measuring 
the electrons as particles, they are in fact particles. If, 
on the other hand, you do not detect them as particles 
but allow an interference pattern to form, the electrons 
are waves. A consequence of this theory is that it 
becomes meaningless to ascribe any properties to 
something without measuring it. Even after measuring 
it, you can only describe the entity with the measured 
properties at the time you measured it and to describe 
it at any time later you would have to measure it again.

A further theory that is becoming increasingly 
popular is the many-worlds interpretation. It states 
that everything that could happen does happen, 
but in different worlds. Whenever there is a choice, 
the universe splits so that each world is identical 
except for the path chosen. When we measure which 
slit the electron travelled through, we are measuring 
the reality of what happened in our world, while the 
electron also travels through the second slit in another 
world. Not only does this theory create a huge number 
of worlds, it also raises the question at what point does 
it split? If the universe immediately splits every time 
there is a choice, then the electrons would not be able 
to interfere on the other side of the slits in order to form 

Figure 5: Erwin Schrödinger 1887-1961 [Available from: http://
en.wikipedia.org/wiki/File:Erwin_Schrodinger2.jpg]

6The idea of hidden variables determining the outcome of apparently 
random events is called the hidden variables theory and was 
explored at length by a mathematician named John Bell. However, 
such variables have not yet been proven to exist.
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an interference pattern on the photographic plate. The 
electrons would exist in two, non-interacting worlds.

There is not one widely accepted or fool-proof 
theory and the search for such a theory continues. 
On studying quantum physics at a higher level, one 
finds that the mathematical interpretations are far 
more complete than our physical understanding. 
Indeed, the mathematical equations of quantum 
theory can predict the nature of our universe with 
startling accuracy despite not having a physical 
explanation of why. Such mathematics is inaccessible 
prior to undergraduate study and so is it is easier 
to simplify the double slits experiment into several 
straightforward ideas. Firstly, one must simply accept 
that individually the electrons act as particles, while 
collectively they can behave as waves. When sent 
through the two slits, nature will allow the electron to 
take every possible path and travel down both slits 
unless forced by the observer to choose. If allowed 
to take both slits (in superposition), the electrons 
behave as waves, they diffract7 on passing through 
the slits and interfere with each other to form the 
pattern on the plate. If, on the other hand, the observer 
forces the electrons to choose a path (by taking a 
measurement), superposition does not occur. Instead, 
the electrons act as particles, travelling through one 
slit at a time and arriving at the plate as expected.

Implications

These quantum phenomena have interesting 
implications on science, technology and the way in 
which physicists view our universe.

Despite lacking a complete explanation for 
observations, physicists are able to harness quantum 
physics’ bizarre properties to advance human abilities 
beyond the boundaries of classical physics. An insight 
into quantum properties has allowed physicists and 
engineers to understand and therefore manipulate 
materials on a much smaller scale than previously 
possible. The electronic revolution depended heavily 
on quantum mechanics such as the design of the 
laser in a DVD player which relies on the Schrödinger 
equation. Perhaps the most visible implications for 
the future will be further advances of technology and 
the use of quantum mechanics to produce extremely 
fast quantum computers.

Furthermore, quantum theory changed a physicist’s 
understanding of our world. It was previously thought 
that the very nature of physics relied on an element 
of determinism, whereby the properties of energy 
and matter will remain constant and not change 
randomly as one measures them. And yet with the 
birth of quantum theory, Newtonian mechanics could 
no longer be applied to all aspects of science or 
used to determine exactly how a system will change 
with time. Consequently, many scientists including 
Albert Einstein were afraid of its non-deterministic 
implications. It was feared that there might be 
widespread implications for the rest of established 
physics as such ideas seemed to undermine the 
intuition of a physicist. I spoke to Tim Freegarde 
of the University of Southampton who agreed: 
“Intuition is extremely valuable for a scientist as it’s 
both a subconscious method of checking based 
on experience and a way of roughly modelling what 
should happen before more rigorous simulations can 
be performed”.[2] However, in the 1800s, a physicist’s 
intuition, like ours, was based exclusively on their 
classical experiences and so it was assumed that 
anything which obeyed Newtonian mechanics was 
‘intuitive’ and anything that didn’t was not. Tim argues 
that, as a quantum researcher, he observes quantum 
behaviour frequently, and has, therefore, acquired an 
intuitive understanding of quantum physics. If earlier 
physicists had such intuition, they would not have 
been so put off by quantum ideas.

Quantum Mechanics further implies that an observer 
can no longer exist independent of the system. 
Instead the observer will have an inevitable and 
profound effect on the system through the influence 
of measurement. Consequently the nature of our 
universe in the absence of humans has become 
inherently unknowable. Physicists have pondered 
on the disturbing implication that when one is not 
there to observe it, the universe will exist in a mixture 
of superposed states, only having a defined state 
when observed. This apparent paradox is explored 
in the well known thought experiment “Schrödinger’s 
Cat”. A cat is sat in a sealed box with a quantum 
mechanical system that has a probabilistic chance 
of releasing a poisonous gas. According to the 
Copenhagen interpretation, the gas will be in a 
superposition state of released and not released, 
and therefore, unless the cat is observed, it too 
must exist in a superposition state of being both 
dead and alive.

The “many worlds” interpretation brings a degree 
7When light diffracts, it spreads out on passing through a gap or 
passing an obstacle. Diffraction is a property of waves.
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of determinism back into quantum physics as 
measurement does not cause the particle to take 
a single path at random, but allows the particle to 
take every possible path - each in a different world. 
However, the theory does have other implications. 
We find that time does not run exclusively forwards 
as we experience it, but is continually branching off 
in many different directions. Furthermore, reality is 
taken completely out of our hands as we cannot 
decide which world we will exist in.[3] Do we have any 
control over what happens or does every possibility 
take place independent of us. Indeed, what is the 
‘we’ that we experience or in other words - what is 
consciousness? Much to the frustration of some 
physicists, a consequence of quantum physics is that 
it raises a whole range of philosophical questions.

Finally, the quantum properties explored in this 
article have the potential to change our view on the 
very nature of time. We experience an exclusively 
‘forward’ direction for time which can be defined 
classically by the second law of thermodynamics: 
The entropy of a system must increase. Time gives 
us an indication of causality, whereby something in 
the present will cause an event in the future; however, 
it would appear that quantum systems do not follow 
these laws of causality. Take, for example, a double 
slits experiment in which the measurement is made 
several nanoseconds after the electrons have passed 
through the slits.[4] Strangely, this measurement still 
changes the outcome of the experiment, breaking the 
interference pattern and forcing the electron (which 
has already passed through the slits) to travel through 
one slit only. This process, called post selection, is 
an example of a future event changing something in 
the past, implying that on a quantum level, the past 
is no more certain than the future.

Conclusions

I will conclude this article by reiterating the features 
of quantum theory that have been revealed while 
investigating two of its phenomena: Wave-particle 
duality and superposition.

It would appear that it is very difficult to picture or 
conceptualize quantum phenomena. I discussed how 
light and matter can act as both waves and particles, 
and yet in our classical, everyday world such a notion 
is impossible. We could conclude therefore, that 
as classical beasts, we are restricted in our natural 
understanding of the quantum world. In one of his 
famous lectures, Richard Feynman demonstrated this 

idea by saying “[when studying quantum theory,] our 
imagination is stretched to its utmost not to understand 
the fiction, but our imagination is stretched to its utmost 
just to comprehend those things which are there”.[5] 
However, our intuition is based on classical physics 
because we are of classical size and are nurtured 
in a classical world. Physicists who spend their time 
researching quantum mechanics can gain a similar 
intuitive understanding of quantum phenomena.

Secondly, these phenomena demonstrate how 
quantum experiments differ from what we experience 
on a classical level. Classically, the same conditions 
will always produce the same results, but the double 
slits experiment proves that, due to superposition, 
this is not the case in the quantum world. Similarly, 
whereas in classical physics, it is possible to perform 
a measurement which reveals everything about a 
system without causing a disturbance, in quantum 
physics the very act of measurement changes the 
outcome of the system.

Furthermore, this investigation revealed a loss of 
determinism due to the probabilistic nature of quantum 
mechanics. Schrodinger’s equations describe a wave 
function which evolves deterministically, yet the 
outcome of a measurement is based on probabilities 
alone. Even if one can measure the exact properties 
of a quantum system, it is only possible to make 
probabilistic predictions.

The very feature of quantum physics that gave it its 
name is the idea that the smooth and continuous are 
replaced with discrete ‘packets’ called quanta. Just 
as waves are replaced with particles, energy itself 
occurs in discrete quanta- an idea that revolutionized 
our understanding of the atom and interactions 
between light and matter.

It has become apparent that mathematical capability 
is vital to an understanding of the quantum world 
which greatly limits a qualitative understanding of 
quantum phenomena. As well as the mathematical 
formalism, classical physics presents a physical 
description which can (usually) be understood by a 
layperson. Consequently, it is often not restricted to 
physicists alone, but other areas of science as well 
as wider disciplines could make use of its insights. 
Conversely, some of quantum theory is presented 
exclusively in mathematical form - called quantum 
formalism. As a consequence, physicists can 
mathematically calculate exactly what is observed 
with immense accuracy - making quantum physics 
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the most successful theory in scientific history - yet 
they cannot provide an explanation for events.

Therefore, I have told you a lot about superposition, 
but I have not provided you with a complete 
explanation for exactly what happens when we 
detect a particle that is in a superposition state. 
This almost philosophical conundrum continues to 
puzzle physicists at the forefront of science. As the 
Scientific journalist, Michael Brooks wrote: “If you 
ask a roomful of physicists what goes on when we 
measure a particles properties, some will tell you 
that new parallel universes necessarily spring into 
being. Others will say that, before a measurement 
is performed, talk of a particle having real properties 
is meaningless. Still others will say that hidden 
properties come into play while another group will tell 
you that they deal with physics not philosophy and 
dismiss the question without giving you an answer”.[6]  
Exactly which, if any, of these interpretations are 
walking in step with reality is yet to be determined. 
But perhaps there is an element of truth in the notion 

that it is irrelevant. The rules of quantum systems are 
known, they can be successfully applied to a range of 
experimental and real world scenarios and the results 
show that quantum formalism works remarkably well. 
An attempt to find out what it all means will inevitably 
be clouded by our self-centered, classical mindset 
and we cannot hope to gain any further insight by 
imposing our everyday view of the universe on nature 
itself. After all, contrary to our classical understanding, 
it does not have to be either or; it could well be both.
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