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On the Eccentricities of the Double-Slit Experiment

“A phenomenon which is impossible, absolutely impossible, to explain in any classical way, and
which has in it the heart of quantum mechanics.”

- Richard Feynman, on the double-slit experiment.

Is light a wave, or a particle?

Before you, stands a question that has undergone investigation for thousands of years. Many notable
scientists have proposed their share of ideas, but they conflict with one another, providing no conclusive
stance. Before unpacking the question's contents, let's get familiarised with the terms.

Waves are characterised as an energy-carrying disturbance in a medium, sometimes having the trait of
periodicity.? Particles are elementary, point-like objects that constitute matter and energy.®

In his book Opticks (1704) Newton advocated for a particle theory of light, arguing that phenomena such as
reflection and refraction, featuring light rays propagating in straight lines, were best explained using particles
(among other reasons).! However, in 1801, a polymath by the name of Thomas Young performed an
experiment that contradicted Newton’s theory.* The general setup of this experiment is seen in Figure 1.
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Figure 1. The double-slit experiment.®

A monochromatic light source is placed in front of a screen containing two small slits that allow light
through, followed by a backstop.® Here the light exhibits a curious behaviour, forming an alternating pattern
of light and dark bands with the most brightness at the centre. These bands are the result of interference,
characteristic of waves. When waves go through an opening of comparable size to their wavelength, they
will fan out, or diffract.® If both slits produce diffracting waves of light, they overlap while spreading out,
interfering with one another, and creating the pattern upon impact with the backstop.
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Figure 2. Constructive and destructive interference.’
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As shown in Figure 2, when the crests of one wave meet the trough of another, their opposite amplitudes add
to give a wave with zero amplitude. In the wave model of light, amplitude coincides with brightness, and so
the dark bands are areas where the light waves have destructively interfered.! When the waves are in phase,

they combine to make a wave with a greater amplitude, constructive interference. Consequently, some bands
are bright.

The above result is unexpected, because if light is a particle, there must be no interference, and the greatest
intensity should be directly opposite the two slits, not in the middle of the backstop.® The same experiment
with particles of sand reflects these expected observations (Figure 3).

Figure 3. The double slit experiment with sand. The sand peaks directly opposite each slit.®

Although this is convincing evidence for light waves, other phenomena, such as the photoelectric effect, still
require the particle model of light.* Even in the double-slit experiment, the photons (particles of light) arrive
as discrete points, and it's the emergent image they create which we call the interference pattern.® Sometimes
light acts like a particle, sometimes like a wave.

This dual nature is a central concept in quantum mechanics, termed wave-particle duality.* Why is light not
specified in that term? Because it was eventually realised that this not only applies to light, but also electrons,
atoms, and other particles. When the double slit experiment is performed with, say electrons, they too arrive
as points and collectively create the interference pattern.

Could the electrons be organising their motion together? To test this theory, we can send the atoms one at a
time to see if interference persists. When this adjustment is made, at first, the arrival of the particles seems
random, but once enough of them gather, the pattern is back (Figure 4).°

Figure 4. Formation of Interference pattern over time.°

Each electron is intrinsically able to land so that it preserves the pattern. Another striking conclusion is that
assuming the electron is going through one slit, it should remain unaffected by closing the other, but this is
not the case as doing so destroys interference.** Then is the electron not going through the slits? No, closing
them both destroys interference too, forcing us to conclude this phenomenon requires both slits to be open.
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Then what exactly is it doing at the first screen? To find out, we can place a light source between the two
slits. Since charges scatter light, when the electron is detected, we will see a flash near the slit it went
through, followed by its mark on the backstop.® But when this is done, we find the electrons do not create
an interference pattern, but rather bands opposite the slits, as seen in Figure 5.
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Figure 5. Light source causes electrons to make pattern of two bands (Figure by author).

What has caused this change? The dual nature of light suggests that photons scattering off electrons can jolt
them and change their trajectory.® Could we minimise this by lowering the brightness? This decreases the
rate of photons being emitted, not the individual particle's energy. Still, it does mean that some electrons
avoid being seen at the slits and arrive as a dot at the backstop without producing a flash, though the flash is
the same intensity as before. However, lowering the brightness reveals another peculiarity. The unseen
electrons collect in an interference pattern, while those that scatter light collect in two bands. This is strange;
electrons continue to interfere if they don't interact with a photon.

In the early decades of quantum theory, French physicist Louis de Broglie discovered that properties of a
particle, like its momentum, had wave-like counterparts, like wavelength.!! Scientists pondered what it
meant for a particle to also be a wave and sought to find a function that could model its shape.!? The latter
was done by Erwin Schrddinger, who developed an equation in 1926 that featured the wave function as a
solution.®3
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Equation 1. The Schrodinger wave equation. The ¥ (psi) symbol represents the wave function.!!

A conceptual understanding of this function was provided by Max Born, another physicist, who found that
the complex square of the wave function for some particle, at some position in space, gave the probability
of finding it there.!! To illustrate this further, imagine an electron inside a 1-dimensional box (Figure 7).
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Figure 7. Probability wave of electron inside one-dimensional box. The x-axis represents the box (Figure by
author).

One of the strange principles in quantum physics is superposition. According to this principle, the electron
in the box, a quantum system, does not have a well-defined position, but its wave function gives an idea of
where it is likely to be if interacted with.1412 The graph of the wave function's complex square in Figure 7
directly gives this probability, calculated by the area of the curve between any two points, with its total area
equalling 1.%> The wave function can also describe other probabilistic properties, like an electron's radial
distance from a nucleus.

Going back to the double-slit experiment, the electrons can now be interpreted as it’s wave function. While
some waves are impeded by the first screen, others pass through, diffract, and interfere with itself.}# This
requires both slits, supporting our conclusion from earlier. The resultant wave is shown in Figure 8.
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Figure 8. Wave function matched against the interference pattern.4

When this wave reaches the backstop, it interacts with it to produce a localised particle.** This is called wave
function collapse, because the particle’s probability is no longer distributed widely, but is concentrated at a
location - as shown in Figure 9.
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Figure 9. Wave function collapse represented in 3 dimensions.'®

This probability collapse is seen in coin flips, as when the coin has landed heads, there is no chance that it
will land tails. A particle has no chance of appearing 'there’ once it has been measured 'here’, though there is
still the uncertainty principle at play, establishing a basic limitation for the precision with which the
quantum’s location can be known.® This explains the shift in behaviour when a light source is placed at the
slits. As the electron wavefunction interacts with a photon, it is forced to localise as a particle prematurely,
preventing diffraction or interference.'* Wave function collapse also occurs during radioactivity and particle
collisions.'’

If we now ask the question of why or how a wavefunction collapses, we tread on speculative turf, as the
answer is not clear. This has been labelled the measurement problem of quantum physics. Some suggest the
issue is irrelevant, claiming science is about describing phenomena and not understanding it, while others
claim collapse is the result of interacting with macroscopic systems.? One interpretation in particular rejects
collapse and states that all outcomes do occur — in parallel universes.

Another guestion that may arise is: Why are these effects not observed in our everyday life? While there are
more lines of reasoning to explain this, two are described below.

It is a recurring theme in the double-slit experiment that any ability to reveal information about a particle’s
path erodes quantum effects.*® A macroscopic object's path information can, in principle, be decoded from
its interactions with air and light. The same can be done using its thermal radiation and gravitational
influences (mostly large-scale). Secondly, since the de Broglie wavelength of a particle is inversely
proportional to its momentum, the relatively big mass, and thus momentum, of macroscopic objects means
this wavelength becomes so small as to be negligible.?2 The curve in Figure 8 becomes so high a frequency
as not to be a distinguishable wave, the result being no interference behaviour. In short, it's almost impossible
to isolate a 'big' object enough to see quantum behaviours.

It should be noted that the reasons above lack the trait of explaining how exactly the macroscopic world
emerges from quantum particles but fulfil their job in describing why, for example, a tennis ball does not
diffract.
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From the above discussion, we see the diversity of questions that this single experiment has offered. The
novel behaviour of once familiar physical phenomena has opened the curtains to a stranger and more
wonderous universe, one that challenges the intuition of both scientist and layman. Almost all quantum
phenomena (wave-particle duality, entanglement etc.) can be seen in different variations of the double-slit
experiment, making it a special case of empirical work. But what of the question we asked at the beginning
— Is light a particle or a wave? The answer isn't straightforward. It isn't ever both at the same time, nor
exclusively one over the other. In fact, it behaves like it is neither.

Sounds outrageous? We felt the same way when the sun was discovered to be centre of the solar system,
when we first learnt that humans and other life share common ancestors, and when, a little over a century

ago, the notions of absolute space and time were revolutionised by a certain Swiss patent clerk.

Nature doesn’t submit to our intuition. Quantum mechanics has withstood immense experimentation and
produced some of the most accurate predictions in scientific history.*°

Nevertheless, despite the field’s uncertain, probabilistic, and perplexing traits, we can be sure that the double-
slit experiment has given us a new set of clues for probing the workings of reality.
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