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24.1: The Double-slit Experiment
The double-slit experiment is considered by many the seminal experiment in quantum mechanics. The reason why we see it only at
this advanced point is that its interpretation is not as straightforward as it might seem from a superficial analysis. The famous
physicist Richard Feynman was so fond of this experiment that he used to say that all of quantum mechanics can be understood
from carefully thinking through its implications.

The premises of the experiment are very simple: cut two slits in a solid material (such as a sheet of metal), send light or electrons
through them, and observe what happens on a screen position at some distance on the other side. The result of this experiment
though are far from straightforward.

Let’s first consider the single-slit case. If light consisted of classical particles, and these particles were sent in a straight line through
a single-slit and allowed to strike a screen on the other side, we would expect to see a pattern corresponding to the size and shape of
the slit. However, when this “single-slit experiment” is actually performed, the pattern on the screen is a diffraction pattern in
which the light is spread out. The smaller the slit, the greater the angle of spread. This behavior is typical of waves, where
diffraction explains the pattern as being the result of the interference of the waves with the slit.

If one illuminates two parallel slits, the light from the two slits again interferes. Here the interference is a more pronounced pattern
with a series of alternating light and dark bands. The width of the bands is a property of the frequency of the illuminating light. The
pattern observed on the screen is the result of this interference, as shown in figure .

Figure : Outcomes of single-slit and double-slit experiments.

The interference pattern resulting from the double-slit experiment are observed not only with light, but also with a beam of
electrons, and other small particles.

The individual particles experiment

The first twist in the plot is if we perform the experiment by sending individual particles (e.g, either individual photons, or
individual electrons). Sending particles through a double-slit apparatus one at a time results in single particles appearing on the
screen, as expected. Remarkably, however, an interference pattern emerges when these particles are allowed to build up one by one
(figure ) . The resulting pattern on the screen is the same as if each individual particle had passed through both slits.
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Figure : Numerical simulation of the double-slit experiment with electrons.

This variation of the double-slit experiment demonstrates the wave–particle duality: the particle is measured as a single pulse at a
single position, while the wave describes the probability of absorbing the particle at a specific place on the screen.

“Which way” experiment

A second twist happens if we place particle detectors at the slits with the intent of showing through which slit a particle goes. The
interference pattern in this case will disappear.

This experiment illustrates that photons (and electrons) can behave as either particles or waves, but cannot be observed as both at
the same time. The simplest interpretation of this experiment is that the wave function of the photon collapses into a deterministic
position due to the interaction with the detector on the slit, and the interference pattern is therefore lost. This result also proves that
in order to measure (detect) a photon, we must interact with it, an act that changes its wave function.

The interpretation of the results of this experiment is not simple. As for other situations in quantum mechanics, the problem arise
not because we cannot describe the experiment in mathematical terms, but because the math that we need to describe it cannot be
related to the macroscopic classical world we live in. According to the math, in fact, particles in the experiment are described
exclusively in probabilistic terms (given by the square of the wave function). The macroscopic world, however, is not probabilistic,
and outcomes of experiments can be univocally measured. Several different ways of reediming this controversy have been
proposed, including for example the possibility that quantum mechanics is incomplete (the emergence of probability is due to the
ignorance of some more fundamental deterministic feature of nature), or assuming that every time a measurement is done on a
quantum system, the universe splits, and every possible measurable outcome is observed in different branches of our universe (we
only happen to live in one of such branches, so we observe only one non-probabilistic result).  The interpretation of quantum
mechanics is still an unsolved problem in modern physics (luckily, it does not prevent us from using quantum mechanics in
chemistry).

1. This diagram is taken from Wikipedia by user Jordgette, and distributed under CC BY-SA 3.0 license. 
2. This diagram is taken from Wikipedia by user Alexandre Gondran, and distributed under CC BY-SA 4.0 license 
3. The interested student can read more about different interpretations HERE.
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