
Chapter 1

Introduction

These notes are aimed at master students in physics with little knowledge in
quantum physics but who are curious and eager to learn about the lively field
of quantum photonics. It is based on the lecture notes for the course SK2900
Quantum Photonics I have given every year at the Royal Institute of Technology
since 2016 and previously at the TU Delft.

We introduce notations, fundamental concepts, key articles, experimental
aspects and prepare students for hands-on experiments in the lab where they
perform measurements on a source of entangled photons to measure quantum
entanglement. Several key historical publications starting with the Einstein-
Podolsky-Rosen paper are to be discussed in the class to understand how the
field evolved over time and what directions are emerging. For each topic, we
cover the underlying theory, derive key formulas, mention historical develop-
ments, delve on the experimental aspects and discuss key publications.

Quantum photonics is a very broad subject stretching from the foundation
of physics, where the nature of reality can be studied experimentally to an
ever growing range of applications that include quantum communication, sens-
ing and computation, with important potential societal impact. In quantum
photonics, science is entangled with technology. Advances in single photon de-
tection, photonics integration, new materials for single and entangled photons
generation are enabling far more complex experiments and implementations
than was thinkable a decade ago. These technological advances in turn require
more efforts on the theory side. It is therefore essential to combine knowledge
in theory and experiment to play a role in the field.

At the end of the course, students should be proficient in quantum photon-
ics: they will have the required basic knowledge to read and discuss research
publications in the field of photonics, to understand the experimental require-
ments and challenges involved in state-of-the-art experiments and be able to
discuss new advances in the field. In short, this course is the first step to ed-
ucate the next generation of experts in quantum photonics who will make the
world a better place.
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Chapter 2

History and concept of

entanglement

At the heart of quantum physics lie two new concepts: the superposition princi-
ple and quantum entanglement. These two concepts are readily observed with
photons giving the field of photonics a head start in the study of quantum
effects as will become clear in this chapter.

2.1 Superposition principle

The superposition principle tells us that a particle can be in the superposition of
several states. For an electron that could be a superposition of spin orientations.
For a photon, the elementary particle of light, that could be a superposition of
polarizations (horizontal and vertical polarization for instance). A famous and
ancient example is the Schrödinger cat that is in a superposition of dead and
alive, giving us an opportunity to introduce the bra-ket notation we will use
throughout the lectures:

|Ψ〉 = |Live〉+ |Dead〉

2.2 Entanglement

In the famous Schrödinger cat story, a cat and a poison vial are placed in a box,
taking us beyond a simple superposition. At some random time, given by the
decay of a radioactive atom, the poison vial opens, killing the cat (figure 2.1).
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Because the box is entirely closed (no information can escape from the box), we
cannot say with any possible measurement whether the poison vial has opened
or not, the cat is therefore in a superposition of dead and alive, and the same
goes for the poison vial. We therefore have the following equation that now
shows entanglement between the cat and the poison vial, measuring one of the
two gives information on the other:

|Ψ〉 = |Live, Closedvial〉+ |Dead, openvial〉

Figure 2.1: The cruel Schoedinger cat experiment.

Here, making a measurement on the cat (checking whether it is dead or
alive) tells us right away about the state of the poison vial (opened or closed)
without any need to make a measurement on the poison vial. We have our
first quick and dirty definition of entanglement: measuring the state of one
particle gives us information about the state of another particle, provided they
are entangled.

2.2.1 The Einstein Podolsky Rosen paper

Einstein, Podolsky and Rosen introduced the concept of entanglement in 1935 in
an attempt to demonstrate that quantum mechanics is not a complete theory,
this includes a discussion of what is reality and what is a complete physical
theory. They suggested a gedanken experiment in the second half of the article.
A particle decays into two particles of equal mass:

Measuring the momentum of one particle gives information on the momen-
tum of the other particle instantaneously. This of course was a problem for
Einstein at it seems to violate relativity (nothing can travel faster than light,
including information), and also the uncertainty principle as two independent
measurements can be done on the same system. The first name ‘Spuckhafte
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Figure 2.2: A particle breaks up into two equal particles.

Fernwirkung’ was coined by Einstein, the term ‘Entanglement’ was coined by
Niels Bohr, an interesting discussion between Einstein and Bohr took place on
this topic and was published in Physical Review.

2.2.2 Bohm’s concept

In 1951, David Bohm turned this concept into a spin ½ particles problem, some-
thing measurable in the lab, as shown by Stern and Gerlach. Consider the
dissociation of a spin zero two-atom molecule where each atom has spin ½. Af-
ter dissociation, the atoms travel in opposite directions, making it possible to
label the atoms (1) and (2):

Figure 2.3: A particle breaks up into two equal particles.

Because the process must conserve angular momentum, there are only two
possible outcomes:

• Particle (1) has spin Up and particle (2) has spin Down.

• Particle (1) has spin Down and particle (2) has spin Up.

Each of these two cases are equally likely, the wave function can be written:

|Ψ〉 = 1√
2
[|↑〉

1
|↓〉

2
+ |↓〉

1
|↑〉

2
] (2.1)

Simpler notation:

|Ψ〉 = 1√
2
[|↑1↓2〉+ |↓1↑2〉] =

1√
2
[|↑↓〉+ |↓↑〉]

Paradox : The atoms travel in opposite directions. After some time, they
can no longer interact directly. But still, a measurement on one particle reveals
to the experimenter what a measurement on the other particle would give,
wherever the other particle might be. At first glance, this seems to contradict
relativity, however no information is sent faster than light.
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When measurements are carried out on one of the two particles in the en-
tangled state given in equation 2.1, the outcome will be random: half of the
time the measurement will give spin Up and half of the time spin Down. How-
ever, when both measurements are compared, something striking emerges: the
results are always opposite. If measurement on particle 1 gives Up, the mea-
surement on particle 2 give Down and vice versa. This is the case whatever the
distance between the two particles and the knowledge is gained instantaneously.
There is nothing to worry about since no information travels faster than light
here: we can’t use this to communicate.

We can also see what makes a solid mathematical definition for an entangled
state: it is not factorizable. While [|↑1↓2〉+ |↓1↑2〉] is not factorizable, the state
[|↑1↑2〉+ |↑1↓2〉] for instance is not entangled and is factorizable: a measurement
on particle 1 does not give us information on the state of particle 2 and we can
factorize the state into [|↑1〉 |↑2 + ↓2〉].

2.2.3 Entanglement beyond two particles

Entanglement is not limited to two particles. N particles can be entangled,
for 3 particles, there are for instance the GHZ states named after Greenberger,
Horne and Zeilinger:

|Ψ〉
GHZ

=
1√
2
[|↑1↑2↑3〉+ |↓1↓2↓3〉]

Here a measurement on one particle reveals the outcome of measurements
on the other two particles, it is also not factorizable.

2.2.4 Beyond spins

While spin is often used in entanglement experiments (photon spin ≈ polariza-
tion), continuous variables can also be entangled, such as position and linear
momentum (as in the EPR paper). Or between two time bins where a particle
can be in the superposition of two arrival times (time-bin entanglement).

2.2.5 Correlations

Correlations are crucial in entanglement measurements. For the state given in
equation 2.1, measurements on individual particles give random results. How-
ever, measurements on pairs give correlated measurements. Correlations are
therefore crucial in quantum entanglement studies: we need to make measure-
ments on particles from the same entangled state. This raises a technological
question: how does one measure correlations? We can look at two detectors
and say that we have a correlation event if the two detectors give detection
signals within a given time interval, this time interval will have to be made
short enough to not mix up subsequent states.
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2.2.6 Hidden variables

Hidden variables have been proposed to explain the correlations observed in
quantum entangled states. The hidden variables could be determined when
the pairs are created and would then fool us, observers into believing there is
entanglement. This is based on Einstein’s concept ‘God does not play dice’, in
his mind a theory is not complete if it is not able to fully predict the outcome
of a measurement. Fully disproving hidden variables remains to be done in the
lab, as one is free to assume that hidden variables could travel faster than light..
One question is how fast could hidden variables travel.

This opens the door for loopholes in entanglement measurements where for
instance the detection loophole is based on the fact that only a tiny fraction of
the particles are usually measured. While a measurement on all particles would
not show entanglement, the few detected particles would behave differently and
show entanglement. This concept could be refuted by detection a large fraction
of the particles.

2.2.7 Hybrid entanglement

Different types particles can be entangled. For instance, an electron spin can
be entangled with a photon polarization. In this case measuring the photon
polarization would give information on the electron spin and vice versa.

2.2.8 Hyper entanglement

Two particles (or more) can share several types of entanglement. For instance,
polarization and time-bin entanglement, this is called hyper entanglement.

2.2.9 Technological issues

To measure and produce the type of entanglement we are discussing here, one
needs to be able to generate and detect light at the single photon level: we need
single photon detectors and sources of pairs of entangled photons. The genera-
tion of single photons is an active field of research, a true single photon source
on-demand, that would generate one and only one photon whenever required at
a chosen wavelength and given polarization remains elusive but systems based
on nanoscale quantum systems such as quantum dots are continuously improv-
ing. The generation of entangled photons can be done with several approaches:
parametric down-conversion allows for random generation of entangled states
while quantum dots can generate single and entangled photon pairs one at a
time, on demand.

2.2.10 Experimental setup

Quick overview of the experimental setup that will be used in the laboratory:
you will be using a system built by Qutools for the generation and measurement
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Figure 2.4: Schematic of the setup we will use to generate and measure entan-
glement. Each element and process will be discussed in the coming lectures.

of entangled states.
The measurements are to be performed in groups of two students and a

lab report will be written introducing the underlying theory, describing the
experimental setup, the measurement process, the experimental data and its
analysis to identify entanglement.


