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Who am I?

ÅStudied physics since undergrad in Prince Edward Island

ÅPhD in physics (Quantum information) in Waterloo

ÅPostdoc at Fermilab ς building quantum networks

ÅExperimental physics ς (safely) playing with lasers.





What is light?

Light is an electromagnetic wave Light is made up of particles called photons



The ultraviolet catastrophe
Why do objects glow different colors

at different temperatures?

Scientists knew the curves,
ōǳǘ ŎƻǳƭŘƴΩǘ ŎƻƳŜ ǳǇ ǿƛǘƘ ŀ 

fundamental reason to explain them.



The ultraviolet catastrophe
Why do objects glow different colors

at different temperatures?

What if light was 
chunky?

aŀȄ tƭŀƴŎƪΩǎ ǎƻƭǳǘƛƻƴΥ

For more real details, read:
Max Planck: The Reluctant Revolutionary

Helge Kragh in Physics World, December 2000



Photons

What if light was 
chunky?

ς ρπ (20 million trillion)

photons per second

Each photon of light carries a packet energy
For visible light, each photon has about one billionth of a billionth of a joule

One Joule is about the amount of work required to lift an apple 1 meter.

For more real details, read:
Max Planck: The Reluctant Revolutionary

Helge Kragh in Physics World, December 2000



Proving photons

Historically, 
the experimental proof

was derived from 
the Photoelectric Effect

by Albert Einstein

Modern experiments consider
how a photon behaves after

a 50:50 beamsplitter

PhoTons
win!Wave Picture Photon Picture

²Ŝ ŘƻƴΩǘ ǎŜŜ
both detectors
go off at the
same time!



What about the double-slit?

Go through one slit or the other
No pattern builds up on the screen

Particles

Waves

²ŀǾŜΩǎ ŜƴŜǊƎȅ ƎƻŜǎ ǘƘǊƻǳƎƘ ōƻǘƘ ǎƭƛǘǎ
Interference pattern recorded on screen

Waves



What about the double-slit?

Do we still see this if we send in one photon at a time?



Wave-particle duality

This is real footage of a double-slit experiment
performed one photon at a time,

taken at the University of Waterloo.
Video Source: P. Kolenderski et al. (IQC/UWaterloo), Scientific Reports 2014; 4:4685.



So where did the photon go?
The photon went through a superposition of both slits.

With a 50% chance, it went to the left.
With a 50% chance, it went to the right.

Those two possibilities interfered with each other.

If we measure which slit the photon went through,
ǿŜΩƭƭ ŘŜǎǘǊƻȅ ǘƘŜ ǎǳǇŜǊǇƻǎƛǘƛƻƴ ŀƴŘ

see no interference.

But!



Wave-particle duality
hǘƘŜǊ άǇŀǊǘƛŎƭŜǎέΣ

such as electrons and molecules,
may also behave like waves

Hitachi 1989 Electron Diffraction Experiment

Vienna 1999 C60 Interference



The Two Golden Rules of QM
Rule #1

Superposition

A particle can behave

as if it is both

άƘŜǊŜέ ŀƴŘ άǘƘŜǊŜέ

Wave behaviour

Rule #2
Measurement uncertainty

When asked where it is,

the particle will be found either

άƘŜǊŜέ ƻǊ άǘƘŜǊŜέ

Particle behaviour



Old Hat Quantum

ñThe First Quantum Revolutionò

1971

1957

1962

1958



Quantum Information

TransistorsLaser

MRI

Information 
Theory

Quantum
Mechanics

Quantum
information

Processors



What is a computer?



What is a computer?
11011110
00110001
01101010

10000111
00001010
00110101

Input

Output

A computer is an
information processor



What is a computer?

Credit: Mike Davey http://aturingmachine.com/



Traditional computing

Despite their different appearances,
all of these computers

follow the exact same rules.



From bits to qubits
What if a bit is more than just ON or OFF?

π ρ
ἃȿπ ἃȿρ

ἃȿπ ȿρ ἃȿπ ἃȿρ

Classical
Quantum



The Two Golden Rules of QC
Rule #1

Superposition

A qubit can behave

as if it is both

ά0έ ŀƴŘ ά1έ

Wave behaviour

Rule #2
Measurement uncertainty

When asked where it is,

the qubit will be either

ά0έ ƻǊ ά1έ

Particle behaviour



Pick Your Qubit

Atoms & Ions

Isolate a single
or small number

of atoms,
and use their

electron energy
as a qubit.

Spin

Use the magnetic
properties of
electrons and

molecules and flip 
them using radio 

waves.

Photons

Create a single
photon,

and encode
information in
its polarization

or color.

Superconducting
Circuits

Cool circuits to near 
absolute zero and 

measure wave 
properties of 

electrons.



Quantum Computing

Except with some

Quantum pieces

²ƘŀǘΩǎ ƛǘ ǳǎŜŦǳƭ ŦƻǊΚ



Quantum Simulation

Biochemistry/Medicine

Materials

Environment

Quantum Chemistry



Factoring
ςρ σ χ

φυ ρσυ

υφȟρυσςσσςτρ

τςȟφςσȟσψρυȟτπχχȟψψσ

χρρȟυςπȟψρτȟςφσȟυπψȟωσσχυφȟπφυȟρυωωτρȟπψσȟωψχ

?

?

?

Classical Factoring Algorithms

Time ~ ρπ
Ⱦ

Quantum Factoring Algorithms

Time ~ ÌÏÇὔ



Quantum information

Uses principles like superposition
to transform information

in new ways

A blend of physics,
chemistry, mathematics,

engineering, and computer science.

Computing

Communication

Sensors

Materials

Foundations Slides



QUANTUM 
OPTICS
ANDREW CAMERON



C. D.

A. B.

E.

Laser light

Gamma Rays

X-Rays

Radio Signals

Theyôre all made of photons

Which of the following is NOT made of photons?



Whatõs a photon?

A photon is a countable unit of light

phys.org, Physics Buzz, Physics World

?

Creation Operator Vacuum

(nothing) One Photon



Standard model of particle physics



But why do we care?

Uses of photonic qubits include:

ÅQuantum & optical communications

ÅConnecting physical qubits

ÅPhotonic quantum computing

ÅQuantum metrology & sensing

ÅFoundational physics



Quantum optics

ÅHow do we make qubits with photons?

ÅHow can we make photons talk to each other?

ÅHow can we measure photons?

ÅHow can we make photons?

ÅHow can we verify photons?



What do we need to make a qubit?

Well-defined
basis statesé

éwhich can be controlled and measured
in coherent superpositions



Making a qubit with photons

Path encoding
Polarization

Spatial shapes Colour / Frequency

Time bin



Path encoding toolbox

Mirrors

Phase
shifters

Beam splitters
(Hadamard)

Qubit  states
defined by

path of photon

Simple
ñdual-railò
encoding

Basic tools



Path-encoded qubits

Photon here No photon here

No photon here Photon here



Path-encoded qubits

+

A single  photon in a superposition of two  paths



Single-photon interference

Start with a single photon in |0 ἃ

Beamsplitter  puts it into
superposition state |+ἃ

Recombine paths to state |0ἃ 

We see the same interference for photons that we do for laser light



What about more photons?

Weôve seen that quantum light and single photons give the same 
interference patterns. What about multiple photons?

Letôs make photons talk to each other!



Two-Photon Interference

We start with
two indistinguishable photons

in two different paths

What happens at the beamsplitter ?



Two-Photon Interference
What can happen?

or

Both pass Both reflect

or or

One passes, one reflects

What does  happen?



Two-Photon Interference

Qubits:

Photons:

Operators:

Qubits:

Photons:

Operators:

?

?

?

Examine what happens to each photon individuallyé


