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Do you need a cat to understand 
Quantum Mechanics? 
A brief history of key concepts

Quantum and Nanotechnologies Research Centre 

Dr Khaled Mnaymneh, PEng
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Delivering Value to Canada in Two Ways

12 research centres  performing research and technical 
services with partners:

DIGITAL TECHNOLOGIES Å Digital Technologies

EMERGING TECHNOLOGIES 

Å Metrology

Å Herzberg Astronomy and Astrophysics

Å Quantum and Nanotechnologies

Å Canadian Photonics Fabrication Centre

ENGINEERING 

Å Construction

Å Energy, Mining and Environment

Å Ocean, Coastal and River Engineering

LIFE SCIENCES

Å Aquatic and Crop Resource Development

Å Human Health Therapeutics

Å Medical Devices 

TRANSPORTATION 

AND MANUFACTURING

Å Aerospace

Å Automotive and Surface Transportation

National program: 

The Industrial Research Assistance 

Program (IRAP) provides a 

comprehensive suite of innovation services 

and funding to help drive SME growth and 

stimulate wealth creation in Canada.  



NRC Strategic Priorities
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2024-2029 Strategic 
Plan

Key research, innovation 
and organizational 
priorities of importance to 
us and Canadians 



Providing services and 

access to facilities to 

support business 

innovation. Include 

testing, prototyping, 

demonstrations, 

calibration and more

Technical 

Services

Grants and 

contributions to bring 

together academia, 

industry and 

government to attain 

critical mass to deliver 

technological 

breakthroughs

CSTIP 

Programs

Collaboration to 

advance R&D, train 

new talent, leverage 

investments and 

facilitate knowledge 

exchange with allies

International 

Projects

Co-location of NRC 

researchers and 

infrastructure with 

academia to foster joint 

research and training 

opportunities for young 

scientists

Collaboration 

Centres

Å Joint calls for 

projects with co-

funding

Å Unfunded 

collaborator on 

projects

Å Professional 

services

Å HQP exchange

Other 

Collaborations

Mechanisms of Collaboration
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Our Role to Support the National Quantum Strategy
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Canadian Quantum Strategies

National Metrology Institute Initiatives

љ[ƨŰĬŔŰŊЯШĬĲ-risking and creating supportive policy 
frameworks for emerging technologies, convening and 
coordinating, procuring goods and services, and 
ƚĲƖƻŔŰŊШċƚШċШƖĲƚĲċƖĦőШƓċƖƣŰĲƖЮњ

Å NRC Quantum R&D Initiative 
($9.0M)

Å NRC Challenge Programs 
($50.0M) NRC funded 

initiatives

The NRC supports all 
Canadian strategies 

on quantum  



RESEARCH CENTRES

ÅQuantum & Nanotechnologies 

Research Centre

ÅMetrology Research Centre

ÅDigital Technologies

COLLABORATION CENTRE

Å Joint Centre for Extreme 

Photonics

BUSINESS INNOVATION

ÅCanadian Photonics 

Fabrication Centre

ÅIndustrial Research 

Assistance Program

NRC Quantum + Portfolio

COLLABORATION R&D 

PROGRAMS

ÅSmall teams and Ideation 

projects

ÅHigh-throughput and Secure 

Networks

ÅQuantum Sensors

ÅApplied Quantum Computing

ÅQuantum InterNetworking 

(NEW) 13



Illustration: Weirdness of Quantum
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Å Mach-Zehender Interferometer
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Illustration: Weirdness of Quantum ɀ Single 
Photons
Å access to counterfactual realities
Å essence of quantum computing



Back to the Cat ... Contents
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1) What is quantum?
Å randomness
Å entanglement

2) What is computing?
Å the Church-Turing Thesis

3) What is quantum computing?
Å the qubit
Å teleportation
Å BB84 (Charles Bennett and Gilles Brassard in 1984)



What is quantum?
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What is Quantum? ɀ )ÔȭÓ !ÔÏÍÉÃ 0ÈÙÓÉÃÓ
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Å ÉÔȭÓ ×ÈÁÔ ÁÔÏÍÓ ÄÏ ȢȢȢ

Å ÍÏÒÅ ÉÍÐÏÒÔÁÎÔÌÙȟ ÉÓ ÔÈÁÔ ÔÈÅ ÌÁ×Ó ȰÄÏ×Î ÔÈÅÒÅȱ ÁÒÅ Ȱ×ÅÉÒÄȱ

Å like being Alice in Wonderland

Å can we  bring those laws back up to where we live and use 
them to process information?



What is Quantum? ɀ )ÔȭÓ ÂÌÁÃËÂÏÄÙ ÒÁÄÉÁÔÉÏÎ
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Å ÈÏ× ÄÉÄ ȰÑÕÁÎÔÕÍȱ ÇÅÔ ËÉÃËÅÄ ÏÆÆ ȢȢȢ 

Å it got +ÉÒÃÈÈÏÆÆȭÅÄ! ... Gustav Robert Kirchhoff:

Å he studied the solar atmosphere

Å a property of all bodies and refers to the perfect emission 
and absorption of heat and light ɀ blackbody radiation

Å before we looked down, we looked up ... the sun

Å this led to a very very very very important curve ...
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What is Quantum? т fƣќƚШƣőĲШÖũƣƖċƻŔŸũĲƣШ
Catastrophe
Å black body curve

Å 7ÅÉÎȭÓ ÌÁ×

Å very hard to derive it 

Å lead to the ultraviolet 
catastrophe

Å problem until this guy 
came along ...  



What is Quantum? ɀ )ÔȭÓ 0ÌÁÎÃËȭÓ #ÏÎÓÔÁÎÔ
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Å 0ÌÁÎÃË ÃÏÕÌÄÎȭÔ ÄÅÒÉÖÅ ÔÈÁÔ ÐÅÓËÙ Ȱ-ρȱ ÉÎ 
the denominator ...

Å only when he assumed energy was not 
continuous but arrived in discrete 
ÐÁÃËÅÔÓ ÄÉÄ ÔÈÅ ÍÁÔÈ ÇÉÖÅ ÈÉÍ ÔÈÁÔ Ȱ-ρȱ

Å the famous constant was born ... 
0ÌÁÎÃËȭÓ #ÏÎÓÔÁÎÔ ȢȢȢ

before
quantum

after
quantum

w=E
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What is Quantum? ɀ )ÔȭÓ ÔÈÅ 0ÈÏÔÏÅÌÅÃÔÒÉÃ 
Effect

Å this was hard to swallow even for Planck

Å however, the first person to embrace this idea was ...

Å this guy

Å and he got the Nobel prize for it too!

Å Einstein was the father of single photon detectors! 

Å ÔÈÅ ȰÐÈÏÔÏÅÌÅÃÔÒÉÃ ÅÆÆÅÃÔȱ



What is Quantum? ɀ (ÅÉÓÅÎÂÅÒÇȭÓ 5ÎÃÅÒÔÁÉÎÔÙ 
Principle
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Å however, something was brewing in the background 
because of the discovery of Planck's constant 

Å its unit ...

Å it implied that reality was fundamentally uncertain to 
reality!

Å ÔÈÉÓ ×ÁÓ ÔÈÅ ÅÓÓÅÎÃÅ ÏÆ (ÅÉÓÅÎÂÅÒÇȭÓ ÕÎÃÅÒÔÁÉÎÔÙ 
principle

Å he got the Nobel prize too ... 

[] energy time momentum positionh = ³ = ³

momentum

position

0=1p

1q

0̧??p

??q
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What is Quantum? ɀ )ÔȭÓ 3ÕÐÅÒÐÏÓÉÔÉÏÎ

Å Schrodinger tried to bring back a sense of determinacy 
with his wave mechanics

Å however, atomic transitions were still seen to be 
fundamentally random:

Å "If I had known that we were not going to get rid of this 
damned quantum-jumping, I never would have had 
ÁÎÙÔÈÉÎÇ ÔÏ ÄÏ ×ÉÔÈ ÑÕÁÎÔÕÍ ÔÈÅÏÒÙȦȱ

Å this brings us to his cat ... 

natural parallelism



What is Quantum? ɀ )ÔȭÓ 2ÁÎÄÏÍÎÅÓÓ
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Å two extremely important concepts that contribute 
to quantum computing are:

1. sum over histories ɀ real, physical parallel 
processing ɀ calculations with many worlds

2. randomness ... 

Å in 1931, world-renowned mathematician John 
von Neumann proved that hidden variables do not 
exist

Å ÔÈÉÓ ×ÁÓ ÔÈÅ ÆÌÙ ÉÎ %ÉÎÓÔÅÉÎȭÓ ÏÉÎÔÍÅÎÔ ȢȢ
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What is Quantum? ɀ )ÔȭÓ %ÎÔÁÎÇÌÅÍÅÎÔ

Å compelled Einstein to write his famous 1935 EPR paper

Å while trying to disprove quantum theory as a complete theory, he inadvertently provided the basis 
for entanglement! (poor Einstein!)

Å the third ingredient for quantum computing!



What is Computing? ɀ )ÔȭÓ ÁÎ 
entscheidungsproblem!
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Å first analog computer (2nd century BC)

Å modern age ushered in by Alan Turing

Å entscheidungsproblem: an algorithm that 
takes any logical statement as input and 
correctly determines its validity in a finite 
number of steps 
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What is Computing? ɀ )ÔȭÓ Á 4ÕÒÉÎÇ ÍÁÃÈÉÎÅ
Å Turing developed an abstract notion of what we now call a programmable computer ɀ model for 

computation known as the TURING MACHINE

Å infinite strip of tape extending to the left and right, divided into little squares (cells)
Å each square holds a symbol: 0, 1 or blank
Å head: looks at one cell at a time; 
Å it can: read the symbol OR write a symbol OR move left or right

Å ÓÉÍÐÌÅ ÒÕÌÅ ÅØÁÍÐÌÅȡ ÉÆ ÙÏÕ ÓÅÅ Á ρ ÁÎÄ ÙÏÕȭÒÅ ÉÎ ÓÔÁÔÅ ! -> write 0, move right and go to state B



What is Computing? ɀ )ÔȭÓ ÔÈÅ #ÈÕÒÃÈ-Turing 
Thesis
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Å Led to the Church-Turing thesis:

Ȱany algorithmic process can be simulated efficiently using a Turing machineȱ

Å but is this true?

Å turns out analog 
computers can solve 
problems believed to have 
no solution on a Turing 
machine!

Å however, noise kills this 
advantage 

VS
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What is Computing? ɀ Randomized algorithm?! 
Å this means effect of noise must be taken into account in evaluating efficiency!

Å but wait ... we have a new challenger to the Church-Turing thesis

Å the randomized algorithm (Robert Solovay and Volker Stressen ɀ mid-1970s)

Å Solovay-Stessen test for primeness used randomness as an essential part of the algorithm! 

Å no deterministic test is known to do this ...



What is Quantum Computing?
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Å challenge appears to be easily resolved by simply modifying the Church-Turing thesis:

Ȱany algorithmic process can be simulated efficiently using a probabilistic Turing machineȱ

Å really? we gonna keep doing this?

Å no

Å maybe ...

Å the birth of quantum computing

Å in 1985, David Deutsch asked whether the laws of physics could 
be used to derive an even stronger version of the Church-Turing 
thesis 

Å because the laws of physics are ultimately quantum mechanical, Deutsch was naturally led to 
consider computing devices based upon the principle of quantum mechanics



What is Quantum Computing? ɀ )ÔȭÓ qubits!  
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Å the qubit ...

measurement/readout


