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1. INTRODUCTION

OME 10 years ago several University of New South
Wales, Sydney! staf (Andrew Dzurak, Robert Malaney,
d Andrea Morello) met to discuss  brand new concept -
the creation of new university courses specifically designed
to encourage commencing engincering students to take a
“quantum leap” into the educational unknown and become
“Quantum Engincers,” No template existed (o guide such a
concept: barriers loomed and the pitalls aplenty. The anti

and telecommunications. Such students were highly skilled
in the fundamentals of engincering but with a background
in quantum mechanics which was, at best, @ few weeks of
a standard Schrodinger equation-based introductory-physics
course, long lost to the memories of a fun-filled fresher year.
“They “never really understood that quantum stuff” they would
Iur corumen, bk o ce” ey s s
1 oginseing | m doig quantum mscanics st

needed that m
he “carmot” to entice these students o take the needed leap
was the “whistle in the wind” of quantum technology [1]. This
new technology promised the world. Quantum computers that
were just “10 years away” would lead to breakthroughs across
many disciplines from miracle new drugs [2], solutions 1o
eritical engincering optimization problems that seemed forever

The University of New South Wles (UNSW) has several campuses, the
Jargest e being based i Sydney (UNSW Sydaey). vl

ing program runs. For simplcty, we rler 1o s campus in s
atice simply s UNSW.

unsolvable (3], and the direct simulation of the fundamental
physics that govern the universe [4], to name but a few
xing v, Beyond i, quactins commusications wes
already being touted as 2 *here and now” technology [S].
Unconditionally secure communications were on the verge of
being mansream, und o securty isucs ha plaued the
puneialy incrsing e o el comdcxions
would soon be. foreer exiled to istory, The gamble the
UNSW alf were sbout 1o ake e - would the promise of

ough
i o s i i i wughlud
average mar

Fast forward to today. Quantum computers are here in the
sease that so-called quantum supremacy over the best classical
computers has been delivered [6]. The giants of the commer-
cial world ae i th sy [, and the workd is now wly
abuzz that the ssal challenges that face the universal
ot comping plador wil 5 avercome soon (8] Real
e now only *S years away” state many
informed commentators (9], Quantum communications have
indeed ke off, many commercial oftigs ar v

110}, and the technology bas been deploed in
e Chinese satette Michs [11) Based on dicrete
aibie photon technology, this low-earth-orbit satllite pro-
duces entangled photon pairs, beaming a photon from each
pair down 10 & separate receiver on earth. Thanks to Micius,
quantum entanglement has been distributed over thousands of
kilometers [12], quantum-secured networks of large scale are
in place (13], and the global quantum intermet is now firmly in
sight [14]. The first incaration of these new communication
platforms will connect classical computers worldwide but
secure their communication with Quantum Key Distribution
115 The worldwide connection of quantum computers
follow. Beyond th the block” has appeared -
quantum sensing, Using the heightened sensitiviy offered by
quantum states, great promise in advanced clocks [16], mineral
discovery [17], enhanced positioning (18], super-resolution
microscopy [19), single-photon astronomical observtion [20],
and qnanmm4nhznc=d imaging [21], are just but a few of the

tum sensing applications within gras
Tokeesinning s it Tatiwal gosecoess o
now investing heavily

wordorse tat wil nderpi the emerging quantum conomy
(21,1231, (241, 25). Commercial o 50 mov-
ing ity in'e s dieoion (36, 27, T I the gokiem
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Defining the quantum workforce landscape: a review of global
quantum education initiatives
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Abstract.  Rapid advances in quantum technology have exacerbated the shortage of a diverse, inclusive, and sus-
tinable quantum workforce. National governments and industris arc developing sirategics for education, training,
and o accelera antum technologies. In this paper, we report the
existing state of the quantum workforce as well as several learning pathways o nurture the talent pipeline between
scateis and sy, We provid s comprefensiv gude of vrouscductosl s sccssble rughont
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1 Introduction
Quantum ies, the next cutting-ed; revolution, have seen a significant shift
from mostly scientifi h d to practical product and

commercialization in recent years."> By exploiting the quantum-mechanical phenomena such as

interfe or

to perform quantum computers will
be able (o efficiently solve hard computational problems that today’s classical computers cannot
solve. Although the state-of-the-art fault-tolerant quantum computer is still in its infancy.’ the

potential impacts of quantum technologics have been recognized worldwide and many countrics

are making efforts in initiating national quantum strategies to foster its development within the

global landscape.

Rapid in quantum are enabling organizations acro

a range of
industries adapting practices in their daily operations to attain a quantum advantage and remain

agile in a shifting global economy.> However, these organizations are facing a major obstacle in
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Variety of Quantum Hardware Technologies
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Government Programs for Quantum Computing

Public funding for quantum initiatives by country

Public investments by countries into quantum tech excluding investments made into the private
sector and startups
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Number of startups by country
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Home / Current topics / Blog / Michele Mosca: Quantum computing will decimate the security infrastructure of the digital economy (video)
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Michele MOS€a: Quantum computing will decimate the
security infrastructure of the digital economy (video)

Quantum computing will decimate the security infrastructure of the
digital economy. Quantum computing in general is certainly a blessing
to humanity in many respects and it promises to disrupt evolution of
technology in more than one dimensions. But it is also a curse to
security, as cryptographic algorithms that proved to be secure for bt R
decade may be breached by quantum computers within minutes. ! Founder of the Institute for Quantum Computing

University of Waterloo
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Public Hardware Companies

Market Cap

Former mining company, now focused on

\RCH E R quantum and healthcare, developing silicon $294M AUD
o qguantum chip (Australia: ARRXF)

ION Q October 2021: SPAC to develop trapped ion quantum $1.2B
hardware and applications software; on NYSE: IONQ '

Announced plans to become publicly traded via $0.84B

B B
l"gEttl merger with Supernova

Partners Acquisition Company |l SPAC in 2022

t
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Quantum Computers available on the Cloud

Major Cloud Providers Quantum Devices Available
) i
1 oE W5 rgeti  Quova  [BuErs:  ORC

Amazon Braket

@ Azure Quantum rigetti (I IONQ Q cuanTinuum

3 Google Cloud Q1 IoNQ
I B M Q IBMQ (20+ devices)

Note that many other systems can be accessed directly through the manufacturer.

t
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The Number of Qubits Does Not Determine the
Quality of a Quantum Computer

Many factors determine the strength of a computer,
iIncluding:

Error Rates
Fidelity
Connectivity

Depth of circuits

/.\ atom | ’ »
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Quantum Hardware
Overview
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How to Use This Book

This book is intended for a single semester (~12 weeks) elective course on quantum
computing, comprised of approximately 36 one-hour lectures (3 hours per week). A
suggested lecture schedule is as follows:

Lecture 1-2: Chapter |—Superposition

Lecture 3—4: Chapter 2—Quantization

Lecture 5-6: Chapter 3—Spin

Lecture 7-8: Chapter 4—Qubits

Lecture 9-10: Chapter S—Entanglement

Lecture 11: Chapter 6—Quantum Key Distribution

Lecture 12-13: Chapter 7—Quantum Gates

Lecture 14: Chapter 8—Teleportation

Lecture 15: Chapter 9—Tensor Products

Lecture 16: Chapter 10—Quantum Parallelism and Computational Complexity

Lecture 17: Chapter | | —Deutsch Algorithm

Lecture 18: Chapter |12—Grover Algorithm

Lecture 19: Chapter 13—Shor Algorithm

Lecture 20-21: Chapter 14—Precession

Lecture 22: Chapter 15—Electron Spin Resonance

Lecture 23: Chapter 16—Two-State Dynamics

Lecture 24: Chapter 1 7—Implementing Two-Qubit Gates

Lecture 25: Chapter 18—DiVincenzo Criteria

Lecture 26: Chapter 19—Nuclear Magnetic Resonance

Lecture 27-28: Chapter 20—Solid-State Spin Qubits

Lecture 29: Chapter 21—Trapped Ion Quantum Computing

Lecture 30-31: Chapter 22—Superconducting Qubits

Lecture 32: Chapter 23—Adiabatic Quantum Computing

Lecture 33: Chapter 24—Optical Quantum Computing

Lecture 34-35: Chapter 25—Quantum Error Correction

The Materials Research Society Series

ffaXL?Pierre
1 Introduction
" to Quantum

. Computing

RuLs

R[S %‘,‘gﬂ" @ Springer

Preface vii

Lecture 36: Chapter 26—Topological Quantum Computing

The book assumes that students have successfully completed an introductory
course in quantum mechanics, which is typically in the second year of a four-year
undergraduate program in science, engineering, or related disciplines. Thus, this
book is intended for the third or fourth year of an undergraduate program or the entry
level of a graduate program.

The book is divided into three main parts. Chapters 1-13 focus on the basic prin-
ciples underlying quantum computing and an understanding of quantum algorithms.
Chapters 14-18 introduce the principles underlying the physical implementation of
single-qubit and two-qubit gates. Finally, Chaps. 19-26 present specific physical
platforms for quantum computers, as well as quantum error correction.

Each chapter is intended to be taught consecutively. Chapter 6 on quantum key
distribution and Chap. 8 on teleportation, are given as sample applications of entan-
glement and may be considered optional (although students typically enjoy this mate-
rial). Chapter 25 on quantum error correction, although of importance to quantum
computing, may also be considered optional or quickly skimmed. Instructors who
wish to emphasize quantum algorithms may choose to focus on Chaps. 1-13, while
those more interested in hardware can focus on Chaps. 14-26.

Each chapter includes exercises which can be completed by the student as home-
work assignments or used for tutorial instruction. A solutions manual is available for
qualified instructors. Each chapter also includes references for more advanced study,
and further reading is listed at the end of the book.

Hamilton, Canada Ray LaPierre
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Course Description XV

1. Introduction to Superposition

2. What is a Qubit?

3. Beam Splitter 4. Stern-Gerlach

6. Quantum Gates

[9. Quantum Algorithms] 7. Entanglement ‘ 5. Quantum Cryptography

8. Quantum Teleportation}

Fig. 1 Flowchart of learning outcomes.
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The biggest challenges for PsiQuantum, he suggests, are developing
manufacturing techniques and system architecture around well-known optical
technology. The company argues having a Tier-1 fab partner such as

GlobalFoundries is decisive.

and especially you can’t increment with five
qubits, 10 qubits, 20 qubits, 50 qubits to a
million. That is not a good strategy. But it’s also
not true to say that we’re planning to leap from
zero to a million,” said Shadbolt. “We have a
whole chain of incrementally larger and larger
systems that we're building along the way. Those
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It’s really not yet clear which of the qubit technologies — semiconductor-based
superconducting, trapped ions, neutral atoms, photonics, or something else —
will prevail and for which applications. What’s not ambiguous is PsiQuantum’s
Go Big or Go Home strategy. Its photonics approach, argues the company,
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Dirac taught us there is a minimum disturbance that accompanies
a measurement (inherent in the nature of things, and that cannot be
overcome by improved experimental technique). If minimum disturbance
accompanying a measurement is non-negligible, the object is absolutely
small, and its properties fall in the realm of quantum mechanics. The
guantum properties of absolutely small particles are not strange; they are
just unfamiliar and not subject to our classical intuition. The double-slit
experiment performed w/ electrons introduces both the phenomenon of
interference and the wave-particle duality principle. According to this
principle: A quantum object (a) is produced as a particle, (b) propagates
like a wave, and (c) is detected as a particle with a probability distribution
that corresponds to a wave. The double-slit experiment also introduces the
Heisenberg uncertainty principle at the level of paths (trajectories). A qubit
is a superposition of bit states and is represented as a vector via complex
numbers w/ brief review of trigonometry. Two-dimensional vector spaces
with complex (or real) amplitudes are introduced. We define measurement
as the probability of a state projecting itself on any of the two vectors of an
orthogonal basis. Define the standard (computational) basis, and the sign
basis. Heisenberg’s uncertainty principle imposes a fundamental limit on
the accuracy w/ which the values of two incompatible observables can be
measured simultaneously. It is not possible to know with perfect accuracy
oth the bit value and the sign value of a qubit, yet another manifestatio
of the uncertainty principle. Photons as qubits. Polarization.
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Systems of two qubits exhibit a remarkable property called
entanglement, that plays a critical role in quantum computation. Start
with k-level systems, introduce bra-ket notation, use the measurement
axiom in an orthonormal basis, inner products, complex conjugates and
the superposition principle. Describe partial measurement in a system of
two qubits with renormalization and then define entanglement. Three
guantum phenomena are used in quantum algorithms: superposition,
interference and entanglement. State of a composite system. Taking the
tensor product. Factoring a product into individual components. Bell
states. Measuring the Bell state. Spin of two electrons in a covalent bond.
The paradoxical features of Bell states. The EPR paradox. Local realism.

A test for qguantum mechanics: Bell inequalities. Classer, Horne, Shimony,
and Holt (1969). Alain Aspect (1982). No Signaling Theorem. Entanglement
can be used to create non-classical correlations. Rotational invariance of a
Bell state. State of the spin of electrons in a covalent bond: singlet state.
Designing a test for quantum-ness: creating instant remote non-classical
correlations. CHSH and local realism. John Stewart Bell was 7 years old in
1935 the year of the EPR paradox paper. Nature is consistent with QM and
inconsistent with any local hidden variable theory. It took a brilliant insight
by John Bell and further simplification by CHSH plus the language of qubits
to explain in a lecture what Einstein spent decades of his life without any
luck or success. This shows there can be remarkable power in very simple
concepts. Quantum Mechanics has three axioms we discuss next.
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So far we’ve talked about what the allowable states of a

i\::j j::z ;; zzzil:;:f:z’:,::::;pﬁndple guantum system are and what happens when we measure the state

4 Fri June 24 Assignment 1 of a quantum system. These are encapsulated in the first two axioms of

2 Manlune 27 Avioms of OM, Two Qubits, and Entanglement Quantum Mechanics: the superposition principle and the measurement

:VE‘; j::: ;2 Assignmen?ezu Inequalities. Certifiable Randomness axiom. Quantum gates address the issue of how the state of a quantum

———— . system evolves in time (unitary evolution, the third axiom of QM). Simple

9 Fri July 01 Quantum Teleportation axioms with very complex consequences. Third axiom says that the state
Mon July 04 evolution of a quantum system in time is via a rotation in a Hilbert space.

0 ey DRSS g o - Example: evolution of a qubit (rotate the space). Rotation of the space is a

E VTV:: j:gg: S:::ngt'lz:]"zgomhms linear transformation. Represent by a matrix. Unitary transform(ation)s

13 Fri July 08 Assignment 4 and their properties. Single qubit gates: X (bit flip), Z (phase flip), H (the

14 Mon July 11 Hadamard gate). Two qubit gates and tensor products. The CNOT gate.

15 Tue July 12 Quantum Fourier Transform Tensor products and the dimension of two qubit gates. If we try construct

1: \:r?: j:g i Ass?gnmentihors s a quantum circuit that copies an unknown quantum state we find there is

£5) e 5 | —— no unitary transformation that achieves this, i.e., the No-Cloning Theorem.

19 Mon July 18 Obiservables and Schroedinger's Eqution The Bell state circuit: building a maximally entangle state. Bell basis states.

20 Tue July 19 Assignment 6 It’s impossible to clone quantum information but it is possible to teleport

21 Wed July 20 Particle in a Box. Implementing Qubits. a quantum state to another location. We build the complete teleportation

Z T: j:gg Assignmemi"i" protocol: Alice has this unknown quantum state, she wants to transport it

24 Mon luly 25 N— to Bob. In the course of teleportation she destroys her qubit. She then has

25 Tue luly 26 Supremacy (Advantage) to call up Bob and tell him two classical bits of information. In the process

26 Wed July 27 Assignment 8.1
27 Thu July 28 Assignment 8.2
28 Fri July 29

she allows Bob to reconstruct her qubit (by creating an entangled state
without quantum communication between the two of them). We en
ith an interpretation of what measurement of a qubit really is-
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Quantum Gates
Quantum Teleportation

Assignment 3

We are ready to go to the next topic, which is quantum algorithms.
We focus on how to specify a quantum algorithm in terms of a quantum
circuit. Such a quantum circuit act on a system of n qubits. The state of an
n qubit system is an exponential superposition. But we cannot reach in and
update all the exponentially many amplitudes one at a time, so instead we
want to perform some kind of quantum gate on some of the qubits and we
show that behind the scenes nature updates all those complex amplitudes.
At the end we measure the answer and then the exponential superposition

Quantum Circuits

Early Quantum Algorithms

disappears. And so, quantum algorithms is the art of making use of these

Assignment 4

Quantum Fourier Transform
Shor's Factoring Algorithm
Assignment 5
Quantum Search
Observables and Schroedinger's Equation
Assignment 6
Particle in a Box. Implementing Qubits.
Spin
Assignment 7
Manipulating Spin
Supremacy (Advantage)
Assignment 8.1
Assignment 8.2

resources that quantum mechanics gives us: (a) extravagant resources, w/
(b) some degree of control, but (c)very limited access, and to use those to
solve a difficult computational problem. We then talk about the universal
gate set. In classical circuits, e.g. NAND is universal, a certain set of gates
enables universal computation. The quantum analogue is { CNOT, H, X, Z,

and something like a g rotation}. Other sets exist important aspect here is

that you can restrict yourself to two qubit gates. Equipped with a model
of a quantum computer we start exploring what we can do with it. Since
evolution in quantum mechanics is unitary it’s actually reversible. We can
simulate any classical circuit reversibly using NOT, CSWAP and CNOT. One
of the basic questions in quantum algorithms is how to create interesting
superpositions to exploit the exponential power of quantum systems. And
the key is quantum Fourier sampling. Bernstein-Vazirani and through
Simon’s algorithm QC violates extended Church-Turing thesis.
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Quantum Fourier Transform (QFT, the
workhorse of quantum algorithms).

Quantum Computing
for High School Students

Yuly Billig

We now get right to the heart of our discussion about quantum
algorithms and we talk about the quantum factoring algorithm and the
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In 1994, Peter Shor discovered a quantum algorithm which will
allow one to break cryptography used today in Internet communica-
tions, once large scale quantum computers become a reality. Rigorous
exposition of Shor’s algorithm is the central goal of this book.

Proper description of quantum mechanics requires complex num-
In order to make presentation of
the theory more accessible, we avoid using complex numbers in this
book. This simplification still allows us to convey all significant ideas
of quantum computing, while making it much easier to visualize quan-
tum states and quantum gates. In the last chapter, we briefly touch
upon the aspects of the theory left outside the scope of this book.

bers and complex vector spaces.
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Searching for a needle in a haystack. Reverse phone book problem.
hy is it an important problem? There’s a whole class of problems called
NP-complete problems, which are extremely important problems from a
computational viewpoint not only in computer science but also in every
discipline of science, physics, chemistry, etc. A quintessential such problem
is satisfiability. There are thousands, tens of thousands of problems which
are computationally equivalent to satisfiability. If you solve one of these
problems quickly, you can solve all of them quickly. These are problems
that are classically believed to be hard; at least as hard as factoring, or
much harder. Grover’s algorithm can solve |B)  this problem with
a quadratic speedup over the classical \G(,,::y 7/0>
algorithm. Phase inversion and ?
inversion around the mean.
Implementation of Grover’s
algorithm. On the right we
see geometric visualization
of a single Grover iteration.
An observable for a k-level
system is a k by k Hermitian
matrix (a fancy way of specifying
an orthonormal basis). Quantum
equation of motion has energy
observable H called the Hamiltonian

;:|70>

of the syst
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Now we are ready to understand how qubits are implemented. So
far, our model for a qubit is that it’s implemented using the ground and
excited states of an electron in a hydrogen atom. So what we did was we
assumed that the states of an electron in a hydrogen atom are quantized.
So what we’re going to do is we’ll actually show how this quantization
emerges naturally. And we’ll use a very simple toy model for a hydrogen
atom. We abstract this problem as a one-dimensional problem, we have
an electron free to move around on the line, except that it’s confined to
the segment of length 1. And now we want to study (a) how to describe
the state of the electron. But this electron is allowed to be anywhere on
this line (continuous guantum states). So how do we describe that state?
The second question we’ll ask is, what is that the Hamiltonian? We said
it’s a free particle. Once we have the Hamiltonian, we want to understand
what are the energy eigenstates, i.e., the eigenstates of the Hamiltonian?
And this is where we’ll see the quantization emerge naturally. Finally, we’ll
see how to implement qubits. We use some of the mechanisms developed
in the previous section, Schrédinger's equation for 1D free particle. Next
we discuss spin. Elementary particles, like electrons and protons, carry an
intrinsic angular momentum, which is called spin. And when the particle
charged, like an electron, there’s also an associated intrinsic magnetic
moment. So an electron acts like a little magnet. This magnetic moment,
angular momentum, these are quantized. So the spin can point either
up or down. Stern-Gerlach. Bloch sphere. Pauli spin matrices.
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armor precession. In the first lecture we we’ll talk about how to
manipulate spin, that is, how to actually implement quantum gates on
a spin qubit. First we understand what a quantum gate looks like on the
Bloch sphere because in order to understand how the spin qubit interacts
with the external world, we have to locate the spin qubit on a Bloch sphere.
So the answer says that a quantum gate, or a unitary transformation, on a
gubit state is performed by a rotation of a Bloch sphere about some axis.
So, we pick some axis and we just rotate this Bloch sphere through some
angle about this axis. We first see how we can use Larmor precession to
implement an arbitrary single cubit gate on a spin. It turns out this is not
a really practical way of implementing a quantum gate, because the B-field
required for this is very large. And it’s difficult in the lab to actually move
this field, to change its direction, rapidly as we want for quantum gates. So
as it turns out there’s a different way of implementing single cubit quantum
gates due to an effect called spin resonance, which gives much finer control
Now, what we basically have as a model for a quantum computer is a set of
gubits which are being controlled through an external classical computer.
We are trying to control our qubits externally, by some external means, so
we are interacting with the qubits from that side. And this gives us a lot of
flexibility, this classical computer then represents the programming of the
guantum computer. This is what makes it all really feasible. But then, this
seems to contradict goal number two, which is to isolate our qubits. This
kind of inadvertent measurement of our quantum system is called
decoherence (major challenge). Error mitigation and contro

197




