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Quantum information processing offers fundamental
improvements over classical information procéssing,
such as computing power, secure communication,
and high-precision measurements. However, the best
way to create practical devices is not yet known. This
textbook describes the techniques that are likely to be
used in implementing optical quantum information
processors. '

After developing the fundamental concepts in
quantum optics and quantum information theory, the
book shows how optical systems can be used
to build quantum computers according to the most
recent ideas. It discusses implementations based on
single photons and linear optics, optically
controlled atoms and solid-state systems, atomic
ensembles, and optical continuous variables.

This book is ideal for graduate students beginning
research in optical quantum information processing.
It presents the most important techniques of the field
using worked examples and over 120 exercises.
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Advanced quantum mechanical relations
Von Neumann entropy:

S(p) = —Tr(plogy p) = — Y _ A;logy A
J

Positive operator-valued measures of projectors P, :
7 v
In terms of Kraus operators:

Eu = ZA"L”ALV with A = Za}i |UJ) (v| and [a;lilz — kz
1 =

The fidelity between two density operators:

2
1/2 1/2

The Lindblad master equation:

dp

i
- =—7lp - > Yum (oL + mLy + LnLnp — 2LnpLm) + Hee.

The Fisher information:

Y 1 (apl)\* (™ dnp(x|6)\>
d ‘9)‘[mdxp<x|9)( 90 )‘/_wd”’ ("'9)( 90 )
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Introduction to Optical Quantum
Information Processing

Quantum information processing offers fundamental improvements over classical infor-
mation processing, such as computing power, secure communication, and high-precision
measurements. However, the best way to create practical devices is not yet known. This
textbook describes the techniques that are likely to be used in implementing optical quantum
information processors.

After developing the fundamental concepts in quantum optics and quantum information
theory, this book shows how optical systems can be used to build quantum computers
according to the most recent ideas. It discusses implementations based on single photons
and linear optics, optically controlled atoms and solid-state systems, atomic ensembles, and
optical continuous variables.

This book is ideal for graduate students beginning research in optical quantum information
processing. It presents the most important techniques of the field using worked examples
and over 120 exercises.

Pieter Kok isa Lecturer in Theoretical Physics in the Department of Physics and Astronomy,
the University of Sheffield. He is a member of the Institute of Physics and the American
Physical Society, and his Ph.D. thesis won the Institute of Physics Quantum Electronics
and Photonics thesis award in 2001.

Brendon W. Lovett is a Royal Society University Research Fellow in the Department of
Materials and a Fellow of St. Anne’s College at the University of Oxford. He is a member of
the Institute of Physics and the Materials Research Society. He has been a visiting Fellow
at the University of Queensland, Australia, and is an Academic Visitor at the National
University of Singapore.
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The field of quantum information processing has reached a level of maturity, and spans
such a wide variety of topics, that it merits further specialization. In this book, we consider
quantum information processing with optical systems, including quantum communication,
quantum computation, and quantum metrology. Optical systems are the obvious choice
for quantum communication, since photons are excellent carriers of quantum information
due to their relatively slow decoherence. Indeed, many aspects of quantum communication
have been demonstrated to the extent that commercial products are now available. The
importance of optical systems for quantum communication leads us to ask whether we can
construct integrated systems for communication and computation in which all processing
takes place in optical systems. Recent developments indicate that while full-scale quantum
computing is still extremely challenging, optical systems are one of the most promising
approaches to a fully functional quantum computer.

This book is aimed at beginning graduate students who are starting their research career
in optical quantum information processing, and it can be used as a textbook for an advanced
master’s course. The reader is assumed to have a background knowledge in classical elec-
trodynamics and quantum mechanics at the level of an undergraduate physics course. The
nature of the topic requires familiarity with quantized fields, and since this is not always a
core topic in undergraduate physics, we derive the quantum mechanical formulation of the
free electromagnetic field from first principles. Similarly, we aim to present the topics in
quantum information theory in a self-contained manner.

The book is organized as follows: in Part 1, we develop the quantum theory of light,
give an introduction to quantum communication and computation, and we present a num-
ber of advanced quantum mechanical techniques that are essential for the understanding
of optical quantum information processing. In Part II, we consider quantum information
processing using single photons and atoms. We first develop the theory of photodetec-
tion and explore what we mean by photon sources, followed by an exposition of quantum
communication with single photons, quantum computation with single photons and linear
optics, and quantum computing where the information carriers, the qubits, are encoded in
atoms. In Part 111, we explore quantum information processing in many-body systems. We
revisit linear optical quantum communication and computation, but now in the context of
quantum continuous variables, rather than qubits. We discuss how atomic ensembles can
be used as quantum memories and repeaters, and we study in detail how to define robust
qubits in solid-state systems such as quantum dots and crystal defects. The last chapter of
the book deals with quantum metrology, where we explore how quantum states of light can
be exploited to attain a measurement precision that outperforms classical metrology. As is
inevitable in a book of this nature, a number of important topics have been omitted due
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to length restrictions. We have not included quantum information processing in ion traps,
photonic band-gap materials, optical lattices, and Bose-Einstein condensates. We have also
omitted the topic of quantum imaging.

We wish to thank a number of colleagues who have made valuable comments, and
suggested many improvements: Charles Adams, Simon Benjamin, Samuel Braunstein, Earl
Campbell, Jim Franson, Erik Gauger, Dominic Hosler, Nick Lambert, Peter van Loock, Janet
Lovett, Ahsan Nazir, Todd Pittman, Nusrat Rafiq, Andrew Ramsay, Marshall Stoneham,
Joachim Wabnig, David Whittaker, and Marcin Zwierz. We thank Joost Kok for suggesting
the artist Victor Vasarely for the cover image. BWL thanks the Royal Society for financial
support. Finally, we would like to thank Andrew Briggs and the Quantum Information
Processing Interdisciplinary Research Collaboration (QIP IRC) for continued support.
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