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1 EXECUTIVE SUMMARY

QIPCoverview | Quantum Information Processing and
Communication (QIPC) has the potential

to revolutionize many areas of science and technology.
It exploits fundamentally new modes of computation
and communication, because itis based on the physical
laws of quantum mechanics instead of classical
physics. It holds the promise ofimmense computing
power beyond the capabilities of any classical
computer, it guarantees absolutely secure
communication, and itis directly linked to emerging
quantum technologies, such as, for example, quantum
based sensors. The worldwide interest in the subject
may be gauged by the recent significant increase of
funding in quantum information technology; in particular

in the United States, Canada, Australia and in some
countries in Asia (see section 2.2). Europe has played a
leading role in the early development of QIPC, and,
given appropriate research infrastructure and suitable
funding, European researchers are well positioned to
maintain Europe at the forefront of the field. However,
this requires a significant effort at national level and a
consolidation, coordination and unification of many
national projects and initiatives under one common
European umbrella with the lead of the research
program of the European Commission. For Europe to
remain competitive in this field in the future there is an
urgent need for a substantial EU-programme in QIPC.

1.1 OVERVIEW OF QIPC RESEARCH AND ITS GOALS FOR THE COMING FIVE TO

TEN YEARS

1.1.1 QUANTUM COMPUTING

From classical to Classical physics is at the root of present-
quantum computing day information processing: strings of bits

(discrete digital states) are represented
and processed in electronic devices (registers, logic
gates etc.) through quantities such as charges,
voltages, or currents. In Quantum Computing and more
generally in Quantum Information Processing (QIP),
one makes instead use of the laws of quantum
mechanics replacing bits with qubits, two-state quantum
systems that do not possess in general the definite
values of 0 or 1 of classical bits, but rather are in aso-

called 6coherent superpositi oRBPURIONt he t wo. Ful 1|

exploitation of this additional freedom implies that new
processing devices (quantum registers, quantum logic
gates etc.) need to be designed and implemented. As
several sets of universal quantum gates acting on one
and two qubits are known, a large scale quantum
computer can in principle be built, provided the
quantum physical system used meets some basic
requirements (the so-called DiVincenzo criteria) on
scalability, faithful initialization, manipulation,
transmission and readout of qubits, and long coherence
times with respect to the gate operation time.

Physical systems At present, a number of physical systems
suitable for QIP | are under investigations for their suitability

to implement a quantum computer. These
include trapped ions and neutral atoms, cavity quantum
electrodynamics (CQED), solid state devices (such as
superconducting qubits, possibly in combination with
circuit CQED, and spin qubits), all-optical devices, as
well as impurity spins in solids, single molecular
magnets etc.. During the last few years remarkable
progress, measured in terms of the aforementioned
DiVincenzo criteria, towards demonstrating the basic
building blocks of a quantum computer have been
reported in these systems. At present no fundamental
physical roadblocks seem in sight for building a
scalable quantum computer including error correction.
However, a mixture of significant technological
challenges and some open physical questions remain
to be answered. At the same time itis premature to
select a winner, rather research should progress on a
broad front across all physical disciplines which studies
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these systems in view of scalability, coherence and
speed of QIP, in particular also conceming their
reliability, fault tolerance and use of error correction.
Finally, development of a computer architecture must
be complemented by interfacing with quantum
communication to allow building of quantum networks.

Ultimately, the goal must be to transfer
this academic knowledge about the
control and measurement of quantum
systems to industry. Major international companies
have shown interest and support for developing and
providing systems suitable for quantum

[ From academy to
| industry

Short term goal I: test

Few-qubit applications. Afirstshort | bed demonstrations

range goal is the realization of a few-

qubit general purpose quantum computer including
error correction, as a test bed for demonstrating
operation of a quantum computer. In parallel, however,
special effort must be made to further develop few qubit
applications which range from quantum information
processing and quantum communication all the way to
guantum assisted precision

measurements.
[ Short term goal I:

Many-qubit specialized applications. | guantum simulators
As a second shortrange goal, special
purpose quantum computers with a large number of
qubits should be developed. A highly relevant e xample
is provided by quantum simulators, programmable
guantum systems whose dynamics can be engineered
such that it reproduces the dynamics of other many
body quantum systems of interest, e.g., atoms in optical
lattices simulating high temperature superconducting
systems and/or quantum phase transitions. Full
simulation of a quantum mechanical system consisting
only of a few hundred particles (spins) requires in fact
classical computing resources in terms of memory of
the order of the number of atoms in the visible universe
i clearly demonstrating the inadequacy of any classical
computer for this task. Quantum simulators could be the
first nontrivial applications of quantum information,
providing answers to problems which are fundamentally
beyond classical computing capacities, such as the
study of microscopic properties of materials pemitting
free variation of system parameters, an accurate



description of chemical compounds and reactions, or work will have to cover a wide range of physical

find out the reason why free quarks are not found in systems and technologies.
Nature.
. 1.1.2 QUANTUM COMMUNICATION
Long termgoal |- | Quantum interfaces. In the long term a o
hybridization | firstgoal is the development of hybrid Quantum Communication is the art of [ Quantum
technologies and architectures for transferring quantum states from one | communication
gquantum computation, including interfaces between place to another. The general idea is
them. This will stretch the theoretical and experimental that quantum states encode quantum information:
resources of many branches of physics, from quantum hence quantum communication also implies
optics and atomic physics to solid state devices. Itis transmission of quantum information. Quantum
likely that there will not be a single winner in this Communication covers aspects of basic physics as well
search, but rather a number of different technologies as of practical relevance. Additionally, it will take care of
complementing each other: some will be more suitable the whole Awiringo inside a qua
for gquantum memories, some for quantum processing, contribute to the quantum interface. Already now, one
and some for quantum communication and so on. of its outstanding results is the emerging technology of
Therefore, in addition to developing individual guantum cryptography, which promises absolute secure
technologies, interfaces between the latter are also transmission of the key codes that are essential to
needed, so that different qubéandryptonessages withésger pfoafserurity./ i ons ,
guantum-dots, squids) and carriers of quantum i i
information (atoms/ions, photons, phonons, electrons) sgﬂhcgéggﬁg;éa&yé %?Sytreigf%ﬂ"gfn a | An e?aquli: quantum
can be interconnected. secret key among legitimate users; as | cryptography
Long term goal ILfault | Fault-tolerant gates and architectures. the key must be transmitted between sender and
tolerant computation | Asecond long range goal is the recipient, itis susceptible to interception by an
demonstration of fault-tolerant quantum eavesdropper. For a secret key made of classical bits,
logic gates, by the engineering of sub-microscopic none of the two parties will ever know that their
systems in which qubits affect each otherin a communication has been intercepted. Not so if the key
controllable way, while avoiding at the same time is carried out by a quantum communication channel. As
undesired couplings with the environment leading to said before, qubits do not possess definite values such
decoherence. Applying to quantum computers the as the 0 or 1 of classical bits; rather, they represent a
traditional network model, simple quantum logic gates so-called coherentsuperposition of physical states
would be connected up into quantum networks. (e.g., the polarizations of a photon). The laws of
However, the more interacting qubits are involved, the guantum mechanics imply that the mere act of
harder it tends to be to engineer the interaction that observing a quantum bitmodifies it, causing it to
would display the quantum behaviour, and the more change its gquantum state. The e
components there are, the more likelyitis that quantum to intercept the secret key made of qubits will therefore
information will spread outside the quantum computer be manifestto both parties. Quantum cryptography is
and be lost into the environment, thus spoiling the now developing from the initial approach known as
computation. It has been proven that if decoherence- point-to-point Quantum Key Distribution (QKD), towards
induced errors are small (and satisfy certain other the management of quantum-based security over
achievable conditions), they can be corrected faster many-nodes networks, that are being built in various
than they occur, even if the error correction machinery places worldwide (USA, Europe, Japan).
itselfis error-prone. The requirements for the physical Presently, technical problems are [From short to mediun
implementation of quantum fault tolerance are, controlled well enough so that secure | and long-range
however, very stringent, and can be met either by transmissions over a few tens of | communications
improving technology or by going beyond the network kilometers can be implemented.
model of computation and designing new, inherently However, non-trivial problems emerge for really long-
fault-tolerant, architectures for quantum computation. distance communication (hundreds to thousand of
One candidate for such an altemative architecture, e.g., kilometers), and in the quest for higher bit rates. High-
might be the one-way quantum computer model, in fluxsingle photon sources as well as entangled photon
which errors can classically be fed-forward and sources should be developed in order to enhance the
corrected. At the end however, a fault-tolerant quantum secure medium range quantum communication. At
computer will most likely be achieved by an optimized present photons are the only suitable system for
combination of both strategies. medium-distance quantum communication, as they
The leading role of | Implementation theory. Theory must maintain a robust quantum state throughout
theory | continue to play a leading role in guiding transmission, can be detected efficiently and with low
and supporting experimental levels of noise (other systems, such as atoms or ions,
developments. Aside from finding and investigating can be used for building quantum memories but not to
fundamentally new algorithms especially suited for propagate qubits over long distances).
quar!tum co_mputlng, the various |mplemer_1tat|o_ns_ But even light signals, whether viewed [Repeaters: classical v
require continuous theoretical work especially finding classically or quantum-mechanically, are | quantum
physical solutions where mere technology is yet too dampened exponentially with distance in
cumbersome. For example, operations in specially both optical fibres and free space. More fundamental
designed fidecoherence free s uR§dhadaifidneeddd inParticulaPif piodidco | | Y
tailored systems less susceptible to technical errors, will detection and distribution of qubits. In classical optical
be an important feature in finding an optimum system telecommunications, this problem is solved by using
and optimized algorithms. Therefore, the theoretical simple devices known as repeaters, which amplify and



reshape the transmitted signal. But the latter are of no
use for quantum communication: they are intrinsically
noisy and create so many errors that any quantum key
being transmitted would not survive. This is related to
the fact that a classical repeater breaks down quantum
entanglement, a purely quantum phenomenon
associated with very strong, non-classical correlations
between the states of two widely separated qubits.
However, novel protocols (for instance based on
entangled qudits) could enhance the fault-tolerance of
gquantum communication schemes and need further
investigation. Entanglement is a crucial elementin
gquantum communication schemes, which allows one to
6tel eportd qubits directly
transmission losses. So quantum communication must
reinvent the repeater concept, using quantum hardware
that preserves entanglement.

computing and communication devices has not come to
a stop. Recent developments have shown, in fact, that
we are atthe beginning of a new era of harnessing the
laws of nature, using quantum physics for
unprecedented and very powerful ways of information
processing.

The development of Quantum
Information Science (QIS) has been
driven by theoretical work of scientists working on the
boundary between Physics, Computer Science,
Mathematics, and Information Theory. In the early
stages of this development, theoretical work has often
been far ahead of experimental realization of these

of proposals of how to implement basic ideas and
concepts from quantum information in specific physical
systems. These ideas are now forming the basis for

Interdisciplinarity

t 0jddad) & the sarfletife! theBrHad Rolided &ntirRderd | N 9

Real world medium-distance quantum
communication. If Quantum
Communication is to become, on the 5 to
10 year time-scale, an established

successful experimental work in the laboratory, driving
forward the development of tools that will in turn form
the basis for all future technologies which employ,
control and manipulate matter and radiation at the

Short term goal:
making quantum ‘
communication an |
established technology |

technology, backing up the quantum
cryptography fiboxesdo which
commercialized, several scientific as well as

quantum level.

ar @it thé feRBphent of QIS has started as early as

inthe 800s, the field has gained

Long term goal: global |

technological gaps have to be filled. In particular one
needs to demonstrate the
medium-distance quantum communication both in
optical fibres and in free space, purely terrestrial and to
and from flying quantum communication nodes, e.g.,
high altitude platforms (HAP) or satellite, and to
increase the qubit transfer rate by several orders of
magnitude. These two goals, together with the one of
realizing long-distance secure quantum networks will be
significantly advanced by developing quantum
repeaters Achieving these goals will require facing a
number of non-trivial challenges, needing very strong
interaction between fundamental and applied research.

Quantum repeaters. In the long term a

guantum | quantum repeater would actually be a

communication | small dedicated quantum processor,

Quantum Information |

incorporating quantum memories, which,
whilst feasible, requires a significant effort and is
perhaps the most important technological hurdle facing
QIPC. So far we have seen some first experimental
steps towards elements needed for a quantum
repeater, but there is much work to be done. The basic
elements to be developed are: medium range
entanglement between memories, teleportation
between differentmemories. The exact number of
qubits that would have to be stored and processed in
such a repeater to ensure high-fidelity quantum
communication over thousands of kilometres is an open
issue. Butitis likely to be in the range of tens or
hundreds i much lower than the number required for a
fully fledged quantum computer. Therefore itis more
likely that we will have secure global quantum
communication before quantum code breaking.

1.1.3 QUANTUM INFORMATION SCIENCES i
THEORY

Our conception of what a computation is
sciences | has been altered drastically during history,

since the times of Leibniz, Babbage and
Turing. The result of this remarkable history of ideas 1
computers as we know them today i has changed our
modern society significantly. Yet, the development of
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in the last decade. Major triggers were the discovery of

f e ashsbdudntunt igorthins &hd tReddentifi¥éelidn bid

concrete physical systems in which a quantum
computer could be realized. In the meantime, a broad
spectrum of research activities can be observed,
ranging from the study of fundamental concepts such
as quantum entanglement, to novel applications such
as quantum simulators, and with significant spin-off also
to other fields of research.

In many of these activities, European
research has played a leading role and
has established a strong set of world
leading centres. Itis important to realize
that theoretical activities are often interdisciplinaryin
nature and span a broad spectrum of research in which
the different activities are benefiting from each other to
a large degree. Thus it does not seem to be advisable
to concentrate research on too narrowly defined topics
only. The following list nevertheless tries to highlight the
main current areas of quantum information theory as it
has been described in more detail in the strategic
report.

Quantum algorithms & complexity. Quantum
algorithms will be one of the most powerful applications
of quantum computers. We know only a few examples
up to date,suchas Shor 6s factoring
techniques and protocols are currently being
developed. This area remains one of the cornerstones
of research in QIC.

Computational models & architectures. There are
many different ideas of how to make quantum systems
compute. New computer models, which have only
recently been developed, are providing new agendas to
formulate quantum algorithms. At the same time, they
have opened new ideas for physical implementations of
a quantum computer, and we expect new methods for
fault-tolerant computation that will make it
technologically less challenging to realize scalable
devices in the laboratory.

Geometric and topological methods. These
methods represent an alternative approach to the

| sciences

[ Main current areas of
| Quantum Information

al gori



realization of quantum computing. They have intrinsic
fault-tolerant properties that do not need an active error
detection and recovery; however, the overhead that one
has to pay are longer operation times, so thatmuch
work must still be done to identify which of the available
schemes suit better to quantum computation.

Quantum simulations. Quantum simulators may
become the first short-term application of quantum
computers, since with modest requirements one may be
able to perform simulations which are impossible with
classical computers. They could be used for a variety of
purposes, e.g., to obtain an accurate description of
chemical compounds and reactions, to gain deeper
understanding of high temperature superconductivity, or
to find out the reason why quarks are always confined.

Quantum error correction & purification. Despite its
amazing power, a quantum computer will be a rather
fragile device, susceptible to disturbances and errors.
Fortunately, methods have been developed to protect
such a device against disturbances and imperfections,
as long as these are small enough. These methods are
constantly being improved and refined, but there is still
a lot of work to be done until we can run a quantum
computer reliably.

Theory of entanglement. Entanglement represents a
novel and particularly strong form of correlations which
is not presentin classical systems. Itis a keyresource
in quantum information science and, at the same time,
one of the most prominent features of quantum physics.
Insights in the theory of entanglement will continue to
have broad implications, and applications will lie not
onlywithin the field of QIS itself, but also in other areas
of physics, such as field theory and condensed matter
physics.

Multi-partite entanglement & applications.
Research on multi-particle entanglement has emerged
recently, and itis expected to have an impact on novel
protocols for quantum information processing. Multi-
partite entangled states represent keys resources, both
for quantum computers and for novel communication
schemes with several users such as quantum-secret
sharing, quantum voting etc. Alternatively one can
consider multi-partite fingemrinting schemes that would
allow for the determination of whether or not a number
of databases are identical with very little resources.

Noisy communication channels. In practice, all
communication channels such as optical fibres are
subject to some level of noise. Such noise can destroy
the crucial entanglement or other quantum properties

that are needed, e.g., for security or to reduce
communication complexity. A proper understanding of
how one can communicate via noisy quantum channels
and of the capacities of such channels is at the heart of
the study of quantum communication tasks.

Fundamental quantum mechanics and
decoherence. Quantum information was born, in part,
via research on the famous Einstein-Podolski-Rosen
paradox and the issue of quantum non-locality. Itis now
understood that non-ocality is one of the central

aspects of quantum mechanics. More generally,

quantum information profits substantially from studying
the fundamental aspects of quantum mechanics and, at
the same time, it yields new perspectives, raising hopes
of gaining a deeper understanding of the very basis of
quantum mechanics. In particular, quantum information
theory can provide deeper understanding of dynamics
of open quantum systems.

Spin-off to other fields. A very exciting aspect of
theoretical work in QIS is the impact that itis beginning
to gain on other fields of science. Examples are given
by the theory of classical computing, by field theory,
and by condensed matter physics. Many of the
guestions that are now being asked in this area can
only be answered or even formulated correctly because
of the many insights and techniques gained in the
research in entanglement theoryin recent years.

Theoretical research in QIS in Europe has prospered
through the efficient support for collaboration by the
European Union, the European Science Foundation
and the national funding bodies. In the face of
significantly growing international competition from
North America, Japan and Australia it will be essential
that flexible support compatible with innovative work will
continue to be provided.

1.1.4 SUMMARY OF SHORT- AND L ONG-
TERM GOALS

For convenience of synthesis, we summarize in a
table ashortlist of objectives for the next and more
distant future of quantum computing and quantum
communication (the internal ordering of such lists does
not necessarily reflect chronology). The great diversity
and openness of the field of quantum information theory
prevents from drawing a similar list for that particular
subfield.

Quantum Computing

Quantum Communication

Demonstrate:
qubits

scale systems
Distributed quantum algorithm

5 years goals

> > >

classically

A Devices realizing quantum algorithms with up to 10

A Fault tolerant computing and error correction on small

Different classes of entangled states up to 10 qubits
Quantum simulation that cannot be simulated

A Build a quantum repeater with
two nodes

A Interface photons with matter

A Secure quantum key distribution
network




Quantum Computing Quantum Communication
R0 i A Satellite quantum
8 A Large dimension quantum memory communication
3 A Quantum algorithm with up to 50 qubits A 1000 km quantum cryptography
§ A Quantum simulation of a key problem in science A Multi-node quantum networks
; A Quantum algorithm with fault tolerant error correction A Realization of new quantum
- protocols

commercial quantum technologies. Still an even closer

1.1.5 SYNERGIES AND INTEGRATION . ; -
interplay between theory and experiment will be needed

Tow ards integrated | QIPC is a new conceptual framework, a in order to achieve complete realistic schemes for
quantumsystems | new way of looking at things with deep coherent manipulation and high-precision performance.
reaching consequences from network These efforts will eventually lead to a pool of reliable
security to understanding the structure of the physical technologies for the different components of a quantum
reality. It covers a broad spectrum of activities, from architecture, much like it happens now for classical
researching the foundations of quantum mechanics computers where magnetic, optical and electric bits are
between the microscopic and the macroscopic level, to used for storage, transmission and processing of
the development of patented industrial applications like information, respectively. Clearly, itis too early to pick
guantum key distribution devices. The three domains of the winner implementation for the practical realization of
QIPC, quantum computation, communication and a working quantum device: itis even possible that the
theory, are all closely connected, and within these besttechnology is still to be developed. The already
domains there are a variety of different approaches that ongoing integration among different research
are all striving towards the same goal - integrated communities (for instance those working on solid-state
quantum systems. This integration will provide the next and on atom/quantum optical systems) is a solid basis
great challenge and inspiration for QIPC. In recent for further pushing these effort to integrating actual
years tremendous progress has been made in all three devices.
fields, improved distances and fidelities in quantum An avenue that theory needs to [ Fromtheoretical to
cryptography and teleportation, coherent control of embrace in order for efficient | applied problems
atomic systems for processing and theoryis making implementations to be developed is a
daily advances in developing a basis for the theory of deeper understanding of entanglement, which is a
quantum computer science. Characteristic of the work quantum feature that permeates the whole QIPC: its
within QIPC is th_at proof-of-principle advgnces in eacr_l complexity just started being appreciated and much is
of the sub-domains are used when pursuing the work in left to investigate both in terms of formal theoretical
the other sub-domains and this is a key issue for description and of its applications. One also needs to
developing QIPC as an integrated science and the fully explore the potentials of the available physical
basis of future and emerging technology. systems in order to invent new communication
Different technologies |  The experimental demands on the next protocols, to investigate algorithmic consequences of
for different | phase of QIPC research will have a larger physical assumptions, and to develop new
components | focus on integration of components and computational algorithms, both implementable with a
their reliability as the field moves from small-scale quantum computer and exploiting the
research oriented problems to applied and even immense power entailed in quantum parallelism.

1.2 THE LEADING ROLE OF EUROPEAN RESEARCHERS IN QIPC

Europe as a leader in | EUropean researchers have been from seminal contributions, i nspired
QIPCresearch | the outset prominentin setting the agenda quantum factoring algorithm, such as ways of
of, and leading, the worldwide research implementing quantum computation using ion traps,

efforts in quantum information science, in friendly quantum dots, cavity QED, optical lattices and a
competition with similar efforts and programs in the US, number of other technologies, novel computational
Australia, Canada, Japan and China. This includes architectures, methods of error correction and fault
pioneering work on the foundations of the quantum tolerant quantum computation originated in Europe. A
theory of computation, quantum algorithms, and the unique feature and strength of European research is the
discovery of entangled state quantum cryptography, broad range of activities and expertise, linking
which generated a spate of new research that coherently efforts from experimental realization all the
established a vigorously active new area of physics, way to basic theoretical questions in quantum
computer science and cryptology. Many subsequent information science and quantum physics.



1.3 RECOMMENDATIONS FOR FUNDING ON THE EU AND NATIONAL LEVEL

QIPC has established itself as one of the key new
multidisciplinary fields between theoretical and
experimental physics, computer science and
mathematics. Continued competitiveness of the EU and
its member nations requires a significant effort both on
the European and national level

A QIPC must take a prominent and established
position in EUresearch efforts, e.g., in the
Seventh Framework Programme for Research of
the European Commission (FP 7), and find its
counterpart in national programs.

A The structure of the funding must account for
the interdisciplinary character of the field, and
mustsupport a spectrum of activities across
different disciplines from experimental to
theoretical physics, computer sciences and
mathematics.

A Links with industry must be developed, both on
the level of possible commercial exploitation, and
in research programs making new technologies
available, outside the capabilities and know-how
of traditional QIPC basic-research oriented
laboratories. In particular, links with micro- and
nano-fabrication facilities and related technology
centers must be strengthened, and QIPC spin-off
new quantum technologies like quantum sensors
and high precision measurement devices ought
to be encouraged.

References: The US Roadmap for Quantum
Computing and Quantum Cryptographyis available at
http://gist.lanl.gov



2. INTRODUCTION: THE MAJOR VISIONS AND GOALS OF QIPC

Classical informationis | The theory of classical computation was laid
not longer enough | down in the 1930s, was implemented within

a decade, became commercial within
another decade, and dominated the world's economy
half a century later. However, the classical theory of
computation is fundamentally inadequate. It cannot
describe information processing in quantum systems
such as atoms or molecules. Yet logic gates and wires
are becoming smaller and soon they will be made out of
only a handful of atoms. If this process is to continue in
the future, new, quantum technology must replace or
supplement what we have now.

Quantuminformation | I addition, guantum information
goes beyond it | technology can support entirely new
modes of information processing based
on quantum principles. Its eventual impact may be as
great as or greater than that of its classical
predecessor.

Quantumbits and | While conventional computers perform
superposition | calculations on fundamental pieces of

information called bits, which can take the
values 0 or 1, quantum computers use objects called
quantum bits, or qubits, which can represent both 0 and
1 atthe same time. This phenomenon is called
quantum superposition. Such inherently quantum states
can be prepared using, for example, electronic states of
an atom, polarized states of a single photon, spin states
of an atomic nucleus, electrodynamical states of a
superconducting circuit, and many other physical
systems. Similarly, registers made out of several qubits
can simultaneously representmany numbers in
guantum superpositions.

Quantum parallelism | Quantum processors can then evolve

initial supemositions of encoded numbers
into differentsuperpositions. During such an evolution,
each number in the superposition is affected and the
resultis a massive parallel computation performed in a
single component of quantum hardware. The laws of
quantum mechanics then allow this information to be
recombined in certain ways. For instance, quantum
algorithms can turn a certain class of hard mathematical
problems into easyones i the factoring of large
numbers being the most striking example so far.
Another potential use is code-breaking, which has
generated a great deal of interest among cryptologists
and the data security industry.

The power of quantum | In order to accomplish any of the above

computation | tasks, any classical computer has to

repeat the same computation thatmany
times or use that many discrete processors working in
parallel. This has a decisive impact on the execution
time and memory requirement. Thus quantum computer
technology will be able to perform tasks utterly
intractable on any conceivable non-quantum hardware.

Entanglement: a new | Qubits can also become entangled.
resource | Quantum entanglementis a subtle non-

local correlation between the parts of a
quantum system. It has no classical analogue. An
entangled state shared by two separated parties is a
valuable resource for novel quantum communication
protocols, including quantum cryptography, quantum
teleportation and quantum dense coding.
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Quantum cryptography offers new methods of secure
communication that are not threatened even by the
power of quantum computers. Unlike all classical
cryptography it relies on the laws of physics rather than
on ensuring thatsuccessful eavesdropping would
require excessive computational effort. Moreover, it is
practical with current quantum technology - pilot
applications are already commercially

available.

While the central concepts of quantum
information sciences have initially been
developed for qubits, the alternative possibility to realize
guantum informational and computational tasks using
continuous variables has been investigated more
recently. The use of quantum information carriers that
have a continuous spectrum, such as the quadrature
amplitudes of the quantized light field, has several
potential advantages over qubit-based processes. Such
advantages lie in the prospect for higher optical data
rates and simpler processing tools, based upon
standard telecommunication techniques. Another
significant strength of this paradigm is that the light-
atoms quantum interface can be designed for
continuous variables, so that atomic continuous -
variable systems can be used as a
memory for light.

‘ variables

| Quantum continuous

Challenges at the

Experimental and theoretical research quantum level

in gquantum information science is

attracting increasing attention from both

academic researchers and industry worldwide. The
knowledge that nature can be coherently controlled and
manipulated at the quantum level is both a powerful
stimulus and one of the greatest challenges facing
experimental physics. Going to the moon is
straightforward by comparison i though fortunately the
exploration of quantum technology has many staging
posts along the way, each of which will

yield scientifically and technologically
useful results.

In principle we know how to build a
quantum computer: we start with simple quantum logic
gates and connect them up into quantum networks. A
guantum logic gate, like classical gates such as AND
and OR, is a very simple computing device that
performs one elementary quantum operation, usually on
one or two qubits, in a given time. However, the more
interacting qubits are involved, the harder it tends to be
to engineer the interaction that would display the
quantum behaviour. The more components there are,
the more likelyitis that quantum information will spread
outside the quantum computer and be lostinto the
environment, thus spoiling the computation. This
process is called decoherence. Thus the task is to
engineer sub-microscopic systems in which qubits
affect each other but not the environment. The good
news is that it has been proved that if decoherence-
induced errors are small (and satisfies certain other
achievable conditions), they can be corrected faster
than they occur, even if the error correction machinery
itself is error-prone. The requirements for the physical
implementation of quantum fault tolerance are,
however, very stringent. We can either tryto meet them

[ Building quantum
‘ hardware



directly by improving technology or go beyond the bestway to predict the future is to create it. From the
network model of computation and design new, perspective of the future, it may well be that the real
inherently fault-tolerant, architectures for quantum computer age has not yet even begun.

computation. Both approaches are being pursued.

Harnessing decoherence | There are many useful tasks, such as
in quantum | quantum communication or
communications cryptography, which involve only a few

consecutive quantum computational

steps. In such cases, the unwelcome effects of
decoherence can be adequately diminished by
improving technology and communication protocols.
Here the research focus is on new photon sources,
quantum repeaters and new detectors, which will allow
long-distance entanglement manipulation and

satellte global | communication at high bitrates, both in

quantum | optical fibers and free space.

communications | Within a decade, it will be possible to

place sources of entangled photons on
satellites, which will allow global quantum
communication, teleportation and perfectly secure
cryptography. Quantum cryptography relies on quantum
communication technology but its progress and future
impact on secure communication will depend on new
protocols such as, for example, quantum -cryptographic
authentication and quantum digital signatures.

Quantum si ”i‘“ The next thing on the horizon is a

quantum simulator. This is a quantum
system in which the interactions between the particles
could be engineered to simulate another complex
system in an efficientway i a task thatis inherently
intractable on classical, but not quantum, technology.

¢and t hafe  Building quantum simulators would allow,

applications for example, the development of new

materials, accurate description of
chemical compounds and reactions, or a deeper
understanding of high temperature superconductivity.
The goal is to push the existing quantum technologies,
such as optical lattices, to their limits and build quantum
simulators within a decade or so.

Scalable quantum | Lastbut not least, the search for scalable
technologies | quantum information technologies goes

on. This astonishing field appears to
involve practically the whole of physics, and stretches
the theoretical and experimental resources of every
branch of physics, from quantum optics and atomic
physics to solid state devices. Itis likely that there will
not be a single winner in this search: a number of
different technologies will complement each other.
Some of them will be more suitable for quantum
memories, some of them for quantum processing, some
for quantum communication and so on. Therefore, in
addition to developing individual technologies, we also
need interfaces between these technologies, so that we
can transfer a qubit, for example, from a polarized
photon to an electron in a quantum dot. The hybrid
technologies and architectures for quantum
computation, including interfaces between them, are the
long-term goals for years to come.

A newway of | Quantum information technology is a
harnessing Nature | fundamentally new way of harnessing

Nature and it has potential for truly
revolutionary innovation. There is almost daily progress
in developing promising technologies for realising
quantum information processing with various
advantages over its classical counterparts. After all, the



3.

DIFFERENT ASPECTS OF QIPC RESEARCH IN EUROPE

Quantum Information Processing and Communication
(QIPC) is a vigorously active cross-disciplinary field
drawing upon theoretical and experimental physics,
computer science, engineering, mathematics, and

3.1 QIPC RESEARCH IN EUROPE 1

material science. Its scope ranges from fundamental
issues in quantum physics to prospective commercial
exploitation by the computing and communications
industries.

EUROPEAN UNION LEVEL

Role of the FET unit for | QIPC has a high-risk nature and long-term
QIPC | outlook with visions within the scope of

information and communication
technologies. The potential of QIPC was quickly
recognized by FET i the Future and Emerging
Technologies part of the Information Society
Technologies priority of the Research Programme of
the European Commission. FET has been very
successful in attracting to the IST Program the best
research teams in Europe, which are also among the
bestones in the world. The pathfinder role of FET plays
a crucial role for the development of QIPC in Europe.

Precursorsof theQIPC | I'n t he
Proactive Initiative | phenomena were studied by projects

funded by the EC in the field of
optoelectronics and electronics with the aim to
overcome the limitations to the respective state-of-the-
art devices. In the Fourth Framework Programme (FP4,
1995171 1998) this research gradually evolved towards
the objective of fAquantum
focus was on the demonstration of quantum
entanglement with photons, which was technologically
more mature. In the mid 90
achieved by several groups in Europe and shortly after
they became the driving force behind a number of FET
projects.

The QCEEP Pathfinder |

Project |

During 1998 the QCEPP working group
(the so-called Pathfinder Project) laid the

bases for the research field of QIPC at
European level and was the first endeavour explicitly
addressing this area of research. This working group
produced an extensive report with a roadmap, a map of
European research teams with relevant competencies
and set the research agenda for several years ahead. It
played a crucial role by organizing the research
community, by stimulating it to reach critical mass within
a shorttime period and by building the support for the
launch of QIPC as a Proactive Initiative.

QIPC Proactive | In'FP5 (19991 2002) FET launched QIPC
Initiative: FP5 | as a Proactive Initiative (PI). It was

i mpl emented via oOcal
directly targeted to QIPC and a certain amount of the
FET budget was reserved in advance. There were two
calls for proposals and 25 projects were launched with
total cost of 41 MO and
contracts of the last group of FP5 projects finish at the
end of 2005. Integrate the projects arising from the
Open scheme with those supported through the
proactive initiative and coordinate the work of all these
projects was a main priority of the proactive initiative in
FP5. Important traditions were also established at that
time. Each year since the beginning of the proactive
initiative two major events are organized. The first one
is a o6cluster reviewo6 and
evaluate the work of each project and how its objectives

EU
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fit within the cluster, to revise priorities if necessary and
to evaluate the progress of the cluster as a whole. The
second event is the annual European QIPC workshop
where projects present their work. Both forums give the
opportunity for interactions between the members of the
projects and for cross-fertilization.

In FP6 (20031 2006) QIPC continues as
a FET PI. There was one call for
Integrated Projects (IP) with deadline 22
September 2004. Three Integrated Projects succeeded
in the evaluations and started in November 2005 with a

[ QIPC Proactive
| Initiative: FP6

contract for four years and
| at ey 890000ss egruda netaurmdcalA i Scalable Quantum Computing with Light
andAtoms( 9.4 Mu): The focus is

a scalable quantum computer, by using individually
controlled atoms, ions and photons. This long-term
goal is divided into two specific objectives, achievable
during the project duration: A) the realization of
) interconnected quantum gates and quantum win'ngi1
i n f odicMénts BPtk reRiizalidh Bf%irSthgh@dthes of N €
ffoperational 6 quantum
systems able to perform small-scale quantum
digBihd, $uend errér Bofréttor (§) sp¥&al- ©
purpose guantum processors, such as quantum
simulators, and (iii) entanglement-assisted metrology.

QAP T QubitApplicatons( 9. 9 Mu): The
qubit applications that are based on photonic, atomic
and solid state systems. One of the project objectives
is to design, build and operate quantum memories. It
also aims to developing scalable quantum networks
and operational prototypes of quantum repeaters that
would allow to transmit quantum entanglement over
large distances (both in fiber and free space). The
ultimate goal is to design prototypes for satellite
communications based on quantum entanglement.
The project also strives to developing operational
demonstrations of efficient control of dynamics of
few-qubit quantum systems that will be employed for
performing quantum simulations.

EuroSQIP i European Superconducting Quantum
fIRfEmdlion PrBcBssof( 6 M) : The focus
a 3-5-qubit quantum information processor capable
to: - run elementary algorithms; demonstrate
quantum state control of a macroscopic multi-partite
fu nddiemh Qden?oﬁstra:fejentdwgﬂem enfdh&
entanglement transfer; provide storage of quantum
information; provide quantum communication
interfaces; run simple quantum error correction
schemes for suppression of decoherence. This will be
implemented on platforms based on Josephson
junction technology for i) charge-phase and ii) flux
qubits. .
c o n {TRe P prapgsed r?s?a%h Q_gf‘é hviguslybeygnd fhe
whichtonfi
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European presence in QIPC and the progress made in
the last years. All projects deal with central topics of
quantum computing and one of them (QAP) addresses
in addition central topics of quantum communication
and quantum information. All three consortia involve
leading European scientists in their respective fields. In
all projects the European dimension is a clear added
value. In two of them (SCALA and QAP) the accenton
integration across different disciplines and approaches
is very strong and itis considered crucial for the further
advancement of QIPC in Europe.

QIPCin FET-Open: | QIPCis also funded via the FET-Open
FP5and FP6 | continuous submission scheme, which

supports long-tem, risky and visionary
research. In this case the research area is not specified
in advance and QIPC projects are competing with all
other areas sponsored by FET. The role of FET Open is
essential, for it supports new topics that had not been
addressed in the proactive initiative and allows filling
the time gap between dedicated QIPC calls. In FP5 ten
QI PC projects with total
5.6 Md were | aunched. The
Network successfully coordinated all QIPC projects in
FP5, integrating the projects arising from the Open
scheme with those supported through the proactive
initiative. In FP6, eight smaller projects (Specific
Targeted Research Projects, or STREPS) were
contracted via FET Open afor a total EU funding of
13. 6 Mi: C OGoAtpuoAs.Variable Quantum
Information with Atoms and Light, QUELE - Quantum
Computing with Trapped Electrons, RSFQUBIT - RSFQ
Control of Josephson Junctions Qubits, OLAQUI -
Optical lattices and quantum information, ACDET -
Acoustoelectronic single photon detector, MICROTR AP
- Development of pan-European micro-trap technology
capability for trapped ion quantum information science,
QICS - Foundational Structures of Quantum Information
and Computation, EQUIND - Engineered Quantum
Information in Nanostructured Diamond.

QIPC Coordination | At the end of 2006 there are two active
Actions | Coordination Action Projects. These are

not research projects, but rather their goal

is to collaborate with the QIPC FET proactive initiative

in developing a strategy and in carrying out common

activities.
ERA-Pilot QIST 1 Structuring the ERA with quantum
information science and technology ( 8 50 k 0) :
is to promote QIPC research in Europe and to give
recommendations to European and national
authorities on poalicy, structuring, coordination and
funding. Its work includes: contribute to the updates
of the QIPC Roadmap; develop a map of European
QIPC groups and their expertise; develop a QIPC
classification scheme according to the roadmap;
compile information about national and international
QIPC programmes. The contract is extended till the
end of 2007 and cooperation with the QUROPE
coordination action described below is established.
QUROPET QIPCinEurope (1 MO) : |t
structuring the European QIPC research community
around the FET QIPC proactive initiative and covers
a large spectrum of activities like: develop a common
European vision, strategy and goals for QIPC
research by taking over the ERA-Pilot tasks of
developing and updating the QIPC roadmap,
increase the public visibility and aim at broad

ai
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dissemination activities; develop and support an
Electronic Information Infrastructure and Information
Exchange (with a feedback channel); organize
scientific meetings; create links with industry; develop
international collaboration outside of Europe. Itis
important to note that the consortium consists of 34
research groups, among the best from all over
Europe. These play the role of regional focal points
for other 43 research groups who are defined as
affiliated members. In this way a considerable part of
the scientific community can participate in the actions
undertaken by the project. The decision making
process is in the power of the Governing Board which
consists of 19 well known scientists. Therefore the
projectis central to the entire QIPC scientific
community and plays the role of its collective
representative. It has reached a higher level of
maturity and integration than all other similar actions
in the past.

In order to complete the picture of the

| SECOQC
of

tReREQr@p@ee Eonimisseéom & is mecessary to mention
that there is one project in the field of QIPC which is not
funded by FET but rather by the Security strategic
objective of the IST Research Program. Itis called
SECOQC - Development of a Global Network for
Secure Communication based on Quantum
Cryptography. This FP6 IP started on April 2004, and it
wi || last four years with
funding of 11.35 MO. The
from the FP5 FET QIPC projects in the field of applied
guantum cryptography. The consortium comprises 40
research groups which are the best ones in Europe in
this field. They have all been or still are partners in the
FET QIPC projects and are active participants in the
actions undertaken by the QIPC proactive initiative.
SECOQC has very ambitious goals in the practical
realizations of quantum cryptography: specify, design,
and validate the feasibility of an open, Quantum Key
Distribution infrastructure dedicated to secure quantum
communication, as well as fully develop the basic
enabling technology. A network will be designed for
dependable and secure long-range quantum
communication building upon a Quantum Key
Distribution (QKD) technology. The functionality of the
developed architecture will be demonstrated. The
deS|gn will be based on a comprehensive analysis of
r qmﬂerﬂe‘?ﬂg of potential users. In January 2007 the
SECOQC project consortium published a White Paper
on Quantum Key Distribution and Quantum
Cryptography.

Other projects in the area of QIPC
funded by the European Commission
research program in general are the existing two Marie
Curie research training networks funded by the Marie
Curie program of DG RTD. They are CONQUEST:
Controlled Quantum Coherence and Entanglement is
Sets of Trapped Particles and ATOMCHIPS.

The FET QIPC proactive initiative fulfils
a natural leading role and is the focal
point for all QIPC researchers in Europe.
Its main objectives can be divided into
two groups. The first one is quite obvious: define calls
for proposals, organize evaluations of proposals,
negotiate project contracts, manage and monitor
projects throughout their complete lifetime. The second

a tot .
projec:

| Marie Curie RTNs

[ Objectives of the FET
| QIPC Proactive
| Initiative
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group is less evident and much more sophisticated. But
mostimportantly, in order to have any chances of
success, it has to be carried out every step of the way
in close collaboration with the entire research
community and with its active participation. Bottom -up
approach, exchange of ideas and an open dialogue,
mutual respect and common understanding,
comprehensive and no-nonsense feedback channels
are all key elements of this very difficult but stimulating
and rewarding journey. Some of the objectives in the
second group are:

A Promote information exchange and collaboration

between research groups and projects

A Plan pan-European events and activities

A Maintain pan-European dissemination activities
and a comprehensive public image of the field

A Create and maintain a dialogue with the research
management in member states and at European
level

A Coordinate efforts between national and local
programs on one hand and the EU initiative on
the other hand

A Structure and strengthen the research
community, unify it around the QIPC initiative

A Create asense of community and a common
European identity, develop a pan-European
strategy for the future development of the
community

A Develop and maintain an European QIPC web
portal with a comprehensive feedback channel

A Define a common vision and objectives for
research, a pan-European strategy for research
and therefore continuously maintain and update
the European QIPC roadmap

A Supportemerging new areas, research topics
and applications

A Create intemational alliances and a common
strategy for international collaboration at pan-
European level

A Maintain a dialogue and create a common
strategy to attract industrial partners

A Create and maintain a common strategy and
unified standards for the education of young
researchers

A Maintain a global overview at European level

All these elements need to be in dynamic equilibrium
between each other and itis very important to respond
on time and proactively to:

A the changing needs of the community

A the fastresearch developments

A changes at EU and Commission level

A changes in the intemational scene

Results of the FET | The QIPC proactive initiative has
QIPC Proactive |  significantly enhanced the European
nitiative | Research Area in the field in tems of

fostering greater integration between
previously disjoint research groups and national
programs. Itis an excellent example that the whole is
worth much more than its individual parts. The proactive
initiative has become the focal point for all research
teams in Europe and for all major activities in the field.
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An importantsense of community and a common
European identity among scientists are in the process
of development. Acommon European research strategy
has been elaborated in the QIPC roadmap. All these
activities have naturally led to a greater awareness and
prominence of QIPC research in Europe. Itis now a
well established scientific field which has matured in the
last ten years. There is critical mass in Europe in the
main sub-fields and European science is competitive at
world level. Some applications are already fit for real-
world deployment. The FET QIPC proactive initiative is
thus a very strong and successful unifying and
structuring factor, which allowed the European groups
to be at the forefront of research in a very competitive
international environment and in a very fast developing
field which is at the cutting edge of science in general. It
is clear that QIPC research has gained an important
European dimension which is crucial for its future.

Considering all these developments, it
is therefore necessary to substantially
expand and strengthen activities at
European level in order to be able to exploit the full
potential of European research and to withstand the
challenges of the international competition. In particular
there is a need for increasing the QIPC funding at the
European level. Funding must carefully balance
between focusing on specific promising areas and
topics, while being open towards a whole spectrum of
existing research fields and the possibility of new ones
opening up. Itis in facttoo early to pick the winner
implementation for the practical realization of a general
purpose quantum computer and itis possible that the
concrete technology is still to be developed. At this
stage we need to keep a diversity of different
approaches and funding needs in order to increase the
probability of success and to ensure continuity. FET has
attempted to provide continuous funding for solutions
which proved promising while atthe same time
encouraging new ideas. The need for continuity and
increase of funding necessitates commitment from the
funding agencies and the active collaboration of
researchers to position QIPC research in a larger
strategic and political context.

| Need for acarefully
| planned funding

Other actions that will help in achieving
the ambitious goal of making QIPC a
reality, would be

A expand activities to support the main objectives
of the QIPC proactive initiative as given above

A support and maintain research in all the main
sub-domains of QIPC: quantum communication,
computation and information theory

A keep a diversity of e xperimental realizations and
approaches, and yet actively to look for
synergies and integration between them in order
to reach concrete objectives

A ensure timely and appropriate concentration of
efforts and coordination of activities

Breakthroughs of the type needed to make QIPC a
reality cannot be expected to follow a precise timetable.
Itis however imperative that at each pointin time we
have a clear understanding of the results obtained, an
assessment of the strengths and weaknesses in
presentresearch, as well as a clear definition of the
challenges and the objectives.

Other actions needed



3.2 QIPC RESEARCH IN EUROPE 1T NATIONAL LEVEL

Different QIPC funding Apart from the EU program, QIPC is also
organizations coordinated and funded by several

organisations at the national or regional
level. All groups involved in QIPC receive support from
their home institutions (e.g. universities) in form of
building costs, salaries, etc. This basic supportis
difficult to quantify precisely, for most of the time it is
impossible to know the exact costs, and some
estimation (e.g. based on the size of the group under
scrutiny) would be needed. In terms of external funding,
one can distinguish several levels.

A The main funding source for QIST programs
usually comes from a few national
organisations in each country, mainly
ministries, government agencies, or
Academies of Science.

A Sometimes local funding comes from regions
or cities that wish to attract centers of
excellence in QIST.

A Other sources of funding are emerging, in
particular the ones based on start-ups and
agencies such as the European Space
Agency.

A Some groups also have grants from American
funding agencies, such as DARPA, ARO, and
NIST.

3.2.1 NATIONAL FUNDING

QIPC National | As a basic research field, QIST is still

initiatives | traditionally funded by the different

national governmental organisation
depending on the country (ministry, governmental
agency etc.). These agencies fund every research
topics and QIST is typically a small percentage of the
overall budget (in the percent range). However many of
them have recently developed focus program or
umbrella topics for QIST.

The identified main national founders for each country
are the following

A Austria

A Austrian Federal Ministry of Transport,
Innovation and Technology (BMVIT)

A Austrian Research Promotion Agency (FFG)

A Zentrum fiir Innovation und Technologie
GmbH

A City of Vienna
A Austrian Science Fund (FWF)
A Tiroler Zukunftsstiftung
A Belgium
A Fund for Scientific Research -
Flanders/Belgium (FWO)

A Fondation National de la Recherche
Scientifique (FNRS)

A Communauté Francaise de Belgique
A Belgian Federal Science Policy Office

Bulgaria

A Ministry of Education and Science
A National Science Fund.

Czech Republic

A Ministry of Education

A Czech Science Fundation

A Forderagentur der Republik Tschechien
(GACR)

A Forderagentur der Akademie der
Wissenschaften (AVCR)

A Ministry of Defense, Ministry of Interior
Cyprus

A Research Promotion Foundation (RPF)
Denmark

A Danish National Research Foundation (DG)

A Ministry of Science Technology and Innovation
A Strategic Research Centre for Nano Science
A Danish Research Agency (FORSK)

A Danish Agency for Science, Technology and
Innovation (FIST)

Estonia
A Estonian Science Foundation (EstSF)
A Ministry of Education and Research

A Ministry of Economics Affairs and
Communication

A EE Enterprise Estonia
Finland
A Academy of Finland

A National Technology Agency of Finland
(TEKES).

France:
A Agence Nationale pour la Recherche (ANR)

A Région lle de France (Paris area), which
supports QIST trough two main channels :

A Institut Francilien de Recherche sur les
Atomes Froids (IFRAF),
http://213.251.135.21 7 /ifraf/

A Centre de compétence NanoSciences lle de
france ( G@:NaN.Opnoidforg/

A Région Rhone-Alpe

A Centre National de la recherche Scientifique
(CNRS)

A Ministére de la Recherche

AD®I ®gati on G®n®rale pour
A Direction de la Recherche Technologique

A ANVAR (L'agence francaise de l'innovation)

AMi ni st re de | 6£conomie
| 8l ndustrie.
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Germany

A Deutsche Forschungsgemeinschaft (DFG)
A Bayerisches Staatsministerium

A Landesstiftung BW

A Max-Planck-Society

A VDI Technologiezentrum GmbH

Greece

A Ministry of Development

A General Secretariat for Research and
Technology (GSRT)

Hungary

A Ministry of Education

A Hungarian Scientific Research Fund
A Hungarian Academy of Science

A National Office for Research and Technology
(NKTH)

Ireland

A Advisory Science Council (ASC)

A Science Foundation of Ireland (SFI)

Italy

A ltalian National Research Council (CNR)

A Ministry for Education and Research (MIUR)

A Istituto Nazionale di Fisica Nucleare (INFN)

A Istituto Nazionale di Alta Matematica (INDAM)

A Istituto Nazionale di Ricerca Metrologica
(INRiIM)

A Regione Piemonte

A San Paolo Fundation

A Nanotechnology lab

A QIPC is also one of the two sdientific lines that
CNISM (Consorzio Interuniversitario per le
Scienze Fisiche della Materia) decided to
support

Luxembourg
A Fonds National de la Recherche
Netherlands

A Foundation for Fundamental Research on
Matter (FOM)

A Netherlands Organization for Scientific
Research

A The Technology Foundation (STW)
Poland
A Ministry of Science and Higher Education

A Ministry of Science and Information
Technology

A Polish Academy of Sciences

Portugal

A Science and Technology Foundation (FCT)
A Innovation Agency (Adl)

Russia

A Russian Foundation for Basic Research

A Slovakia

A Research and Development Support Agency
(APWV)

A Quantum Information program of the Slovakian
Academy of Science.

Spain

A Ministry of Education and Science (MEC)

A Ministry of Science and Technology (MCT)

A University of Barcelona

A Generalitat de Catalunya

A Madrid General Government

Sweden

A Knowledge Foundation

A Swedish Foundation for Strategic research
(SSF) via the QIP consortium (Chalmers,
Goteborg, and KTH, Stockholm)

A Swedish Research Council (VR) i Natural and
Engineering Sciences

A Swedish foundation for International
Cooperation

A The Swedish Royal Academy of Science
Switzerland

A Swiss National science Foundation (SNF).
Turkey

A Tubitak-Uekae

United Kingdom

A Royal Society

A Research Council

A DTI Department of Trade and Industry

A Engineering and Physical Sciences Research
council (EPSRC)

A Defence Science and Technology Laboratory
(DSTL)

3.2.2 LOCAL FUNDING

As a highly promising field, QIST is often [ QIPC Regional
supported at the local level (city or

| initiatives

region). Several examples in Europe

have led to the creation of centers for Quantum
Information, sometimes in a more general context. This
funding can be quite stable in time, and usually consists
in particular of a large startup sum, but also in amore
long-term support. One can cite for instance:

A

The region of Catalonia in Spain strongly
supported the creation of the Institute for
Photonic Science (ICFO) in 2002 in Barcelona,
which has a strong emphasis on QIST. This
institute is meant to be pemanent and, when at
full size, will employ up to 300 people.

The Region of Tyrol and the city of Innsbruck in
Austria also supported the creation of the
Institute for Quantum Optics and Quantum
Information (IQOQI); this centre was mentioned
as fAan example of
in atomic molecular and optical physics research
in a recent report of the US National Research
Council.

The Region Paris-lle-de-France through the
creation of the Francilian Institute for Research

outstandi
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on Cold Atoms (IFRAF), which com prises more
than 30 groups from 6 different laboratories in
Greater Paris.

A The United Kingdom is funding an
Interdisciplinary Research Collaboration (IRC) in
QIPC between leading research universities and
industrial laboratories. The initiative started in
April 2004 with a funding level of 15M0 in four
years.

These initiatives can either, as for ICFO, create a new
centre of excellence, or as in the case of IFRAF,
construct a new centre of excellence from an existing
pool of competence. In most cases the local funding is
motivated by the development of a high-impact
scientific field and highdevel research, and it has a
beneficial impact on local industry and economy.

3.2.3 OTHER FUNDING

As possible applications of QIST become likely to
appear in the near future, start-ups have begun to
emerge. The main interestso far is in quantum
cryptography, in particular Quantum Key Distribution.

QIPCin idustries and |  The oldest European companyis
spin-off | IdQuantique, spin-off from the university of

Geneva in 2001. Several new appeared
recently: SmartQuantum, created in 2004 in Lagnon,
France, Qutools in Munich, Germany. Other competing
start-ups for early adopters on the market are MagiQ,
Optemax, and Qinetiq from the USA. These companies
are mostly spin-off of QIST research groups, funded
through the usual start-up scheme: university
incubators at the early stage of their existence, then
business angels or hedge funds to sustain them beyond
their first years of existence. They mainly develop
commercial fibered QKD systems, but most of them
admit that there is no real market for such system yet.
There is however already a small but active market for
Quantum-based Random Number Generators
(ldQuantique).

Quantum computing has also aroused interest for
possible commercial applications. However the
investment required and the timescale for developing a
commercial quantum computer are much larger than for
a QKD system. There is no start-up interested in
developing a quantum computer in Europe so far, the
only example known being in Canada, where one
company (D-WAVE) has been created in 1999.

Several very large companies have also interestin
QIST, with a focus on applied system research and
components. In Europe, the main companies involved
are Toshiba (UK), Thaleés (France), France Telecom
(France), Philips (Netherands), Pirelli (Italy), Hitachi
(UK) Hewlett-Packard (UK). Worldwide, companies
such as IBMand NEC are also involved in QIST. The
companies either have their own lab (Toshiba, HP,
IBM), and/or can alternatively fund research groups
(Philips). It has proven practically impossible to obtain
reliable information about the amount of investment in
QIST by these companies.

Another interesting source of funding is the European
Space Agency (ESA). Sever al 50k
on Quantum Communication in space were
successfully completed since 2002 and one
experi mental terrestrial 200k
horizontal freess pace | ink is ongoing. Wi
science program, the proposal Space-QUEST (to place
a QKD terminal onboard the International Space
Station) was mditregld .asSeweairtaslt aEur
industries submitted proposals to develop a prototype
engineering model of a faint laser and entangled photon

source with a total budget of 6
of 2008 a study on the feasibility of a QKD system on
variousfut ur e satellite missions is

So far more than 1Mi ol have bee
different studies under evaluation at the time this report

was made. But the overall budget for the Space-

QUEST project, ifitis accepted, would be

approximately8 OM U unt i | 2014, with ap
20% devoted to basic research. If successful, this would

make ESA a major funding source for QIST in Europe.

3.3 QIPC RESEARCH IN THE INTERNATIONAL CONTEXT

QI PCds own |i Quantum information processing has
areseachfield | become ascientific discipline with its own

identity during the lastten years. The
advent of quantum cryptography in the 80s and then the
recognition of quantum computing in the 90s, for

In the last years, significant growths in the research
efforts within the field of QIS have been made
worldwide. Especially the US has fostered their
research activities, supported by a number of public
funding agencies, namely the National Science

example using Shords al gor i t hFoundgon (NSF)dne the Deflernse Advanced

motivation and have been the starting point of serious
experimental and theoretical efforts to realize QIPC at
large.
Europe at the leading | Through the activities of the 2000-2004 EC
edge of QIPCresearch | FP5 FET-PI QIPC programme, Europe

has, in the main, been at the leading edge
of QIS worldwide. The eary spearheading of this high-
risk R&D effort by the EC has aided in the creation of a
number of national investments in QIS with the
research area now reaching a more mature stage of
medium/high risk. Until now, European publication
output and quality has been on a par (and even
superior) with the US, while other nations have begun
systematic ramp-up in QIS investments.

Research Projects Agency (DARPA). Today, the US
investment in QIPC of estimated 149 Million USD
represents nearly 50 % of the worldwide research
expenses in this field. Other important nations are
Canada (31.6 MUSSD), Japan (20.0 MUSD), Australia
(19.1 MUSD), Brazil (15.2 MUSD) and China (14.2

MUSD).
To retain our leading position in research and to
capitalize on the Comant ssionds

investments in QIS (50Ml in FP5 and FP6), itis vital to
ensure that the EC investment in QIS remains
competitive with the US and other national/continental
QIS investors. Our current intelligence indicates that a
Commission investment of 8MU / will compete very
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poorly with the US, who now federally invests 149 participation. This programme has not yet been fully

MUSD/yr launched but remains under consideration by the US for
Funding policies and |  Indeed, Australia, with a population of 20 2005. with the very significant international targeting of
European QIPC | million (EU population is ~450 million), will QIS ramping up around the world itis imperative that
competitiveness | be federally investing, $8MAUS/yr Europe remains competitive. QIS R&D supporton the
(5Mu / )yim a coherent QIS effort through scale of ~8Mu/year puts Europe at the lower end of
its National Centers of Excellence. Among the strongest worldwide QIS funding support. With such a potential
threats to Europeds |lead r ol ede¢eased nigmaional compefiiveness, thereiss
FoQuS programme. The FoQuS programme (by the US considerable risk that European research in QIS and
Defense Advanced Research and Projects Agency), the resulting technology developments (commercial and
was initially tabled in early 2004 with a specific targeting defense), will not be sustainable, leaving Europe reliant
of quantum computer QIS in a single project funded to on importing such developed QIS technology from
~90MUSD over four years, with worldwide researcher abroad.
USA
Canada ‘
—
Australia D
Brazi D
China SIS
india
New Zealand RN
Switzerland D
Russia —
Singapore —
Israel —
Taiwan —
South Korea ’
Argentina ’
Others '

¥

o
-
el
(8]

$30
$45 $60
$75
$90
$105
$120 $135
$150

Estimated funding of QIPC outside Europe in Million USD. Salaries represent 64% of the direct costs (costs without any overhead),
whereas experimental equipment represents 36% of the direct costs. Overhead costs that are customary in the place have been added
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3.4 THE EUROPEAN FLAVOR, VISIONS AND GOALS

The broader scope of | In comparison with the intemational QIPC
the European effort | programs, the characteristics of the

European effort are its broader scope,
beyond the focus on specific issues like security or
special applications like factoring, as for example in the
US and in Australia. Moreover, there is a much stronger
theoretical component and emphasis on fundamental
physics. Clearly, Europe has achieved a critical mass in
this much broader context of QIPC which includes both
theoretical and experimental physics: atomic physics,
quantum optics and laser physics, high energy and
mathematical physics, condensed matter, etc., as well
as from other disciplines like computer science,
mathematics, material science, several areas in
engineering, etc.

The European vision | The European vision is to advance

quantum information processing insuch a
wider context which includes the spectrum from
fundamental quantum physics to applications in science
and engineering.

Novelty and Innovation

To remain competitive Europe should nurture QIS
technology innovation from fundamental research

One of the most challenging aspects in creating a
new technology is the transition of basic research
with its accompanying spin-off technologies, into
more application driven research where inherently
QIS based applications are researched and
developed. The earliest such QIS-driven application
is quantum cryptography with a number of QCrypto
SMEs already in operation worldwide. General
purpose quantum computation, e.g. for factoring of
large integers and related applications maybe a long-
term goal. But quantum memories/repeaters and
multiparty QIS software, will be developed in the next
five years with the potential for even greater
innovation and SME/Multinational commercialisation.
Although there have been efforts by the US and
others to make this transition to a more innovation
based QIS research community, they have not
succeeded so far and Europe, through FP6 QIPC-PI,
has the opportunity to begin facilitating this transition
and in this way could gain at least a two-year
competitive advantage over others. The particular
emphasis by the project QAP to build a complete QIS
R&D pipeline from fundamental research in computer

science, quantum algorithms and quantum
information theory through to experimental
development, where the overall emphasis is to
develop truly QIS based applications in the medium -
term, is unique in the world. No other nation/continent
has managed to create such a synergy. Some of the
FET-PI QIPC Integrated Projects contain over 13%
industrial partner effort and this connection to industry
will be proactively targeted and ramped up over the
coming five years through the cooperative efforts of
FET-PI QIPC IPs. The inclusion of a variety of QIS
projects, some focused on fundamental research and
some focused on applications, in the FET-PI will put
Europe in a strategic position wordwide.

Convergence

QIS research is expanding beyond its traditional
boundaries as device complexity grows and many
different physical QIS elements are integrated.

There is a convergence of manyinformation
technologies towards QIS. Examples include,
integrated photonics research both linear & nonlinear,
quantum effects in nanotechnology & materials
science, interfacing classical information systems
with quantum-atomic systems, quantum solid-state
systems, and quantum photonic-systems. Such
emerging plurality of QIS is alreadyrecognized by the
NSF, where QIS R&D has a presence in many
Divisions of the NSF, e.g. Physics, Computer-
Communication Foundations, Nanoscale Science and
Engineering, and Information Technology Research
Divisions. Thus, the QIS portfolio encompasses some
of the E-Nano R&D effort.

European Research Area

QIS has the potential to bring the vision of a true
European Research Area into being.

QIS R&D is expanding throughout Europe with
significant New-States contributions
(Poland/Slovakia). The European QIS research
community is well organized (thanks to previous
networking initiatives by the EC), and many nations
will work coherentlyin a recently funded ERA-NET
project in Quantum Information Science and
Technology (ERA Pilot-QIST). The creation of truly
European Research Area is essential and justifies
additional funds for the QIPC programme.

3.5 QIPCIN AWIDER SCIENTIFIC AND TECHNOLOGICAL CONTEXT

A new paradigmfor | QIPC has arisen in response to a variety
computing and | of converging scientific and technological
communicaiing | challenges. The main one being the limits

imposed on information processing by the
fundamental laws of physics. Research shows that
guantum mechanics provides completely new
paradigms for computation and communication. Today
the aim of QIPC is to understand how the fundamental
laws of quantum physics can be harnessed to improve
the acquisition, transmission, and processing of
information. The classical theory of information and
computation, developed extensively during the

twentieth century, although undeniably very successful
up to now, cannot describe information processing at
the level of atoms and molecules. It has to be
superseded by a quantum theory of information. What
makes the new theory so intellectually compelling is
that the results are so surprising and with so far
reaching consequences.

During the lastten years, QIPC has
already established the most secure
methods of communication, and the
basic building blocks for QIPC have been demonstrated
in technologically challenging experiments. Efficient

| QIPCis ready for real-
| life applications
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QIPCis intrinsically |
multidisciplinary |

quantum algorithms have been invented, and in part

implemented, and one of the first non-trivial applications

will be the development of quantum simulators with

potential applications in, for example, material sciences.

On the technological side these developments are

closelyrelated to improving atomic clocks and
frequency standards.

Future advances in the field will require
the combined effort of people with

Need for an early
dialogue betw een
policy, science and |

expertise in a broad range of research
areas. At the same time, the new conceptual and
technical tools developed within QIPC may prove fruitful
in other fields, in a process of cross -fertilization
encompassing a wide variety of disciplines (including,
for instance, quantum statistics, quantum chaos,
thermodynamics, neural networks, adaptive learning
and feedback control, chemistry, quantum control,
complex systems). This profoundly interdisciplinary
character is one of the most exhilarating aspects of the
field. Its potential is being recognized by commercial
companies all over the world. Anew profile of scientists
and engineers is being trained to confront the
challenges that lie beyond the end of the VLSI scaling.
Itis clear that advances in QIPC will become
increasingly critical to the European competitiveness in
information technology during the coming century.

Yet, at the moment most activities are
focused on basic research in universities
and there is very limited collaboration

industry | between QIPC scientists and industry. To

Potential QIPC |

maintain and develop competitiveness
within this field in comparison to other research areas
enhanced structuring and co-ordination of efforts on a
European level are necessary. At the same time, a
strong QIPC field ready for future industrial applications
requires the involvement of relevant industry as well. In
this sense an early dialogue needs to be established
between science, policy, and industry in order to
develop a common vision about the future of QIPC in
Europe.

QIPC is definitely centered in the realm of

spin-offs | basic research with its own distinct goals

___QKD |

and applications in computation,
communication and information processing in all its
aspects. Furthermore QIPC research will have a deep
impact on several EU strategic priorities. There is
significant potential impact on technology, economics
and social issues. In addition there are several spin-offs
with applications in other fields of science, engineering
and technology:

A The rapid growth of information technology has
made our lives both more comfortable and more
efficient. However, the increasing amount of
traffic carried across networks has left us
wulnerable. Cryptosystems are usually used to
protect important data against unauthorized
access. Security with
on computation complexity, which can be broken
with enomous amounts of calculation. In
contrast, quantum cryptography delivers secret
crypto-keys whose privacy is guaranteed by the
laws of Nature. Quantum key distribution (QKD)
is already making its first steps outside
laboratories both for fiber based networks and
also for communication via satellites. However,
significant more basic research is necessary to
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increase both the secret bit rate and the
distance. This is the field of Quantum
Communication.

The development of quantum
information theory together with
the development of quantum
hardware will have a significant
impact on computer science. Quantum
algorithms, as for
factorizing numbers with implications for security

of classical crypto-protocaols, indicate that

quantum computers can perform tasks that

classical computers are believed notto be able

to do efficiently. Asecond example is provided

by quantum simulations far beyond the reach of
conventional computers with impact on various

fields of physics, chemistry and material science.

In addition, QIPC is redefining our understanding

of how fAphysical systems
new computational models and architectures.

New computational
models and
| architectures

exampl e

C

S

om

QIPC is related to the
development of nanotechnologies.
Devices are getting smaller and
quantum effects play an increasingly important
role in their basic functioning, not onlyin the
sense of placing fundamental limits, but also
opening new avenues which have no counterpart
in classical physics. At the same time
development of quantum hardware builds also
directly on nanotechnologies developed for our
present day computing and communication
devices, and provides new challenges for
engineering and control of quantum mechanical
systems far beyond what has been achieved
today. An example is the integration of atom
optical elements including miniaturized traps and
guides on asingle device, capable of working as
a quantum gyroscope, with extremely large
improvements in sensitivity both for measuring
tiny deviations of the gravitational field, as well
as for stabilizing air and space navigation. In
spintronics, a new generation of semiconductor
devices is being developed, operating on both
charge and spin degrees of freedom together,
with several advantages including non-volatility,
increased data processing speed, decreased
electric power consumption, and increased
integration densities compared to conventional
semiconductor devices.

[ Synergies with
| nanotechnologies

Quantum mechanics offers to
overcome the sensitivity limits in
various kinds of measurements, for example in
ultra-high-precision spectros copy with atoms, or
in procedures such as positioning systems,
ranging and clock synchronization via the use of
frequency-entangled pulses. Entanglement of
atoms helg tg pverepm g the,qagtymdlimit of
state-of-the-art atom clocks which has been
already reached by leading European teams. On
the other hand, the quantum regime is being
entered also in the manipulation of
nanomechanical devices like rods and
cantilevers of nanometer size, currently under
investigation as sensors for the detection of
extremely small forces and displacements.
Another example is the field of quantum imaging,

| Quantum metrology



where quantum entanglementis used to record,
process and store information in the different
points of an optical image. Furthermore,
guantum techniques can be used to improve the
sensitivity of measurements performed in images
and to increase the optical resolution beyond the
wavelength limit.
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4. ASSESSMENT OF CURRENT RESULTS AND OUTLOOK ON FUTURE

EFFORTS

4.1 QUANTUM COMMUNICATION

Quantum communication is the art of transferring a
guantum state from one location to another. Quantum
cryptography was discovered independentlyin US and
Europe. The American approach, pioneered by Steven
Wiesner, was based on coding in non-commuting
observables, whereas the European approach was
based on correlations due to quantum entanglement.
From an application point of view the major interest is
Quantum Key Distribution (QKD), as this offers for the
firsttime a provably secure way to establish a
confidential key between distant partners. This keyis
then first tested and, if the test succeeds, used in
standard cryptographic applications. This has the
potential to solve a long-standing and central security
issue in our information based society.

While the realisation of quantum communication
schemes is routine work in the laboratory, non-trivial
problems emerge in long-distance applications and high
bit rate systems. At present, the only suitable system for
long-distance quantum communication is photons.
Other systems such as atoms or ions are studied
thoroughly, however their applicability for quantum
communication schemes is not feasible within the near
future, leaving photons as the only choice for long-
distance quantum communication. One of the problems
of photon-based schemes is the loss of photons in the
quantum channel. This limits the bridgeable distance for
single photons to the order of 100 km with present silica
fibers and detectors. Recent quantum cryptography
experiments already come close to such distances. In
principle, this drawback can eventually be overcome by
subdividing the larger distance to be bridged into
smaller sections over which entanglement can be
teleported. The subsequent application of so-called

ffentangl eppeinntg s vaand fquantum me4m

resultin transporting of entanglement over long
distances. Additionally, to diminish decoherence effects
possibly induced by the quantum channel, quantum
purification might be applied to eventuallyimplement a
full quantum repeater.

There are two media that can propagate photons:
optical fibers and free space. Each of these two
possible choices implies the use of the corresponding
appropriate wavelength. For optical fibers, the classical
telecom choices are 1300 and 1550 nm and any
application in the real world of quantum communication
in fibers has to stick to this choice. For free space the
favored choice is either at shorter wavelengths, around
800 nm, where efficient detectors exist, or at much
longer wavelengths, 4-10 microns, where the
atmosphere is more transparent.

Recall that quantum physics can deliver «correlations
with promises». In particular it can deliver at two
locations strictly correlated strings of bits with the
promise that no copy of these bits exist anywhere in the
universe. This promise is guaranteed by the laws of
Nature, they do not rely on any mathematical
assumption. Consequently, such two strings of
correlated bits provide perfectsecure keys readyto be

used in standard crypto-systems. However, for quantum
physics to holds its promise, truly quantum objects, like
photons, have to be send from one location to the other.
Since quantum object interacting with the environment
lose their quantumness, i.e. become classical object, it
is crucial to isolate the photons during their propagation.
Consequently, it is of strategic importance to develop
the technology to send photons from one location to a
distant one while preserving its truly quantum nature.
The test of this quantumness consists in measuring the
correlations and proving that they do violate a certain
inequality, known as the Bell inequality.

From the present situation, where commercial systems
already exist, there are three main directions to be
pursued, which we review one after the other.

4.1.1 FIBER BASED SYSTEMS

Towards higher bit rates

1. Fastelectronics, this includes fast sources and
fast and low-loss phase modulators. This is
mainly a (non-trivial) engineering problem.

2. Improved detectors: lower dark counts (<10-6
perns), shorterdeadtimes ( <1 e€s ) ,- |
jitter (<100 ps) and higher detection efficiency
(>15%). This is a non trivial solid state physics

challenge.
3. Inventand investigate new protocols inspired by
exi sting and reliable

protocols based on fast homodyne detection
methods can be thought of, such as the
continuous variables protocols [3]. This is mainly

a matter of the physicistso

(I) T K 0 may . . ) L
tis known that'existing classical communication
procedures and security proofs do not make
optimal use of the correlations that are generated
in the physical set-up and can be improved.
Further improvementin secure key rate can
follow from a scenario of trusted sending and
receiving devices which cannot be manipulated
by an eavesdropper. It would also be valuable to
have security proofs easier to understand for
classical cryptographers.

5. Single-photon sources have made spectacular
progress in the last years [4], butitis not clear
yet whether they will be able to fulfill practical
needs for high repetition rates, high coupling
efficiency and electronic cooling (no liquid
helium). Itis not even necessaryto use single
photon sources since also QKD with weak laser
pulses can be proven to be secure;see e.qg. [5].
Moreover, the performance of ideal single photon
sources can also be achieved using laser pulses
with a phase reference, as has been proven by a
recent analysis by Koashi [6]. Fourier-transform
limited single-photon sources with negligible
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time4itter could also be used as building blocks
for linear optics quantum computing.

6. Quantum communication with entangled states
will be important to further develop quantum
teleportation and entanglement swapping in view
of their possible use in connection future
guantum computers.

Europe has a leading role for point 6, while it is
competing with the US for 3 and 4 (and also with Japan
for 5). US and Japan are ahead conceming 1 and 2.

Towards longer distances

In todayds system the distan

loss and the detector dark-counts: at large distances
the dark-counts dominate the signal. To improve the
distance one can, from the simplest and less effective
to the most challenging and most effective:

1. Improve the detectors: lower dark counts
automatically increase the distance. However,
the bit rate decreases exponentially with
distance.

2. Improve the fibers: air-core photonic band-gap
fibers have the potential to surpass silica fibers.
(Even pure silica core photonic bandgap fibers

could improve on s,bdudenlybds

by at most 0.05 dB/km). This is a tremendous
engineering challenge, with applications which
would impact the whole field of optical
telecommunications!

3. Use quantum relays exploiting quantum
teleportation and entanglement swapping [7].
Dividing the connection in sections allows one to
open the receiving detector less frequently,
lowering thus the dark-count rate. For any given
detector efficiency, this allows one to gain a
factor of about 5 in distance. But the maximal
distance is still limited and the bit rate still
decreases exponentially with distance. Quantum
relays require entangled photon sources. It
should be stressed that quantum relays are
anyway necessary for quantum repeaters.

Todaybés | ongest distance

guantum teleportation lab experiment connecting
three 2 km long sections. The next crucial
milestone in this direction will be a field
demonstration over tens of km of entanglement
swapping.

4. Use quantum repeaters: fully developed
guantum repeaters have the potential of
extending quantum communication to arbitrary
long distances with a constant bit rate [8]. It is
extremely challenging physics and still basic
research. A quantum repeater requires a
guantum memory. The latter has to outperform
an optical fiber delay loop. This important
milestone is described in section 4.1.3.

In this subfield, Europe is presently the leader; except
for the first one, where the US and Japan are ahead.

Quantum continuous variables

Besides qubits, quantum continuous variables (QCV)
have emerged as a new tool for developing novel
gquantum communication and information processing
protocols. Encoding quantum continuous information
into the quadrature of a light mode, or into the collective
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spin variable of a mesoscopic atomic ensemble, has
proven to be a veryinteresting alternative to the
standard concept of quantum bits. Several experimental
breakthroughs have been achieved recently
demonstrating this concept, namely the quantum
teleportation of a coherent state, the preparation of
distant entangled atomic ensembles, or the
implementation of a quantum key distribution scheme
relying on coherentstates, or the realization of a
guantum memory based the light-atoms interface.
Beyond these major experimental results, a large
number of theoretical ideas have appeared in the
literature, pro o .to,use QCV for achi vmg ens
Eo?ilng e%tanglé ht E)u?lf atioh ¥r dltst aﬁon efro
correcting codes, cloning or telecloning, memories
based on light-atoms interfaces, etc. In addition,some
fundamental studies have been carried out on the
entanglement of multimode Gaussian states, or on the
capacity of Gaussian quantum channels.

These results are stimulating more research work, with
many theoretical and experimental developments,
especially in the directions of improved and/or novel
guantum communication and secret sharing protocols,
guantum memories and quantum repeaters using the
light-atoms quantum interface, and the use of

t stle@z6dPonentariglededr even non-Gaussian states

of lightin order to make some new information
processing with continuous variables possible.

Europe is at the forefront of the developments in this
subfield, both experimental and theoretical. For
example, European teams were the first to demonstrate
the entanglement of two atomic ensembles and to
realize a continuous-variable quantum key distribution
scheme. Recently, quantum cloning and quantum
memory were realized for continuous variables. Most of
the theoretical work on continuous-variable
entanglement is also due to European teams.

New applications and protocols

The field of quantum communication is still very
young, having been essentially unknown until 10 years
ago. One should expect new ideas and leave open

d spdBe@or dsit raskdrc. Fronh the thkoretical point of

view, there are several problems that have to be
considered in the context of quantum communication.
First of all, since the field is still very young, one should
expect new applications related to both the efficiency as
well as the secrecy in communications. Examples of the
first can be connected to secret voting protocols, digital
signatures, or fingerprinting. Examples of the second
field could be, for example, connected to dense coding,
or agenda protocols. Apart from that, there are still
several theoretical open questions of crucial importance
for quantum cryptography. They are related to the
tolerance to noise of current protocols (both with one
and two way communication), the connection between
single photon and continuous variable protocols, and
the search for more efficient and fast ways of
distributing keys.

Quantum communication protocols can be often
understood as entanglement manipulation protocols. An
important class of these protocols delivers classical
data with properties derived from the underlying
guantum state. For this class the question arises
whether one can replace the quantum manipulation and
subsequentmeasurement by another two-step



procedure that firstmeasures the quantum states and
then performs classical communication protocols on the
resulting data to complete the task. Such an
implementation would be preferential in real
implementation, as is illustrated in the case of quantum
key distribution. Itis important to study under which
circumstances such a replacement can be done.

For many quantum communication applications it is
important to operate in a larger dimension Hilbert
space. This can be obtained by preparing two photons
entangled in more than one degree of freedom
(hyperentangled) and increasing in this way the number
of qubits. Other proposals concern the generation of d-
level quantum systems (qudits) by using different
degrees of freedom.

Key references

[1] W-Y. Hwang, O66Quantum Key
High Loss: Towards Global Secure
Communi cati onsd6, Phys.
(2003).

[2] V. Scarani, A. Acin, G. Ribordy, and N.s Gisin,

66Quantum Cryptography Pro

against Photon Number Splitting Attacks for
Weak Laser Pulse | mpl
Lett. 92,057901 (2004).

[3] F.Grosshans, G. Van Assche, J. Wenger, R.
Brouri, N. J. Cerf and Philippe Grangier,
66Quantum key

modul ated coherent

(2003).
[4] A Beveratos, R. Brouri, T. Gacoin, A. Villing, J.-
P. Poi zat, and P.

Quantum Cryptogr apth8gd 6,
187901 (2002); E. Waks, K Inoue, C. Santori, D.
Fattal, J. Vuckovic, G. S. Solomon, and Y.

separated by distances ranging from several hundreds
of meters up to 10 km in the field (and 50 km in the lab),
but no improvements by orders of magnitude are to be
expected. On the other hand, optical free-space links
could provide a unique solution to this problem since
they allow in principle for much larger propagation
distances of photons due to the low absorption of the
atmosphere in certain wavelength ranges. Also, the
almost non-birefringent character of the atmosphere
guarantees the preservation of polarization
entanglement to a high degree. Free-space optical links
have been studied and successfullyimplemented
already for several years for their application in
guantum cryptography based on faint classical laser
pulses. Recently a next crucial step was demonstrated,
namely the distribution of quantum entanglement via a
free-space link, which was verified by violating a Bell
eauafity betygen twadistanpjeceipers without a direct

line of sight between them.
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the fiber links. To fully exploit the advantages of free-
space links, it will be necessaryto use space and
satellite technology. By transmitting and/or receiving
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4.1.2 FREE SPACE SYSTEMS

Despite the achievements of quantum communication
experiments, the distances over which entanglement
can be distributed in a single section, i.e. without a
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Phase-Ref er ence Pul sed606, PhysaddiiBral¢hallehgestahd-goal dre

120501 (2004). 1. Free-space distribution of entanglement over
B. C. Jacobs, T. B. Pittman, and J. D. Franson, distances above 5 km.
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the feasibility of space-based experiments based on
0 durrent technologies [1-4].

Many of the goals to be achieved in free-space

66Quantum relays and noise u

|l i near opticsdd, Phys. Rev. z igcnénfenzags%gg%i i/d!%dgpﬁl optlcs
D. Collins, N. Gisin, H. D. d ntum
relays for |l ong distance q uh nRreg-Apace eIQRprttagoa Qfgsdnglgllah%tonstate
Journal of Modern Optics 52, 735-753 (2005). 4. Free-space entanglement swapping.

H.-J. Briegel, W. Dur, J. I. Cirac, and P. Zoller, 5. Free-space quantum cryptography (with discrete
66Quantum Repeaters: The Rol eoroftinubus padablésedemonstration of single-
Local Operations in Quantum Cphoton upfinksctceatsatalite.6 6

Phys. Rev. Lett. 81, 5932 (1998). 6. Demonstration of a single-photon down-link from

a satellite.

7. Quantum cryptography between two widely
separated locations on Earth via satellites.

8. Development of narrow-band sources of
entangled photons for daylight operation.

Implementation of an entangled-photon source
on a satellite.
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10. Teleportation of a photon state up to a satellite. such as quantum memory and long-distance quantum

11. Teleportation of a photon state between two teleportation of long lived atomic states, are important
ground locations via a satellite. for communication and quantum secret sharing tasks. It

is obvious thatlong lived entanglementshared over a

12. Teleportation of a photon state down from a long distance requires transfer of entanglement from

satellite. light (the long distance carrier) to atoms (the long lived

13. Satellite-satellite quantum communication. objects). Such transfer can only be done via a special

Evidently this line of research necessitates both light-atoms quantum interface. Distant long lived
significant basic investigation as well as very specific entangled objects can serve as
and advanced technological development. At present identification cardso. These ki
various considerations and studies of feasibility are address via such physical implementations as atomic
being undertaken. These focus on issues like the ensembles, which are easier to implement and to scale.
possible use of the existing telescopes for optical Currently various aspects of light-atoms quantum
communication with satellites, e.g. OGS on Tenerife, or interface and memory are investigated mainly by the
the requirements for satellite-based sources of photonic European groups at Copenhagen University (E. Polzik);
quantum states. Given sufficient funding itshould be University of Aarhus, Denmark (K. Molmer and M.
possible to have a first source of entangled photons on Drewsen); Max Planck Institute for Quantum Optics,
a satellite within about 10 years from now. Garching, Germany (I. Cirac and G. Rempe); Institute

for Photonic Sciences, Barcelona, Spain (M. Mitchel);

Key references . . :
University of Kaiserslautern, Germany (M.

[1] M. Aspelmeyer, T. Jennewein, M. Pfennigbauer, Fleischhauer); University of Heidelberg, Germany (J.
W. Leeb, A. Z®istdncerQgaptum 6 6 LSxkntledmayer); and Lab Kastler Brossel, CNRS, Paris
Communication with Entangled Photons using (M. Pinard and E. Giacobino). In the US this research is
Satellitesd6o6, | EEE Jour nalprifdriycarfidd eutdt iadvard OniersRygM. LuRin);

Quantum El ectronics, specicaltech($RBinbR), Whiersty@Uvichidat, Bhn Arbor

I'nternet Technol-451@0M3)., Volch.Mdhroe), ad4dorgia Institute of Technology,
[2] M. Aspelmeyer, H. R. B6hm, C. Brukner, R. Atlanta (A. Kuzmich).

Kaltenbaek, M. Lindenthal, J. Petschinka, T.

. . o Quantum memory for light and quantum repeaters
Jennewein, R. Ursin, P. Walther, A. Zeilinger, M.

Pfennigbauer, W. R. Leeb, Final Report, Report For coherent pulses used in classical communications,
within ESA/ESTEC/Contract No. a classical approach via simple detection limits the
16358/02/NL/SFe (2003). fidelity of the memory to 50%. For non-classical states

[3] J.G. Rarity, P. R. Tasper, P. M. Gorman, and P the fidelity of the classicalmemoryis even lower.
K.n.i g h ’t T & GF; d;ee.au:.uje keyce);ctymgé el | Classical communications where weak pulses of light of

: ifferent,colors afe sengin parallel (frequepcy
gzsll.s; 2% (2%;2;1 ntum cryptograph y%dltiplggldré)g apbﬁiach%&a tu%ﬁingit% expﬂohentially
) o ) with time (at today's pace it will be reached by 2020).

[4] J.E.Nordholt, R. Hughes, G. L. Morgan, C. G. _ Hence new - quantum - approaches to memory have to
Peterson and C. C. Wipf, fflicéhsideradtor fbth §uarftukh tard Eidssical
quantum key distributiond,coRmhufigtionsO f PI E, Free

Space Laser Communication Technologies XV,

Vol. 4635, 1167 126 (2002). State of the art: Proposals for quantum memory for

light have been put forward during the past decade, in

4.1.3° QUANTUM INTERFACES AND Europe and in the US. Recently the first quantum
MEMORIES memory for a weak coherent pulse has been
demonstrated in Europe [1]. Aquantum memory which
An interface between quantum information carriers is to be used for storage, and not for quantum

(qUantUm states of ||ght) and quantum information processingl is based on asim p|e phys|ca| system

storage and processors (atoms, ions, solid state) is an consisting of a small cell filled with atomic gas at room

integral part of a full-scale quantum information system. temperature i an atomic ensemble. Demonstrated

In classical communication information is transferred quantum state storage time of up to 4 msec

encoded in pulses of light. The pulses are detected by corresponds to propagation time over a distance of

photodetectors, transformed into electrical current about 1000 km. The storage cell works close to the free

pulses, amplified by electronics, and sent to computers, space propagation wavelength.

phones, etc. This transformation of light into electrical
signals forms classical light-matter interface. In
quantum information processing simple classical
detection of lightis inadequate for recording into
memory, because it destroys the quantum state by
adding extra noise to it. Hence a quantum interface has
to be developed. Instead of direct transformation of light
pulses into electrical pulses, as in classical
communication, quantum state transfer of light qubits
(or continuous variables) with atomic qubits (or
continuous variables) has to be developed in QIPC.
Certain kinds of quantum interfaces, based on cavity
QED, are discussed in part 6.2 with an emphasis on
computing tasks. Other kinds of quantum interfaces,

Visions and perspectives: Quantum memory
provides a stored version of quantum cryptography and
guantum secret sharing (in the long run, counterfeit
proof bank cards, etc). Italso poses a potential threat
to quantum cryptography via more efficient
eavesdropping protocols, and hence has to be taken
seriously in quantum communication security issues.
Quantum memory for light provides a necessary
ingredient for quantum networks, as discussed in the
next section. Future work on quantum memory based
on the atomic ensemble approach should be
concentrated on
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1. Extending memory capabilities to single
photon/qubitstorage.

2. Achieving efficient retrieval of the stored
quantum state.

3. Improving the fidelity of storage.

4., Quantum error correction necessary for
achieving extra long storage times.

5. Memory micro-cell arrays for multi-channel
storage including quantum image storage 1
quantum holograms.

6. Exploring other types of atomicikolid state
ensembles useful for storage applications; solid-
state system such as those used for slow light
experiments are potentially suitable for quantum
memory and should be investigated.

7. Developing probabilistic repeater schemes
possibly integrated using atoms on chip
technology.

European labs are presently readyto tackle each of
the above strategic challenges.

Long distance atomic teleportation and repeaters

State of the art: Atomic teleportation over a distance
of a fraction of a millimeter has been recently
demonstrated by two groups, in Europe and in the US.
Long distance teleportation of atomic states requires
interface with light. A significant progress has been
achieved on the way towards implementation of a
repeater primarily by US groups [Lukin, Monroe,
Kimble, Kuzmich and Wuletich] where a strong
experimental effort on Electromagnetically Induced
Transparency (EIT) stored light and quantum memories
involving ensembles as well as single atoms [2] can be
identified. Entanglement of atomic ensembles at a
distance of half a meter has been demonstrated in
Europe [3]. The technologyis simple and relies on glass
cells filled with atomic gas at room temperature. At
present the technologyis limited to near infrared
wavelength suitable for free space propagation.

Vision and perspectives: Long distance detemministic
teleportation will allow realization of distributed quantum
networks. Extension of entanglement of atomic
ensembles to up to a kilometer is possible with specially

4.2 QUANTUM COMPUTING

designed optical setups. For yetlonger distances
guantum repeaters proposed in Europe present an
option. Towards this goal a combination of a repeater
with entangled trapped ions will be useful. Another
possible way to realize an efficient repeater is to use
atomic ensemble quantum memory [1] to store one
photon of an entangled pair produced by
downconversion. The repeater approach may allow
teleportation of atomic states over many kilometers.

1. Challenges and directions of future work are
similar to those listed for quantum memory, i.e.:

2. Extending memory capabilities to single
photon/qubitstorage.

3. Achieving efficient retrieval of the stored
qguantum state.

4. Improving the fidelity of storage.

5. Exploring other types of atomic/solid state
ensembles useful for storage applications; solid-
state system, atoms on a chip.

Key research groups in Europe have been shown in
the beginning of the section.

Key references

1] B. Jul sgaard, J. Sh
and E.S. Pol zik, 066
quantum memory for
(2004)
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Polyakov, S. J. van Enk, and H. J. Kimble,
fi Me a s u r-iadueechentanglement for
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Nature 438, 828 (2005); T. Chaneliére, D. N.
Matsukevich, S. D. Jenkins, S.-Y. Lan, T. A B.
Kennedy and A. Kuzmi ch,
of single photons transmitted between remote
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A. André, F. Massou, M. Fleischhauer, A. S.
Zi brov and M. D. Luki n,
induced transparency with tunable single-photon
pul seso, ibidem 837.

[3] B.Julsgaard, A Kozhekin, and E.S. Polzk,
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Information processing howadays is commonly
implemented using quantities such as charges,
voltages, or currents in electronic devices which
operate on the basis of classical physics. Instead,
Quantum Computing (QC) and more generally,
quantum information processing (QIP) employ the laws
of quantum mechanics for information processing. For
such devices, corresponding building blocks are
quantum bits (qubits) and quantum registers, and the
basic gate operations are given by logical and coherent
operations on individual qubits (single qubit operations)
and controlled coherent interactions between two qubits
(two-qubit operations) such that the state of the target
qubitis changed conditional to the state of the
controlling qubit.

In principle, a large scale quantum computer can be
built using these primitives which must be realized by a
controllable quantum system, provided the physical

system meets the following requirements (DiVincenzo
criteria):

1. System is comprised of well characterized qubits
and allows for scalability.

2. Ability to initialize the state of the qubits.

3. System provides long coherence times, much
longer than a gate operation time.

4. Auniversal set of gates is experimentally
feasible.

5. Qubit specific measurement capability.
6. Ability to interconvert stationary and flying qubits.

7. Faithful transmission of flying qubits between
specified locations.
At present, there are a number of technologies under
investigation for their suitability to implement a quantum
computer. No single technology meets currently all of
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these requirements in a completely satisfactory way.
Therefore, the ongoing research on quantum
information processing is highly interdisciplinary,
diverse and requires a coordinated effort to create
synergies while the common goal is the implementation
of a working quantum processor. While at present
several approaches have demonstrated basic gate
operations and are even able to prove that quantum
computing has become reality with few qubits, large
scale quantum computation is still a vision which
requires ongoing research for many years to come.

The long-term goal in quantum computation is, of
course, a large-scale quantum computer which will be
able to efficiently solve some of the most difficult
problems in computational science, such as integer
factorization, quantum simulation and modeling,
intractable on any present or conceivable future
classical computer.

Therefore, the general problems to be solved for QC
and QIP are in particular

A Identification of the best suitable physical system
which allows for scalability, coherence and fast
implementation of QIP.

A Engineering and control of quantum mechanical
systems far beyond anything achieved so far, in
particular conceming reliability, fault tolerance
and using error correction.

A Development of a computer architecture taking
into account quantum mechanical features.

A Development of interfacing and networking
techniques for quantum computers.

A Investigation and development of quantum
algorithms and protocols.

A Transfer of academic knowledge about the
control and measurement of quantum systems to
industry and thus, acquisition of industrial
support and interest for developing and providing
quantum systems.

4.2.1 TRAPPED IONS
A. Physical approach and perspective

lon trap quantum computation is based on schemes
devised by Cirac and Zoller [1]. Aquantum register is
provided by strings of ions, each representing a
physical qubit. The system satisfies in principle all
DiVincenzo criteria and most of the criteria have been
experimentally demonstrated. While the originally
proposed system is scalable in principle, practical
scalability requires additional techniques such as
interconnecting via photons (flying qubits) ormoving
one or more ions to operate as a messenger for
guantum information. Amore comprehensive summary
ofion trap QIP is contained in the US QIST roadmap
[2]. Another related approach is to use electrons
confined in ascalable system composed by an array of
Penning traps. This scheme was devised by Ciaramicoli
et al [3.] Aithough not yet e xperimentally implemented,
it conceivably satisfies all the DiVincenzo criteria as
well.

Currently, experimental ion trap QIP is pursued by 10
groups worldwide, 6 of which are located in Europe [R.
Blatt (Innsbruck, AT), M. Drewsen (Aarhus, DK), P. Gill
(Teddington, UK), W. Lange (Sussex, UK), A. Steane
(Oxford, UK), Ch. Wunderlich (Maynooth, El)], 3 more
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groups are currently setting up ion trap experiments for
QIP in Europe [J. Eschner (Barcelona, ES), T. Schaetz
(MPQ Garching, DE), F. Schmidt-Kaler (Ulm, DE)].
Experiments with trapped electrons are currently being
setup onlyin Europe bythe groups of G. Werth
(Mainz, DE) and F. Schmidt-Kaler (Uim, DE).

On the theory side there is J.I. Cirac (MPQ Garching,
DE), K. Molmer (Aarhus, DK) and P. Zoller (Innsbruck,
AT); for trapped electrons P. Tombesi (Camerino, IT).

B. State of the art

With trapped ions, qubits are implemented using either
two levels out of the Zeeman- or hyperfine manifold or
employing a forbidden optical transition of alkaline
earth, or alkaline earth-like ions. The DiVincenzo criteria
are currently met as follows:

1. Strings of up to eight trapped ions are routinely
loaded to a linear trap.

2. lon strings can be cooled to the ground state of
the trapping potential, and thus are prepared for
implementing the Cirac-Zoller scheme. Using
various techniques of individual ion manipulation,
the register can be initialized to arbitrary internal
and external states.

3. Qubitdecaytimes for individual hyperfine qubits
of more than 10 minutes have been observed,
however, this requires magnetic-field

fiinsensitived transitions.

decoherence is limited by spontaneous decay
which, however, is orders of magnitudes slower
than a single gate operation. Long-ived quantum
memory (T > 1s) using magnetic field
independent qubit levels and decoherence-free
subspaces have been demonstrated.

4. Individual ion manipulation (pulsed Rabi
osdcillations), as well as two-qubit gate operations
(Cirac-Zoller gate, geometric phase gate,
entangling gate) have been demonstrated. Multi-
particle entangled states using 4-6-ion GHZ-
states and 4-8-ion W-state have been also
achieved.

5. State-sensitive lightscattering (observation of
quantum jumps) is routinely used with trapped
ions and detection efficiencies of more than
99.9% are readily obtained.

6. For converting stationary (ion) qubits into flying
(photon) qubits, the techniques of cavity
quantum electrodynamics (CQED) are used and
several experiments are currently under way, no
results are available at this time.

7. Faithful transmission of photonic qubits between
two quantum computer nodes was theoretically
shown to be feasible; a transfer protocol is
available, however, at this time no experimental
work is carried out yet. Instead, over short
distances, and for the transfer of quantum
information within a quantum processor, ions can
be moved and/or teleportation protocols may be
used.

C. Strengths and weaknesses

At present, ion trap QIP provides most of the
requirements for first-generation quantum computation
experiments. In particular, the long coherence times of
the ionic two4evel systems provide a robust quantum



memory. Moreover, the near-unity state detection and
the availability and operability of a universal set of gate
operations make it already a test-bed for small-scale
guantum computation. Furthermore, techniques to build
large-scale ion trap quantum computers were outlined
and their function was shown in first steps.

On the downside, motional decoherence by
stochastically fluctuating fields (originating from trap
electrodes) is not completely understood and must be
reduced. Spontaneous emission must be avoided by all
means; therefore decoherence-free subspaces need to
be explored. Current technical constraints, such as the
availability of laser sources, their respective stability
and purity as well as fast optical detection and
switching, need to be improved.

However, aside from the technical difficulties of scaling

ion trap QIP up to larger devices, there is no
fundamental problem in sight.

D. Short-term goals (next 3-5 years) (cf. also [2])

A Improve coherence of qubits by using magnetic
field Ainsensitiveo
subspaces (for optical qubits).

A Reduce trap size and thus increase speed of
operations.

A Identify and reduce sources of motional
decoherence (needed for smaller traps).

A Implement error correction with 3 and 5 qubits,
correct for phase and spin flip errors.

A Devel op a nasihé lmsic bailtirgblock
for scaling ion trap QIP.

A Improwe laser intensity and phase stability to
reach fault-tolerant limits.

A Realize a filogical o
correction, i.e. encode a stable logical qubitin 5
physi cal

A Interface stationary and flying qubits.

A Demonstrate more quantum algorithms.
A Logical qubit operations (single L-qubits
operations, gates between L-qubits).

A Identify an optimal ion.
A Implement quantum gates by frequency

addressing or trapped electrons.
E. Long-term goals (2010 and beyond) (cf. also [2])

A Develop ion chips with integrated optics and
electronics.

A Operations with several L-qubits.
A Fault-tolerant operations with multiple qubits.

A Show the feasibility of fault-tolerant quantum
processors with trapped electrons.

F. Key references
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[3] G. Ciaramicoli, I. Marzoli and P. Tombesi
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Electron s 0, MRl kedt. 91,017901(2003).

4.2.2 NEUTRAL ATOMS, MOLECULES AND
CAVITY QED

A. Physical approach and perspective

Neutral atoms and molecules provide a promising test
bed for the development of scalable general purpose
quantum processors, and for quantum simulators as
special purpose quantum computers involving a very
large number of qubits.

As in the case of ions, qubits can be represented by
long-ived internal atomic and molecular states in
electronic ground states (hyperfine levels, rotational
states), or in metastable excited electronic states, which
can be manipulated by optical and microwave fields.
The unigue promises of neutral atom quantum

cooling and trapping techniques, as exemplified by
laser cooling, realization of Bose Einstein condensates
and quantum degenerate Fermi gases, in combination
with optical, magnetic and electric traps, realized in free
space or in cavities or on atom chips. Such techniques
provide an ideal starting point to build and prepare large
scale quantum registers with high fidelity. At present
these trapping and cooling techniques are being
extended to molecules, including, for example, electric
on-chip traps for polar molecules. The scenarios of
guantum computing with neutral atoms are directly
linked to the development of specific trapping
techniques. First, traps can be developed allowing the
ihd@pendéhéniafpdilatiBn of e centre-of-mass
degrees of freedom of individual atoms and molecules,
inoludifg)Bé addressing of single qubits, which is a
necessary requirement for general purpose quantum
computing; and massively parallel, identical
manipulations of large number of qubits, as realized, for
example, in the context of optical lattices with only
global addressing, as is relevantin the context of
guantum simulators of translational invariant condensed
matter systems.

Entanglement of neutral atom or molecule qubits is
based on the following physical mechanisms

A controlled qubit-dependent two-particle
interactions, as for example in cold coherent
collisions, or the dipole-dipole interactions
between (highly) excited atomic states;

A cavity QED setups, where distant qubits are
entangled via photon exchange, which plays the
role of a quantum data bus.

In the cavity QED scenario, the atomic or molecular
qubitis strongly coupled to a high-Q cavity, either in the
optzal dom dirubyncouplngto antelectronio éxcitation, or

Pih tiesmicroWagevregimle fortatransitibrtbetwekr® 9 1
Rydberg states or rotational states of a polar molecule.

a p pTwe-aubitpates batwsen glistaptaubiisman be _
a n dachjeyes Wa phqipn exehangeLas Guang data bus, in

close formal analogy to the phonon data bus of
collective oscillation modes in trapped ions. These

0 , cavityQED selips algo providg @ patural interface to

guantum communication with photons.
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Atoms and molecules can be stored in optical lattices,
corresponding to an array of microtraps generated by
counterpropagating laser fields. The dynamics of cold
atoms loaded into optical lattices can be described by a
Hubbard model, with atoms hopping between lattice
sites, and interacting via collisions. Thus cold atoms in
optical lattices provide a direct way to simulating
condensed matter systems with a large number of
bosons or femions. In addition, loading an optical
lattice from an atomic Bose Einstein condensate
provides via the superfluid-Mott insulator transition the
preparation of a Mott phase with exactly one atom per
lattice site, and thus the preparation of a very large
number of atomic qubits. These can be entangled in
parallel operations with qubit-dependent controllable 2-
particle interactions, provided, for example, by coherent
collisional interactions in combination with movable
qubit (spin) dependent optical lattices. This provides the
basis for a digital guantum simulator, for example of a
spin lattice system, where the time evolution generated
by the Hamiltonian is decomposed into a series of
single and two-qubit gates performed in parallel on all
qubits (spins).

For single atoms strongly coupled to an optical cavity,
single photons for the purpose of exchanging quantum
information between remote locations can be generated
on demand and with high quantum efficiency. Protocols
for generating a stream of photons with entanglement
mediated and controlled by a single intracavity atom
have been proposed. In addition to these deteministic
mechanisms for entanglement, probabilistic protocols
can be developed which are based on free space atoms
emitting photons where entanglementis achieved by
appropriate photon detection.

Currently, quantum computing with neutral atoms is
investigated experimentally in several dozen
laboratories worldwide, with half of them located in
Europe. The European groups working with a
controllable number of atoms include I. Bloch (Mainz,
DE), T. Esslinger (Zurich, CH), P. Grangier (Orsay, FR),
S. Haroche (Paris, FR), D. Meschede (Bonn, DE), G.
Rempe (Garching, DE), and H. Weinfurter (Munich,
DE). Several other groups are presently setting up new
experiments, including W. Ertmer (Hannover, DE), E.
Hinds (London, UK), J. Reichel (Paris, FR), and J.
Schmiedmayer (Vienna, AT). The experimental
program is strongly supported by implementation-
oriented theory groups like H. Briegel (Innsbruck, AT),
K. Burnett (Oxford, UK), J. I. Cirac (Garching, DE), A.
Ekert (Cambridge, UK), P. L. Knight (London, UK), M.
Lewenstein (Barcelona, ES), K. Mgimer (Aarhus, DK),
M. B. Plenio (London, UK), W. Schleich (Ulm, DE), P.
Tombesi (Camerino, IT), R. Werner (Brauns chweig,
DE), M. Wilkens (Potsdam, DE), and P. Zoller
(Innsbruck, AT). In fact, European theory groups have
played a crucial role in the development of QIPC
science from the very beginning. The close
collaboration between experiment and theoryin Europe
is unique, partly because of the support provided by the
European Union.

B. State of the art

I. Quantum memories: The strength of using neutral
atoms for QIPC is their relative insensitivity against
environmental perturbations. Their weakness comes
from the fact that only shallow trapping potentials are
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available. This disadvantage is compensated by cooling
the atoms to very low temperatures. So far, several
different experimental techniques for trapping and
manipulating neutral atoms have been developed:

Optical tweezers and arrays of optical traps allow
for the preparation of a well-defined quantum state of
atomic motion, as can be achieved by either cooling
single atoms into the ground state of the trapping
potential, or by loading a Bose-Einstein condensate
into an optical lattice. While the first approach allows
for individual atom manipulation, both methods offer
the possibility of a massive parallelism, with many
pairs of atoms colliding at once. The landmark results
attained are:

A Single atoms were trapped with a large
aperture lens, thus providing a three-
dimensional sub-wavelength confinement.

A Single atoms were also loaded into the
antinodes of a one-dimensional standing
wave, and excited into a quantum
superposition of internal states.

A This superposition was preserved under
transportation of the atoms; coherent write and
read operations on individual qubits were
performed.

A Asmall number of atoms were loaded into a
two-dimensional array of dipole traps made
with a microlens array, and the atoms were
moved by moving the trap array.

A Single atoms were loaded into the antinodes of
a three-dimensional optical lattice, by starting
from a Bose-Einstein condensate and using a
Mott transition.

Atom chips: The ability to magnetically trap and cool
atoms close to a surface of a micro-fabricated
substrate (for example using micro-magnetic potential
wells produced by micron-sized current carrying wires
or microscopic permanentmagnets) has led to an
explosive development of atom chips in the past few
years. Such devices are very promising building
blocks for quantum logic gates due to theirsmall size,
intrinsic robustness, strong confinement, and
potential scalability. The main accomplishments they
have attained include:

A Cooling of atoms to quantum degeneracy
(Bose-Einstein condensation).

A Transport of an ensemble of atoms using a
magnetic conveyor belt.

A Verylong coherence times by using
appropriate qubitstates.

A Multilayer atom chips with sub-pm resolution
and smooth magnetic potentials.

A On-chip single-qubit rotation via two-photon
transitions on hyperfine qubits.

A Single-atom detection using a fibre Fabry-
Perot cavity.

Traps for polar molecules at the individual level

have recently been proposed, based on microwave or

electric fields, and are the subject of growing

experimental investigation. On the experimental side,
A cold polarmolecules at millikelvin

temperatures have been produced by several
different techniques, including deceleration of



supersonic molecules, filtering of slow
molecules from a thermmal ensemble, and
Helium buffer gas cooling in a cryogenic
environment,

A ensembles of cold polar molecules have been
stored in magnetic or electric bottles.

Il. Entangling gates: a variety of schemes have been
proposed theoretically, based on interactomic
interactions either direct (for instance collisional
possibly enhanced by Feshbach resonances i or
between dipoles of Rydbrg excited atoms) or mediated
by a quantum data bus, i.e. a different degree of
freedom (for instance photons in a high-finesse cavity
mode).

Optical tweezers and arrays of optical traps are
ideal to perform collisional gates, which require the
preparation of a well-defined quantum state of atomic
motion. In this field, a highly parallelized quantum
gate was implemented by state-selectively moving
the atoms, and making them interact using cold
collisions. This landmark experiment has pioneered a
new route towards large-scale massive entanglement
and quantum simulators with neutral atoms.

Cavity QED, possibly in combination with optical
dipole traps, is the most promising technique for
realizing an interface between different carriers of
guantum information, implemented either with free-
space atoms emitting photons in a random direction

(probabilistic approach), or with atoms in high-finesse
cavities where the strong atom-photon coupling
guarantees full control over photon emission and
absorption (detemministic approach). The latter
approach can be realized both with Rydberg atoms in
microwave cavities as well as with ground-state
atoms in optical cavities. If each atom resides in its
own cavity, the scheme guarantees addressability
and scalability in a unique way. As quantum
information is exchanged via flying photons, the
individual qubits of the quantum register can easily be
separated by a large distance. The photon-based
scheme is therefore ideal to build a distributed
guantum network. The main achievements in this
sector include:

1. Probabilistic approach in free space:

A Asingle trapped atom has been entangled
with a single photon.

2. Deteministic approach using microwave
cavities: Circular Rydberg atoms and
superconducting cavities are proven tools for
fundamental tests of quantum mechanics and
quantum logic:

A Complex entanglement manipulations on
individually addressed qubits with long
coherence times have been realized.

A Gates have been demonstrated.

A New tools for monitoring decoherence of
mesoscopic quantum superpositions have
been developed.

3. Deteministic approach with optical cavities:

A The strong atom-photon coupling has
been employed to realize a deterministic
source of flying single photons, a first step

towards a true quantum-classical
interface.

A With single photons, two-photon
interference effects of the Hong-Ou-
Mandel type have been observed. These
experiments demonstrate that photons
emitted from an atom-cavity system show
coherence properties well suited for
guantum networking.

A Moreover, single atoms were optically
trapped inside a cavity for such a long
time that experiments can be performed
with just one single atom.

A Anovel cooling technique avoiding
spontaneous emission was successfully
implemented.

A Single or a small number of individually
addressable atoms was deteministically
transported in and out of a cavity by
means of an optical conveyor belt.

All of the achievements reported in this section have
been realized within European labs, and in many
cases they are purely European achievements, in the
sense that they are not to be found in labs outside
Europe.

C. Present challenges

Most neutral-atom systems have not yet demonstrated
two-qubit operations, mainly because the technology to
perform single-atom experiments is relatively new (less
than 10 years).

Optical tweezers and arrays of optical traps are
most advanced in manipulating neutral-atom qubits.

1. Inoptical tweezers and small-scale dipole trap
arrays, the main challenges are first to
implement a two-qubit quantum gate, e.g., using
a controlled collision of two atoms, and then to
increase the size of the quantum register to more
than 2 atoms.

2. In optical lattices, full addressability of each
individual qubit of the closely spaced register is
one of the main challenges.

3. In both scenarios, the speed of a gate must
eventually be increased by implementing a
collision which exhibits a large cross section, for
example by involving Rydberg atoms or
molecular (e.g., Feshbach) interactions.

Atom chips: Despite their recent achievements,
experiments with atom chips are still facing a large
number of challenges for implementing QIPC.

1. Aquantum memory, thatis the reading and
writing of quantum information into single atoms
or atomic ensembles must be realized.

2. Next, a two-qubit quantum gate, for example by
employing a controlled collision, must be
implemented.

3. The full demonstration of the potential provided
by atom chips requires the realization of large-
scale integration, e.g., with several 10 qubits.

4. Potential roughness very close (um) to micro-
fabricated structures is of concern for qubit
storage and transport. Even though for current-
carrying structures the problem can be solved
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and compensated for by the design and
fabrication methods as developed recently,
micro-structures with fewer defects might be
needed for permanentmagnets.

5. Merging atom-chip technology and cavity QED is
promising. High-finesse miniature optical or
microwave cavities can be coupled to ground
state or Rydberg atoms trapped on a chip.
Coherence preserving trap architectures are an
important first step towards a fully scalable
architecture combining the best of both worlds.

Polar molecules: Research with polar molecules has
just started and, hence, is still facing a large number of
experimental challenges. Some of these are:

1. As laser cooling methods developed for atoms
fail for molecules, new cooling techniques need
to be developed to reach the ultracold regime.

2. The number of molecules and their density
needs to be increased before coallisions can be
observed in electric trapping experiments.

3. Efficient molecule detection techniques must be
developed in particular for experiments involving
only single or a few molecules.

Cavity QED: The main difficulty in implementing QIPC
protocols in present demonstration experiments is the
enomous technological complexity required to obtain
full control over both atoms and photons at the single-
particle level.

1. The probabilistic approach suffers from the low
efficiency of photon generation and detection,
and the large solid angle of photon emission for
a free-space atom.

2. The deteministic approach employing
microwave cavities has intracavity-photon
generation and absorption efficiencies close to
100%, and the implementation of simple
algorithms is in view.

A One of the main challenges is the
demonstration of scalability. The preparation
of a non-local entangled and possibly
mesoscopic quantum state shared between
two remote cavities is amajor task.

A Another challenge is the realization of
guantum feedback or error correction
schemes to preserve the quantum
coherence of the field stored in a cavity with
a finite quality factor.

3. The deteministic approach utilizing optical
cavities has led to photon-emission efficiencies
of up to about 30 %. Challenges are

A To entangle in a deterministic manner a
single atom with a single photon, and to
teleport the quantum states between distant

photon-emitting and photon-receiving atoms.

A Inorder to integrate individual quantum -
network nodes into a scalable quantum-
computing network, a set of individually
addressable atoms located in different
cavities must be implemented.

A Moreover, single-photon quantum repeaters
which are necessary to communicate
guantum information over large distances
need to be developed.
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A Ultimately, the gate speed should be
increased by installing a few-wavelength
long cavity. The combination of such a
micro-cavity with presently available
trapping and cooling techniques is a
challenge.

In the microwave domain, a method of
deterministically transporting single atoms in and out of
a cavity, for example by means of an optical conveyor
belt, is needed to address the individual atoms of a
stationary quantum register.

A major challenge for theoryis to characterize and
optimize the suitability of each of the available and
proposed experimental systems as platforms for
general-purpose quantum computing or rather for
guantum simulation.

All of the strategic challenges in this section represent
current or planned activity at European labs.

D. Key references

A tutorial review on QIPC with atoms, ions and
photons can be found in, e.g.:

[1] C. Monroe, 66Quantum |
with Atoms and Phot €46s
(2002).

21 3.1 . Cirac and P. Zol |l
Quantum Informationwith At oms and

Physics Today 38-44 (March 2004).
4.2.3 SUPERCONDUCTING CIRCUITS

A. Physical approach and perspective

Quantum computation with superconducting circuits
exploits the intrinsic coherence of the superconducting
state, into which all electrons are condensed. Quantum
information is stored in the number of superconducting
electrons (charge qubit), in the direction of a current
(flux qubit) or in oscillatory states (phase qubit).
Systems are fabricated with thin film technology and
operated at temperatures below 100 mK.
Measurements are performed with integrated on-chip
instruments. Coupling between qubits can be made
strong. In principle the system is scalable to large
numbers. The US QIST roadmap gives more detailed
information and references, though not quite up to date
[1]. Ageneral background is provided in [2].

Approximately 30 groups work on superconducting
quantum bits in Europe, Japan, China and the USA.
European groups in experiments are: D. Esteve and D.
Vion (Saclay, FR), J. Rooij and H. Harmans (Delft, NL),
P. Delsing (Chalmers, SE), A. Zorin (PTB, DE), E.
llichev (Jena, DE), A. Ustinov (Erlangen, DE), F.
Hekking, O. Buisson (Grenoble, FR), J. Pekola
(Helsinki, Fl), S. Paroanu Jyvaskyla, Fl), D. Haviland
(Stockholm, SE), C. Cosmelli and M. G. Castellano

(Rome, IT), and others. In theory: G. Schon, (Karlsruhe,

DE), R. Fazio (Pisa, IT) A. Wilhelm (Miinchen, DE), G.
Wendin (Chalmers, SE), M. Grifoni (Regensburg, DE),
G. Falci (Catania, IT), K. Bruder (Basel, CH), and
others.

B. State of the art

1. Qubits can be readily fabricated with suitable
parameters. Small variation of qubit parameters
can be achieved.



2. Initialization proceeds by relaxation into the
ground state before quantum operations start.

3. Single qubit operations are performed with
microwave pulses or DC pulses.

4. 1-pulse Rabi oscillations and 2-3 pulse Ramsey
or spin-echo signals have been realized.

5. Decoherence times of several microseconds
have been observed, shortest time needed for a
basic quantum operation is several
nanoseconds.

6. a) With charge 2-qubitsystems a controlled-not
gate has been realized with DC pulses.

b) The presence of coupling has been
demonstrated in flux qubits with spectroscopy.

7. Strong coupling, allowing exchange of a single
photon, has been achieved between a hamrmonic
osdillator and a qubit in two different types of
qubit.

8. Rabi oscillation between two Josephson junction
qubits has been achieved, and simultaneous
single-shot readout has been performed to
detect the anticorrelations in a Bell state.

All of these results have been achieved within Europe,
apart from 6.a) (Japan) and 8 (USA).

C. Strengths and weaknesses

Strengths:

A High potential for scalable integrated technology.
Strong coupling between qubits possible.
Flexible opportunities with different qubit types.

Mature background technology, 20 years of
experience.

Driver of applications in solid-state quantum
engineering.

A Long history of pushing the limits of
measurement towards quantum limits.

A Low-temperature or superconducting
technologies necessary for integration with solid
state microtraps for hybrid systems.

Weaknesses:
A Coherence limited by defects in tunnel barriers.

A Slight variation in qubit parameters associated
with fabrication.

> > > >

™

D. Short-term goals (next 3-5 years)
A Realize reliable two-qubit gates in all types of
qubits.
A Realize non-destructive single shot readout of
individual qubits in multi-qubit circuits
A Improve fidelity of operation and readout.

A Investigate and eliminate main sources of
decoherence.

A Develop junctions with lower 1/f noise.

A Realize fully controllable three-qubit clusters
within a generally scalable architecture.

A Devwelop switchable coupling between qubits.

A Realize systems of multiple qubits coupled
through common hamonic oscillator buses 1
solid-state cavity QED.

A Demonstrate teleportation and rudimentary
guantum error correction.

A Make first experimental tests of quantum
algorithms with 3-5 qubits.

All of the above goals are among the priorities and can
be achieved by European labs.
E. Long-term goals (2010 and beyond) (cf. also [2])
A Develop multi-qubit circuits (5-10 or more).

A Improve fidelity to the level needed for large-
scale application.

A Dewelop interfaces to microwave and optical
transmission lines.

A Dewelop interfaces for hybrid solutions to long
term storage and communication.

A Al of the above goals are among the priorities
and can be achieved by European labs.

F. Key references

@] T.P. Orlando, 66Superconduct
Quantum Information Processing and Quantum
Computingdd, in 6A Quantum |

and Technology Roadmap, Part 1: Quantum
Computationd, Ver sion 2.
references therein; available from
http://gist.lanl.gov.
2] D. Esteve,
6Proceedings of the
School on Quantum Entanglement and
Information Process-Mngd,
Raimond, editors), Elsevier (2004).
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4.2.4 SEMICONDUCTOR QUANTUM DOTS

A. Physical approach and perspective

Il-V Semiconductor heterostructures (e.g. GaAs, InP,
| nAs , etc) form the
combining ultrafast electronics (e.g. HEMT), low-power
optics together with the conversion between electronics
and optics. The industrial development of this material
class has also been fruitfully utilized in the field of
QIPC. Employing nanofabrication and/or self-
assembling techniques, quantum dots have been
defined that can be addressed electrically and/or
optically. The emerging field of quantum opto-
electronics can provide an interface between solid state
qubits and single-photon quantum optics.

Currently, quantum dot (QD) spin based quantum
information processing (QIP) is pursued by 10 groups
worldwide, 5 of which are located in Europe [L.
Kouwenhoven (Delft, NL), K. Ensslin (ETH-Zurich, CH),
G. Abstreiter (TU-Munich, DE), Ch. Bayer (Dortmund,
DE) and A. Imamoglu (ETH-Zurich, CH)], as well as D.
Loss (Basel, CH) on the theory side.

B. State of the art

The quantum dot qubits being developed in llI-V
semiconductors are based on the charge orspin
properties of single electrons. Stable and reproducible
guantum dots have been developed using split-gate
techniques that can be loaded with exactly zero, one or
two electrons. Electrical signals in the kHzto GHz
range allow one to transfer reliably an individual
electron from one quantum dot to another (Delft result).
Circuits of such quantum dot devices form the basis for
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the Loss-DiVincenzo proposal (Basel result) exploiting
the electron spin as the qubit degree of freedom. In this
scheme the electron charge is used for manipulation of
the carriers. The spin dynamics is largely decoupled
from the charge motion and remains coherent over long
time scales. An important aspect of the Loss -
DiVincenzo proposal is the full on-off control over the
two-qubit interaction. In split-gate quantum dots this
control via the spin-spin exchange interaction can be
realized simply by switching electrical gate voltages.
Charged qubits were also discussed by the Oxford
group, and served as a model for early implementations
of quantum logic gates.

The current status in the field is the realization of
highly controllable quantum dofts in various labs. (The
material and nanofabrication flexibility is certainly strong
in this QIPC approach.) The spin qubit states as well as
the two qubitsuperposition states are easily resolved in
transport measurements. An all-electrical readout of
individual spins (e.g. single shot measurements) has
been realized (Delft result). An ensemble average
provides values for the spin life time of the order of
milliseconds. Itis important to note that these values
are measured in an electrical circuit with all components
activated and thus they include the effects from a
realistic back-action (Delft result).

Quantum dots are often referred to as artificial atoms.
Some of the fundamental atom-like properties of
optically active quantum dots, such as photon
antibunching and presence of absorption/emission lines
predominantly broadened by radiative recombination,
have already been confirmed experimentally. In
contrast to atoms and electrically-defined quantum dots
discussed earlier, optically active quantum dots suffer
from spatial and spectral inhomogeneity; i.e. each
quantum dot has an energy and location that is a priori
impossible to be determined with reasonable accuracy.
This property has important but not necessarily
negative consequences for their applications in
quantum information processing.

Arguably, the mostsuccessful application of quantum
dots in quantum information processing has been the
realization of high-efficiency single-photon sources (first
results from Imamoglu et al., now at ETH Zurich). The
fact that quantum dots exhibit no center-of-mass motion
and that they can be embedded in nano-cavity
structures with ultra-small mode volumes, enabled
generation of a train of optical pulses that never contain
more than a single photon, with efficiency exceeding
30%. In addition to potential applications in
unconditionally secure quantum key distribution, such a
source could also be used to produce indistinguishable
single- photon pulses that form the backbone of linear
optics quantum information processing schemes.

Cavity QED has been a central elementin many
quantum optics based quantum computation proposals.
Recently, three groups have reported the observation of
strong-coupling regime for a single quantum dot
embedded in a nano-cavity structure (Wurzburg result).
While these experiments relied on a random spatial and
spectral coincidence between the quantum dot and
cavity modes, recent advances in growth and
processing have demonstrated thatitis possible to
deteministically locate a single quantum dot at the anti-
node of a photonic crystal nano-cavity structure which is
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in turn spectrally resonant with the quantum dot exciton
line (ETH Zurich result).

The progress in optical manipulation of quantum dot
spins has been relatively slow. Deteministic charging of
a single quantum dot with a single excess electron has
been demonstrated by several groups. More recently,
resonant laser transmission measurements on a single
charged quantum dot have been used to demonstrate
spin-selective optical absorption, or equivalently, Pauli-
blocking of optical transitions (LMU and ETH-Zurich
result).

C. Short-term goals (next 3-5 years)

A Integrate electrically controlled single-qubit
gates, two-qubit gates and single-shot read-out
into a single device

A Demonstrate optically controlled single- and two-
qubit gates

A Realize coupling between two distant spins on a
chip, via striplines or on-chip cavities

A Interconvert between single electron spins and
single-photon polarization (standing qubit to
flying qubit conversion)

A Dewelop the ability to measure and/or control the
nuclear spin bath, in order to retrieve the
intrinsically long electron spin coherence times

A Extend system size from two qubits to three

A Implementsimple quantum algorithms, error
correction protocols, etc.

A Explore and compare altemative semiconductor
materials for quantum dots

D. Long-term goals (2010 and beyond)

A Develop multi-qubit circuits in ascalable
architecture

A Improve fidelity to the level needed for fault
tolerance

A Demonstrate a quantum repeater (photon to spin
to photon conversion)

E. Keyreferences

[1] D. Loss and D. DiVincen
computation with quantu
57,1201 126 (1998).

[2] J. M. Elzerman, R. Hanson, L. H. Willems Van
Bereven, B. Witkamp, L. M. Vandersypen, and L.
P. Ko uwe n ho vshot readépdt & ann g |
indi vidual electron spi
Nature 430, 431 (2004).

[3] M. Kroutvar, Y. Ducommun, D. Heiss, M. Bichler,
D. Schuh, G. Abstreiter, and J. J. Finley,
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81 (2004).

[4] A. Hogele, M. Kroner, S. Seidl, and K. Karrai, M.
Atatlire, J. Dreiser, and A. Imamoglu, A.

Badolato, B. D. Gerardot, and P. M. Petroff
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4.2.5 LINEAR OPTICS
A. Physical approach and perspective

Optical quantum computing (OQC) exploits
measurement-based quantum computing schemes with
photons as physical qubits. The interaction between
separate photonic qubits is induced by measurement,
as opposed to a direct interaction via nonlinear media.
The two main physical architectures for OQC are based
on proposals by Knill, Laflamme and Milbum [1], the
KLM architecture, and by Raussendorf and Briegel [2],
the one-way quantum computer with cluster states:

A KLMallows universal and scalable OQC using
only single photons, linear optics and
measurement. The by now seminal KLM work
was based on the important findings of
Gottesman, Chuang and Nielsen conceming the
role of teleportation for universal quantum
computing. The physical resources for universal
(optical) quantum computation in the KLM
scheme are multi-particle entangled states and
(entangling) multi-particle projective
measurements.

A Clusterstate quantum computing has become an
exciting alternative to existing proposals for
guantum computing, and a linear optics
approach is one possible implementation. It
consists of a highly entangled multi-particle state
called a cluster state, combined with single-qubit
measurements and feed-forward, which are
sufficient to implement scalable, universal
quantum computation. Different algorithms only
require a different
operations on a sufficiently large cluster state.
Since only single-particle projections, together
with the ability to construct the initial highly
entangled cluster state, are needed to operate
such a one-way quantum computer, the cluster
state approach might offer significant
technological advantages over existing schemes
for quantum computing: this includes reduced
overall complexity and relaxed physical demands
on the measurement process (as compared to
sensitive multi-particle projections) as well as a
more efficient use of physical resources.

Currently, the linear optics approach to quantum
computation is pursued by the following European
groups: K. Banaszek (Torun, PL), F. DeMartini (Rome,
IT), N. Gisin (Geneva, CH), P. Grangier (Orsay, FR), A.
Karlsson (Stockholm, SE), J. Rarity (Bristol, UK), A.
Shields (Cambridge, UK), I. Walmsley (Oxford, UK), H.
Weinfurter (Munich, DE), and A. Zeilinger (Vienna, AT).

B. State of the art

Important key elements for linear optics quantum
computation, namely the generation of entangled
states, quantum state teleportation and entanglement
swapping have already been realized early in the field

fipattern éprogrpssesd }NiFi“ tlheelast

(e.g. teleportation in 1997 and entanglement swapping
is 3988). Ehmlatést devllapments encluder&alization of
entanglement purification, freely propagating teleported
qubits and feed-forward technology.

Several practical designs implementing the KLM

Emi t t eschemebthave subsaguently been developed.

Experimental methods for ultra-precise photonic
guantum state creation, which serve as ancillas in the
measurement-based schemes, now achieve typical
fidelities above 99%. Using coincident detection there
have been a range of demonstrations of
nondeterministic two-qubit gates: a fully-characterized
two-photon gate operating with >90% fidelity, four-
photon CNOTgates both with entangled ancilla and with
teleportation, a KLM nonlinear sign shift gate and a
three-photon simulation of the entangled-ancilla gate.
These gates can be made scalable with additional
resources. Several of these gates have been used in
simple applications such as demonstrations of quantum
error encoding and generalized non-destructive
guantum measurement circuits of two classical logic
gates and Bell measurement for teleportation.

Proposals for the optical implementation of cluster
state quantum computing have been put forward
recently and are promising significant reductions in
physical resources by two orders of magnitude as
compared to the original KLM scheme. Separately, a
variety of modifications to KLM has been suggested to
also reduce resource requirements. Recently, the
realization of a photonic four-qubit cluster state allowed
to demonstrate the feasibility of one-way quantum
computing through a universal set of one- and two-qubit
operations, as wel |l as the
search algorithm [3].

Enabling technologies for OQC are:

A Characterization of photonic quantum states and
processes. Acomplete, tomographic,
characterization of individual devices is
indispensable for error-correction and has quite

:@.ianntum

process tomography can be used to fully

characterize a quantum gate, probing it either
with a range of inputstates or with a single
bipartite maximally entangled state, the second
method being the only viable one for continuous
variable quantum processors. Based on the
information gained from a complete process
characterization it was recently shown how to
estimate (and bound) the error probability per
gate.

A Development of single photons and/or entangled
photon sources is required for OQC. Currently,
no source of timed single photons or
entanglementis available. In the meantime,
bright, albeit non-detemministic sources of
correlated photons or entangled-photon pairs are
critical to allow on-going evaluation of circuit
technology as itis developed. Ultra bright and
compact sources, some fiber-coupled to improve
mode quality, have been developed. Relatively
brighter sources (though not yet in absolute
terms) have been demonstrated using
periodically-poled nonlinear waveguides.
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High-fidelity multi-qubit measurements (in the KLM
scheme) and reliable preparation of multi-qubit states
(in both the KLM and the cluster state scheme).

C. Strengths and weaknesses

Current drawbacks of the OQC approach are low
photon creation rates, low photon detection efficiencies,
and the difficulties with intermediate storage of photons
in a quantum memory (see also section 4.1.3).
Advantages are obviously low decoherence (due to the
photonds weak coupling to
processing, compatibility to fiber optics and integrated
optics technologies and, in principle, straightforward
scalability of resources. Amajor advantage for OQC is
the very short time for one computational step
achievable by using ultra-fast switches for the
implementation of active feed-forward. With present
technologies this can be done in less than 100
nanoseconds (in the future probably down to 10
nanoseconds). However, the low efficiencies quoted
above are presently an important practical limitation to
scalability, in the sense that they damp exponentially
the success probability of most quantum operations.

D. Challenges

The main challenges for OQC can be summarized as
follows:

A To achieve fault-tolerant quantum computing.
The basic elements of fault-tolerance for OQC
are becoming well understood. It has recently
been shown that also optical cluster state QC
may be performed in a fault-tolerant manner.
Error models for KLM-style OQC have found that
error thresholds for gates are above 1.78%.

A To reduce the resources required for OQC
further and to find the limiting bounds on the
required resources.

A To achieve massive parallelism of qubit
processing by investing in source and detector
technologies. Specifically, the development of
high-flux sources ofsingle photons and of
entangled photons as well as photon-number
resolving detectors will be of great benefit to
achieve this goal.

A To realize fast optical switches for implementing
active feed-forward. This is a crucial step
towards deteministic linear-optics quantum
computation.

A To generate high-fidelity, large multi-photon (or,
more generally, many-particle) entangled states.
This will be of crucial importance for cluster state
qguantum computing.

A Toimplement OQC architectures on smaller,
integrated circuits. All of the current technologies
involve either free space optics or combinations
of free-space optics and optical fibers. To
achieve long term scale-up, it will be essential to
move to waveguide and integrated optics.

E. Keyreferences

Ml E. Knill, R. Lafl amme,
scheme for efficient quantum computation with
Il inear opticsdo, Natur e
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4.2.6 IMPURITY SPINS IN SOLIDS AND

SINGLE MOLECULAR CLUSTERS

trafast

Storage and processing of information can be carried
out using individual atomic and molecular spins in
condensed matter. Systems falling into this category
include dopant atoms in semiconductors like
phosphorous or deep donors in silicon or color centers
in diamond, nitrogen or phosphorus atoms in molecules
like C60, rare earth ions in dielectric crystals and
unpaired electrons at radiation induced defects or free
radicals in molecular crystals. The main attraction of
spins in low-temperature solids is that they can store
guantum information for up to several thousand
seconds [1]. Specific systems have been selected
based on criteria like: dephasing time, optical access,
single quantum state readout, and nanostructuring
capabilities. While most of these systems are scalable
in principle, technical progress in single quantum state
readout, addressability and nanoengineering is
necessary.

Another solid basis for quantum information
processing, which relies on new molecules engineered
with features suitable for qubit encoding and
entanglement, is provided by Single Molecular Magnets
(SMMs). Current research activity focuses on the
control of the coherent spin dynamics in molecular spin
clusters, which implies the control of decoherence
mechanisms both at synthetic level and in terms of
modelling. While most of the experiments are currently
performed on bulk crystals, the final goal of
manipulating single molecular spins is drawing
increasing attention towards the grafting of molecules at
surfaces and the development of techniques for
readout.

Research groups engaged in QIP research regarding
impurity spins in solids in Europe include A. Briggs
(Oxford, UK), P. Grangier (Orsay, FR), O. Guillot-Noél
and P. Goldner (Paris, FR), W. Harneit (Berlin, DE), S.
Kroll (Lund, SE), J.L. LeGouét (Orsay, FR), M. Mehring
(Stuttgart, DE), K. Mglmer (Aarhus, DK), J.F. Roch
(Cachan, FR), M. Stoneham (London, UK), D. Suter
(Dortmund, DE), J. Twamley (Maynooth, El), J.
Wrachtrup (Stuttgart, DE).

Research groups working on QIP with molecular spin
clusters in Europe include D. Loss (Basel, CH), B.
Barbara and W. Wernsdorfer (Grenoble, FR), M.
Affronte and F. Troiani (Modena, IT), D. Gatteschi
(Florence, IT), R. E. P. Winpennyand G. Timco
(Manchester, UK).

B. State of the art
Impurity spins: Atomic and molecular spins in solids
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systems like dilute rare earth ions, color centers,
random deep donors in silicon with optically controlled
spin and defects in wide and narrow band gap
semiconductors have underlined their potential
usefulness in QIP [2]. Most approaches use electron or
nuclear spin degrees of freedom as quantum bits. The
specific advantages of spin systems includes long
decoherence times [3] and access to highly advanced
methods for precise manipulation of quantum states.
The experimental techniques that have made liquid
state NMR the mostsuccessful QIP technique in terms
of precise manipulation of quantum states so far are
currently being transferred to solid-state systems.
These systems may be able to overcome the scalability
problems that plague liquid state NMR while preserving
many of the advantages of

In detail the following landmark results have been
achieved:

1. Magnetic resonance onsingle defects detected
by charge transport and single spin state
measurements by optical techniques.

2. Single and two qubit quantum gates on single
defect spins in diamond.

3. Forrare earth crystals preparation and readout
of ensemble qubit states Rabi flops of a qubit,
and qubit decoherence times on the order of
seconds have been achieved. State control and
guantum state tomography with a fidelity > 90%
was shown. Photon storage for more than one
second has been shown.

4. The preparation of Bell states with electron and
nuclear spin ensembles as well as a three qubit
Deutsch-Jozsa algorithm has been achieved.

5. Ascalable architecture has been developed for
N@C60 on Si and decoherence times have been
measured tobeupto 1s.

All of these are European achievements (point 3 was
partly achieved in Australia).

SMMs: Quantum dynamics ofspins in molecular
clusters has been deeply studied by a number of
fundamental works in the last decade. Decoherence
and dephasing mechanisms have been investigated in
assemblies: the intrinsic coherence times are expected
to be longer than microseconds (preliminary
experiments provide a lower bound of few tens of ns);
similary, the switching rates for one-qubit and two-qubit
gates are estimated to be on the order of hundreds of
picoseconds.

Recent important achievements are:

C. Strengths and weaknesses

Impurity spins: The strength of defect center QIP in

solids are the long decoherence times of spins even
under ambient conditions and the precise state control.
Depending on the system, electrical as well as optical
single spin readout has been shown (fidelity of 80%).
Substantial progress in the nanopositioning ofsingle
dopants with respect to control electrodes has been
achieved. Weaknesses are: Electrical and optical
readout of spin states has been shown up to now for
only a single type of defect. Nanopositioning of defects
is still a major challenge (which has seen dramatic
progress for phosphorus in silicon). However there are
schemes, based on deep donors in Si, where
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spectral selection to isolate qubits and their interactions.
Manipulation and readout is optical. The situation is
similar for rare earth crystals, butin this case a fully
scalable scheme still needs to be developed.

SMMs: The bottom-up approach used by supra-

molecular chemistry offers simple and relatively cheap
processes for the fabrication of quantum nanosized
molecules exhibiting multi-functionality like the
switchability of magnetic states with light, resonance at
RF-MW radiation, etc. Moreover, the control on and the
sharp definition of eigenstates and eigenvalues in
magnetic molecules provides an extraordinary stimulus
for the development of new quantum algorithms and
schemes. In the latter case, the main issue would be to
prove that single, isolated molecules behave not much
differently from whatis observed in experiments
performed on assemblies of molecules.

D. Short-term goals (next 3-5 years)

Impurity spins: Impurity systems form a bridge for

transferring quantum control techniques between
atomic and solid state systems. Close interaction
between the atomic physics and solid state

communities is a key ingredient for achieving this.

A The mid term perspectives for phasphorus in
silicon are the demonstration of single spin
readout and two qubit operations. Major efforts
are concentrated in the US and Australia.

A Optical readout of defects in diamond heads
towards a three qubitsystem and demonstration
of teleportation by 2006. For further scaling
advanced nanoimplantation techniques need to
be developed.

A Forrare earth crystals the expected

1. Proposals for the i mpl ement at9e®APMgnss inthg peardifure (1ygap igcludes

algorithm in high spin SMMs [4], and of universal
solid state quantum devices in antiferromagnetic
spin clusters;

2. Synthesis of specific molecules providing
promising test-beds for scalable schemes [5];

3. Entanglement of states belonging to different
molecules inspired both synthesis of new
molecular dimers and elaboration of specific
guantum algorithms that exploit some features of
molecular clusters.

All of these are European achievements.

the demonstration of two-qubit gates. Next,
single ion readout will be developed for scaling
up to several qubits.

A For N@CB60, single readout for single spins
should be demonstrated by 2006. For the
scheme based on deep donors in Si or diamond,
shortterm goals are demonstrations of all the
key steps of fabrication, preparation, readout,
and manipulation.

Excluding the first, all other goals are within reach of

European laboratories.
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SMMs: The main goals can be summarized as follows:

A To engineer new molecular clusters for the
optimization of the coherent dynamics of spins,
and design, synthesize and characterize
controlled molecular linkers between spin
clusters;

A To setup experiments for the direct observation
of coherent dynamics (for instance Rabi
oscillations, spin echo experiments), and probe,
understand and reduce the intrinsic decoherence
mechanisms in specific cluster qubits;

A To develop computational schemes exploiting
the features of molecular cluster qubits, and
study different functionalities (f.i. switchability) of
molecules useful for specific tasks in complex
architectures of QIP.

These goals are achievable by European laboratories.
E. Long-term goals (2010 and beyond)

For impurity spins the main long-term challenges are

A Coupling of defects in wide band gap
semiconductors to an optical cavity mode.
Implantation of defects with nm accuracy in
registry with control electrodes. Improvementin
optical detection efficiency by one order of
magnitude to allow room temperature single-spin
state read-out.

A Forrare earth ions efforts should be joined with
crystal growth research (inorganic chemistry) to
create appropriate materials for larger scale
systems. As an example subblocks of smaller
number of qubits within a larger chain could be
selectively activated for operations by electrodes
spaced a few tens af nm on the crystal surface. It
can be expected that quantum computing in RE
crystals will both contribute to and benefit from
the development and knowledge base in the rare
earth crystal area in general.

A Few-qubit device could be built on the basis of
N@CG60 by integrating nanopositioning of

molecules with single-spin readout devices and
control electronics.

A Few-qubit (up to perhaps 20 qubit) devices
based on deep donors in silicon or silicon-
compatible systems seem possible. Such
devices should be linked into larger groups by
flying qubits based largely on technology known
from other fields. Achieving higher temperature is
also of importance here.

For SMMs, the long-termm challenges can be
summarized as follows:

A Definition of reliable procedures for preparing,
characterising and positioning (arrays of)
molecular spin cluster qubits.

A Development of models and experimental
methods for efficient read-out.
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4.3 QUANTUM INFORMATION SCIENCE -THEORY

4.3.1 INTRODUCTION

The development of quantum information science
(QIS) was initially driven by theoretical work of
scientists working on the boundary between Physics,
Computer Science, Mathematics, and Information
Theory. In the early stages of the development of QIS,
theoretical work has often been far ahead of
experimental realization of these ideas. At the same
time, theory has provided a number of proposals of how
to implement basic ideas and concepts from quantum
information in specific physical systems. These ideas
are now forming the basis for successful experimental
work in the laboratory, driving forward the development
of tools that will form the basis for all future
technologies which employ, control and manipulate
matter and radiation at the quantum level.

Today one can observe a broad and growing spectrum
of theoretical activities. Investigations include, to name
just a few examples,
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A basic concepts such as entanglement and
decoherence,

A characterization and quantification of (two- &
multi-party) entanglement,

A novel quantum algorithms and communication

protocols,

A capacities of noisy quantum communication
channels,

A optimization of protocols for quantum
cryptography,

A new computer models and architectures.

Another important class of theoretical work is
concerned with implementations of these abstract
concepts in real physical systems.

In fact, many of these theoretical proposals have
formed the starting point as well as the guide for
experimental work in the laboratories, as is described in
the other sections of this document. Last, but not least,
the transfer of concepts from quantum information
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theoryto other fields of physics such as condensed
matter physics or quantum field theory has proved
fruitful and has attracted considerable interest recently.

Itis important to realize that these activities are often
interdisciplinary in nature and span a broad spectrum of
research in which the different activities are benefiting
from each other to a large degree. Thus it does not
seem to be advisable to concentrate research on too
narrowly defined topics only. Theory groups in Europe
have been consistently delivered international
leadership in the entire spectrum of research (see more
below). This has been facilitated by a flexible and
topically broad financing on European and national
levels in the past.

In the following we give a brief outline of the current
status and the perspectives of the main areas of
quantum information theory.

4.3.2 QUANTUM ALGORITHMS &
COMPLEXITY

Foll owing Deutschos
demonstrated the potential power of quantum
algorithms and quantum computers, Shor demonstrated
in 1994 thatintegers can be efficiently factorized on a
quantum computer. Factoring is the task of
decomposing an integer, say 15, into a product of prime
numbers: 15=3*5. Its importance is immense because
many modem cryptographic protocols (for instance the
famous RSA cryptosystem) are based on the fact that
factoring large integers, as well as computing discrete
logarithms, is a hard problem on a classical computer.
Shorés result means that
crack most classical public-key cryptosystems used at
present. It has lead to extensive work on developing
new quantum algorithms. Progress has been made on
the Hidden Subgroup problem (which generalizes
Shor 6 s
affine groups, the dihedral group, or solvable groups
with small exponent. Aquantum algorithm was
di scovered for finding
is an important problem in algebraic number theory.
Strong links have been established between known
quantum algorithms and lattice problems. Finally
Groverds quantum fidat a
a quantum computer to perform an unstructured search
gquadratically faster than any classical algorithm.

In parallel with the development of new quantum
algorithms, new algorithmic technigues have been
developed. Examples of these are adiabatic quantum
computing which is a very versatile method of
approaching virtually any computational task; and
guantum random walks which have enabled important
generalizations of
also been considerable development of new protocols
for quantum communication. The objective may be to
carry out a task which is possible classically, but with
significantly less communication, such as Quantum
Fingerprinting or the Hidden Matching problem. Or it
may be to realize tasks which are impossible classically
such as biased Coin Tossing and Quantum Bit String
Generation, Quantum String Commitment, resilient and
unconditionally secure Digital Signatures, or Private
Information Retrieval. The importance of these latter
tasks lies in their
cryptographyo, this is
with the problem of two or more people who do not trust
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each other, butmust accomplish some goal together
(for instance concluding a commercial deal, consulting
a data base, etc.).We expect that the existing protocols
will be improved and will gradually be implemented in
the laboratory (as was recently the case for quantum bit
string generation). We also expect the development of
new protocols for quantum communication.
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4.3.3 COMPUTATIONAL MODELS &
coul d

There are many different ideas of how to make
quantum systems compute. While these different
computational models are typically equivalentin the
gense fhas gne can simulate the other with only
polynomial overheads in resources, they may be quite
different in practice, when it comes to a particular class
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achieve fault tolerant computation, many of them yet to
be explored in detail. At the moment the main
contenders of fundamental architectures are:

S /& aThé date ér Lil@utm ddél (Lo puRtatidn ferlised
by series of elementary unitary transformations
on a few qubits ata time).

A The one-way quantum computer (computation
realized by sequence of 1-bit measurements on
a pre-entangled cluster state).

A Adiabatic computing (computation realized by
smoothly changing a Hamiltonian, whose ground
state, at the end of the rocess,s]ar“:odes the
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A Quantum cellular automata (quantum version of
classical cellular automata).

A Quantum Turing machine (quantum version of
classical Turing machine).

Most recently, we have seen aseries of theoretical
work analyzing the connection between the different
computational models. The benefit of these works lies
in a better understanding of the capabilities and
advantages of the individual models, and of the
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out of the different approaches) will be developed. We
also expect that these models will have an increasing
impact on (i) the formulation of new quantum algorithms
and (ii) the evaluation of physical systems regarding
their suitability for fault-tolerant quantum computation.
Both of these points are of great importance for the
field: While new algorithms will further enlarge the
range of applications for quantum computers, new
methods for fault-tolerant computation will hopefully
make ittechnologically less challenging to realize
scalable quantum computers in the laboratory.
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4.3.4 GEOMETRIC AND TOPOLOGICAL
METHODS FOR FAULT TOLERANT
QUANTUM COMPUTING

An alternative approach to achieve fault-tolerant
guantum computation is by geometric means. In this
approach, quantum information is encoded in a set of
energy degenerate states, depending on dynamically
controllable parameters. Quantum gates are then
enacted by driving the control parameters along
suitable loops. These transformations, termed
holonomies, are suitable to realize a set of universal
quantum gates. Implementation schemes of
geometrical computation have been proposed for
several different physical systems, most notably for
trapped ions.

Topological models for quantum computing have been
also considered. In this case, the fault-tolerant
properties are already built-in at the physical level and
no active error detection and recovery is involved.
Quantum encoding is performed in a degenerate
ground state separated from the excited states by a
finite energy gap; for low enough temperature, this
implies an exponential suppression of leakage due to
thermal fluctuations. Moreover, topological features can
render such a ground state stable against errors acting
locallyin space. Robust quantum manipulations can be
then enacted by winding anyonic excitations around
each other and finally annihilating them back over the
ground state.

The existing protocols for fault tolerant quantum
computation have been specifically designed for
phenomenological uncorrelated noise, while few results
are known for a scenario with memory effects, i.e. non-
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Markovian noise, arising from the Hamiltonian
interaction with the environment. In particular this raises
the question of fault tolerant schemes for
phenomenological noise with memory.
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Quantum simulators may become the first application

A ofoqlﬁa tum computers, since with modest requirements
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impossible with classical computers he beginning of
the 80's itwas realized that it will be impossible to
predict and describe the properties of certain quantum
systems using classical computers, since the number of
variables that must be stored grows exponentially with
the number of particles. A quantum system in which the
interactions between the particles could be engineered
would be able to simulate that system in a very efficient
way. This would then allow, for example, studying the
microscopic properties of interesting materials
pemitting free variation of system parameters. Potential
outcomes would be to obtain an accurate description of
chemical compounds and reactions, to gain deeper
understanding of high temperature superconductivity, or
to find out the reason why quarks are always confined.

A quantum simulator is a quantum system whose
dynamics can be engineered such that it reproduces
the behaviour of another physical system which one is
interested to describe. In principle, a quantum computer
would be an amost perfect quantum simulator since
one can program itto undergo any desired quantum
dynamics. However, a quantum computer is very
difficult to build in practice and has very demanding
requirements. Fortunately, there are physical systems
with which itis not known how to build a quantum
computer, butin which one can engineer certain kind of
interactions and thus simulate other systems which so
far are not well understood. This is due to the fact that
with classical computers itis impossible to reproduce
their dynamics, given that the number of parameters
required to represent the corresponding state grows
exponentially with the number of particles. Examples
are atoms in optical lattices or trapped ions. In those
systems, one does not require to individually address
the qubits, or to perform quantum gates on arbitrary
pairs of qubits, but rather on all of them at the same
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time. Besides, one is interested in measuring physical
properties (like magnetization, conductivity, etc.) which
are robust with respect to the appearance ofseveral
errors (in a quantum computer without error correction,
even a single error will destroy the com putation). For
example, to see whether amaterial is conducting or not
one does not need to know with a high precision the
corresponding conductivity. Molecular energies within
chemical precision can also be computed by quantum
simulations. Such computations are among the smallest
applications of quantum computing. The use of 30 to
100 qubits for those algorithms exceeds the limitations
of classical computing of molecular energies.

Key references
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awvoiding is based on the symmetry structure of the
system-environment interaction thatin some
circumstances allows for the existence of decoherence-
free subspaces (DFS), i.e., subspaces of the system
Hilbert state-space over which the dynamics is still
unitary. The prototype noise model for which this
situation occurs is provided by the so-called collective
decoherence, where all the qubits are affected by the
environment in the same way. For encoding asingle
logical noiseless qubit for general collective
decoherence (dephasing), four (two) physical qubits are
needed. DFSs have been experimentally demonstrated
in a host of physical systems, and their scope extended
by generalizing the idea of symmetry-aided protection
to noiseless subsystems.
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quantum computation like the adiabatic model or the
cluster model (see section 4.3.3).

In error avoiding codes, no active
monitoring/intervention on the system is in principle
necessary, since errors are simply circumvented. Error
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4.3.7 THEORY OF ENTANGLEMENT

Secret correlations are an important resource already
in classical cryptography where, for perfect secrecy,
sender and receiver hold two identical and therefore
perfectly correlated code-books whose contents are
only known to them. Such secret correlations can
neither be created nor enhanced by public discussion.
Entanglement represents a novel and particularly strong
form of such secret correlations. Therefore,
entanglementis a keyresource in quantum information
science. Its role as a resource becomes even clearer
when one is considering a communication scenario
between distant laboratories. Then, experimental
capabilities are constrained to local operations and
classical communication (LOCC) as opposed to general
non-local quantum operations affecting both
laboratories. This is an importantsetting in quantum
communication but also distributed quantum
computation and general quantum manipulations. The
resulting theory of entanglement aims to answer three
basic questions.

Firstly, we wish to characterize and verify entangled
resources to be able to decide, ideally in an efficient
way, when a particular state that has been created in an
experimental set-up or a theoretical consideration
contains the precious entanglement resource. For the
experimental verification of this resource, the tool of
entanglement witnesses allows to detect entanglement
with local measurements only, and thus is easily
implementable with present technology. Secondly, we
wish to determine how entangled state may be
manipulated under LOCC. In many situations an
experimental setting will yield a certain type of
entangled state that may suffer certain deficiencies. It
may not be the correct type of state or it may have
suffered errors due to experimental imperfections and
be entangled. Once characterization methods have
determined that the resulting state contains
entanglement one can then aim to transform the initial
state into the desired final state. Thirdly, it will be
important to quantify the efficiency of all the processes
and procedures as well as the entanglement resources
that have been identified in the above two areas of
research. If we have found entanglementin a state,
then one will need to know how much of itthere is.

Considerable progress in this area has been made in
recent years, in particular in the case of bi-partite
entanglement, but we are still far away from a
comprehensive understanding of this key resource for
quantum information processing. Research in this area
will continue to playa central role in the field, and we
expect that an increasing effort will be undertaken
towards the classification and quantification of
entanglement in multi-party entangled states. It is worth
pointing out that insights in the theory of entanglement
are not only important the field of QIS itself, but they
have now reached the stage where they are being
applied to other areas of physics (see the subsection
4.3.10).
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4.3.8 MULTI-PARTY ENTANGLEMENT &
APPLICATIONS

Research on multi-particle entanglementis on the one
hand expected to be focused on novel protocols for
guantum information processing in the multi-partite
setting. Entanglement in quantum systems embodying
more than two constituents is fundamentally different
from two-party entanglement, allowing for novel
applications. This work on novel protocols includes
work on instances of secret sharing or multi-partite
fingerprinting. Notably, such multi-partite fingerprinting
schemes would allow for the determination whether a
number of databases are identical with little resources.

For quantum computation purposes itseems a major
milestone to develop computation schemes that require
minimal local control over interactions, such as in novel
measurement-based computation schemes using multi-
particle entangled resources as in cluster-state based
approaches or in linear optics quantum computation.
Alternatively, quantum cellular-automata based
approaches may offer the potential of implementing
guantum computation with little requirements of local
control. Research work towards a complete
understanding of the classification and quantification of
multi-particle entanglement is expected to supportsuch
work, notably using methods from convex and global
optimization, which give rise to novel methods for
classification and quantification of entanglement.
Laboratory quantum states such as random states or
graph states as generalizations of cluster states may
facilitate such studies.

On the other hand, there are good reasons to believe
that a refined picture of criticality and phase transitions
can be reached with the help of tools coming from the
theory of entanglement. These ideas help in devising
new simulation methods of ground states of many-body

s t afafiftoni¥hs ih dblid Ethtd physi&si(afd many-body

guantum systems in general). Finally, studies seem to
indicate that questions in quantum field theory may
become significantly more accessible using methods
from entanglement theory (see also section 4.3.10).
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4.3.9 NOISY COMMUNICATION CHANNELS

The proper understanding of the capacities of
guantum communication channels is at the heart of the
study of quantum communication tasks. Of particular
importance are the transmission of classical or quantum
information, or establishing secret keys. The general
framework for distilling classical keys from quantum
states have been also established, opening the
possibility of secure communication on extremely noisy
channels. Butitis also known that one can use noise
and perfectside communication to implement other
cryptographic primitives like bit commitment and
oblivious transfer. Channel capacities are of central
interestin several different settings, being reflected
notably by the classical capacity of quantum channels,
guantum capacities, and entanglement-assisted
capacities.

The central question is essentially what resources are
required for transmitting classical or quantum
information using quantum channels, such as optical
fibers in a practical realization. An open problem is for
example if entanglement can always be used as a
source of secret keys; another key problem is whether
an increased capacity can be obtained by employing
entangled signal states (multiple uses) as opposed to
single uses of the channel. This problem is widely
known as the additivity problem for the Holevo capacity.
There has been recent progress on this question, in
particular linking this problem to seemingly unrelated
additivity questions. In future work, this link between the
different problems must be studied in more detail. For
channels of salient interest this question will be directly
addressed, using concepts of output purities. Novel
methods from global optimization may be helpful here.
For Gaussian channels, with practical importance in
quantum communication with fibers, it seems within
reach to find a complete answer to the above questions.

Finally, itis to be expected that more problems, as
well as new perspectives, will arise when one considers
multi-user channels, i.e., with more than one
sender/receiver. While single-sender-receiver settings
serve well to study bipartite correlations, such problems
have an immediate impact on understanding multi-
partite correlations and their role in quantum
communication via noisy channels. Also, quantum
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4.3.10 FUNDAMENTAL QUANTUM
MECHANICS AND DECOHERENCE

Quantum information was born, in part, via research
on the famous Einstein-Podolski-Rosen paradox and
the issue of quantum non-ocality. In turn, quantum
information led the discussion to move beyond purely
gualitative aspects of non-locality to defining and
investigating quantitative aspects. In particular, itis now
understood that non-ocality is one of the central
aspects of quantum mechanics. More generally,
guantum information profits substantially from studying
the fundamental aspects of quantum mechanics and, at
the same time, yields new points of view, raising hopes
of gaining a deeper understanding of the very basis of
quantum mechanics.

The study of decoherence is intertwined with the field
of quantum information science in at least three ways.
Key challenges of the next years in the study of
decoherence with methods, tools and intuition from
guantum information science will include the following:

A To understand the fundamental role of classical
correlations and entanglement in the
decoherence process itself, and to flesh out the
robustness of entangled states under typical
decoherence processes.

A To engineer further ways to prevent
decoherence in applications of quantum
information processing, by exploiting
decoherence-free subspaces, entanglement
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distillation, and dynamical decoupling procedures
as bang-bang control.

To support and contribute to experiments on
decoherence to further understand the quantum
to classical transition, and to determine what
decoherence models are appropriate in what
contexts.
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Relatively recently the study of the role of
entanglement in infinitely extended quantum many-body
systems and quantum field theories has attracted
considerable interest. Many of the questions that are
now being asked in this area can only be answered or

Phys. Rev. Lett. 92, 107903 (2004).

4.3.12 EUROPEAN PERSPECTIVE

As shown in the examples above, quantum
information science is a broad interdisciplinary effort

even formulated correctly because of the many insights
and techniques gained in the research in entanglement
theoryin recent years. These results have already born
fruits in the development of novel simulation techniques
for quantum many-body systems i generalization of the
Density Matrix Renormalization Group (DMRG) method
T, novel facets of correlations and phase transitions in

spin systems and quantum field theories and solutions

of longstanding open questions.

whose key aim is to provide a theoretical basis for the
control and exploitation of nature at the level of
individual quanta. European research has played a
leading role in its development and has established a
strong set of world leading centers. The field is thriving
and strongly expanding both by continuing
enhancement of efforts in existing sub-areas but also
through the innovation of new research directions.
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Akeyarea is the development of new approaches
towards the realization of quantum information
processing, both at the device dependent and
independent level, as well as the concrete exploration
of existing experiments that aim towards the practical
implementation of quantum information processing.
European researchers have made pioneering
contributions to this area both on the theoretical level
and, often in close collaboration, also experimentally.
Major centers existin various European countries (see
below). These centers form the cores of a number of
EU networks providing a level of interconnection on the
European level.

Quantum information science has emerged from
groundbreaking purely theoretical work and its major
breakthroughs so far have generally been theory driven.
This abstract work addresses entanglement theory,
quantum algorithms, quantum communication and the
applications of QIS to other fields such as condensed
matter physics, field theory and the solution of problems
in classical information theory by quantum methods.
Researchers involve physicists, mathematicians,
computer scientists and engineers demonstrating its
strongly interdisciplinary character. Europe has made
groundbreaking contributions to this area that has led
the development of the field as a whole. It should be
noted that the research landscape in these theoretical
areas is still fluid and novel directions continue to
emerge. A particular growth area is the application of
the ideas emerging in QIS to other areas of physics,

mathematics and computer science, often providing
entirely new problem solving techniques to existing
areas. Intuitively this is due to the abilityto access the
full quantum mechanical state space rather than the
much smaller classical state space which permits novel
techniques to attack previously unsolved problems.
Many new insights can be expected from this approach
that will drive science forward in many areas.

Major centers existin Austria, Belgium, Denmark,
France, Germany, Netherlands, Poland, Spain, UK, and
Switzerland. They have been linked through various EU
project and the EU Network of Excellence
QUIPROCONE as well as over the last five years
through a European Science Foundation program on
QIS addressing the need for this type of research for
strong interconnections, the ability for informal
collaborative visits to facilitate exchange of ideas. This
is of particular importance in those aspects of
theoretical research that are strongly interdisciplinary
and where no single country possesses a critical mass
of research.

Theoretical research in QIS in Europe has prospered
through the efficient support for collaboration by the
European Union, the European Science Foundation
and the national funding bodies. In the face of growing
international competition from North America, Japan
and Australia it will be essential that flexible support
compatible with innovative work will continue to be
provided.

44 FUNDAMENTAL ISSUES ABOUT QIPC PHYSICS

QIPC relies on the manipulation and control of
ensembles of qubits behaving according to the counter-
intuitive laws of quantum physics. Most generally,
though, quantum features are washed outin systems
made of large numbers of particles. This decoherence
phenomenon defines a kind of boundary between the
microscopic world, where the quantum laws are
dominant, and the macroscopic world, which behaves
classically in spite of its underlying quantum nature.
This boundary is fuzzy however. It largely reflects our
lack of ability to isolate completely the system under
studyfrom its environment, made of a very big number
of uncontrolled particles. By developing clever
schemes, physicists and quantum information scientists
are finding ways to fight this environment-induced
decoherence. Some methods rely on the observation
and manipulation of the environment itself, combined
with feedback procedures counteracting the effects of
decoherence on the system under study. Other
methods, borrowing from the error correction schemes
of classical computers, are at leastin principle even
more powerful. They are based on the redundant
coding of the information in an ensemble of entangled
qubits, monitoring the effects of decoherence on a
subset of these qubits and applying correction
procedures on others to restore the initial quantum state
affected by decoherence. The progress towards the
implementation of these methods, a prerequisite for
large scale quantum computing to ever become
feasible, is discussed in other parts of this report.

Here, we focus on other aspects of this field of
research. The firstis of a pedagogical nature. By
attempting to fiharnesso t
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them useful to achieve logical tasks, QIPC scientists
are, in some way, changing our view of the quantum -
classical boundary. In the discussions of the founding
fathers of quantum theory, this boundary was explored
in thought experiments dealing with the principles of
guantum measurements where microscopic systems
are putin contact with macroscopic meters. Many QIPC
experiments with atoms and photons can be viewed as
modern realizations of these thought experiments. By
doing them, physicists getmore familiar with quantum
concepts such as complementarity and wave particle
duality. These experiments are now included in all
modern textbooks of quantum physics. This
pedagogical element must not be underestimated. The
formation of an intuition for the quantum world is
certainly an importantingredient in the education of
students in physics and the study of QIPC is an
excellent way to acquire this intuition. The students
attracted by the esthetical qualities of this physics will
be the researchers of tomorrow, who will apply their
skills to QIPC or to other fields.

More fundamentally, these experiments also raise some
issues at the forefront of physics. In QIPC, physicists
learn to build systems of increasing size in quantum
superposition, the Schrédinger cat states. This research
is still in its infancy and many importantissues remain
to be explored, some of which are listed here non-
exhaustively:

A Size of mesoscopic superpositions. This
concept remains to be defined in amore
quantitative way. Present experiments involve
big molecules following s%atially sekparated paths

ake
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in an interferometer, large numbers of photons transition appears to occur for objects of the

stored in different states in boxes or propagating order of Planckés mass (22
freelyin laser beams and currents rotating in Observing gravitational decoherence would be a
opposite directions in superconducting circuits. daunting task, the challenge being to isolate
Large ensembles of atoms entangled with each effectively from electromagnetic influence objects
other via their interaction with polarized laser made of many trillions of atoms. Experiments
beams share common features with these attempting to prepare quantum superpositions of
mesoscopic superpositions. Experiments with states of a tiny mirror placed at the tip ofa
entangled Bose Einstein condensates of ultra cantilever could be a first step in this direction.
cold atoms are also developing, completing this Even if gravitational effects are not of concern for
zoo of Schrédinger catstates. Clearly, the mass QIPC applications, they are of a fundamental

of the system (what about the photonic cat interest because they link the quantum-classical
states?) or the number of particles involved boundary to fundamental cosmological issues.
(should we count the quarks in the molecular cat Experiments on gravitational decoherence will
systems?) are not universal parameters to not be realized in the near future, but thinking
measure the magnitude of a given state about them brings together scientists from
superposition. Attempts to define a universal quantum optics, mesoscopic physics, theoretical
distance between the parts of the mesoscopic physics and cosmology. Deep questions such as
wave functions have been made and should be the connection between information theory and
refined, to pemit a meaningful comparison black hole physics are also fruitfully debated,
between experiments performed under very even though applications are not to be expected.
different conditions on disparate systems. Finally, these issues cannot be separated from a
Non locality of mesoscopic superpositions. fundamental question about the future of

Non locality has been investigated in great quantum theory itself. Including gravitation into a
details so far on simple microscopic systems comprehensive quantum framework has up to
(pairs of photons or ions). It remains to be now eluded the efforts of theorists. Amajority
studied on larger systems. Mesoscopic objects believes that such a comprehensive theory will
made of many atoms or photons can now be retain the essential features of the prese_r_n

built, in which the two parts of the wave function quantum theory, notably state supermositions
correspond to different locations in space, and probabilistic behavior. Some however, who
separated by a truly macroscopic distance. In the dislike the idea that hP@ed
case of photons, this relies on the realization of thatthe new theory will reestablish some kind of
some kind of non linear beam splitter device classical cjetenmmsm. There would then exist
which, in a way very different from an ordinary another klnd_ of decohgrence, more fundamental
beam splitter, collectively channels all the than the environmentinduced one. All attempts
photons, at the same time, in one am and in the to build such theor_les so far have failed, but this
other of an interferometer. Experiments with up does notdeter their advocates. Totest

to four photons have already been realized and experimentally possible theories of this kind will
non local cat states involving much larger photon be exceedingly difficult. Itwill imply, as a
numbers are in the making. Similar ideas are prerequisite, a very good control of the largely
being developed to channel Bose Einstein dominant environmentinduced decoherence. If a
condensed atoms collectively in different final limitation to quantum laws as we know them
positions. These systems combine the weirdness were found ata given size scale, itwould have
of the Schrodinger cat (large objects in state tremendous consequences on our view of
superpositions) and the strangeness of non Nature, going far beyond the discussion about
locality. In simple two-particle systems, the the feasibility of a quantum computer

amount of non-locality is measured by the

degree of violation of Belldds inequalities. Versions

of these inequalities for mesoscopic systems

have been proposed. Testing them on large non

local Schrodinger catstates remains to be done.

The effect of decoherence on the violation of

these mesoscopicversi ons of Bel |l 6s inequalities
remains largely to be studied.

QIPC, gravitation and beyond. In QIPC
physics, the coupling to environment is
considered to be electromagnetic. There is
however another kind of environment against
which no shielding exists, due to the gravitational
field pemeating all space. Decoherence induced
by the fluctuations of gravitational waves of
cosmological origin has been estimated
theoretically. It is found to be negligibly small on
atoms ormolecules, and exceedingly efficient on
large objects, for which itis by far more important
than electromagnetic decoherence. The
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