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Ondřej Haderka, Joint Laboratory of Optics
Martin Hamar, Joint Laboratory of Optics
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Eva Pelclová, Joint Laboratory of Optics
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Non-classical correlations of two interacting qubits coupled to independent reser-
voirs (R. Migliore) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
Generation of hybrid cluster states using non-demolition measurements (D.
Milne) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Solid-state quantum memory for photons at telecommunication wavelength (J.
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cillator (A. Predojević) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Entanglement in multiple-quantum NMR experiments (A. N. Pyrkov) . . . . . 159
Noiseless linear amplification (T. C. Ralph) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
Scattering-quantum-walk searches on highly symmetric graphs (D. Reitzner)161
Quantum optics with ultracold molecules (G. Rempe) . . . . . . . . . . . . . . . . . . . . . 162
Postselection as a tool in quantum information (R. Renner) . . . . . . . . . . . . . . . 163
Quantum simulation in ion traps and BECs (A. Retzker) . . . . . . . . . . . . . . . . . .164
Full quantum tomography of twisted photons (I. Rigas) . . . . . . . . . . . . . . . . . . . 165
Squeezed entangled state generated by a Dicke phase-transition (L. Roa) . . 166
Entanglement generated by a Dicke phase-transition (L. Roa) . . . . . . . . . . . . . 167
Transfer of the internal atomic states between two trapped ions and its depen-



CONTENTS 11

dence on the vibrational phonons (J. A. Roversi) . . . . . . . . . . . . . . . . . . . . . . . . . . 168
Minimal energy cost for quantum information processing: measurement and in-
formation erasure (T. Sagawa) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
Simultaneous generation and frequency up-conversion of entangled optical im-
ages (M. Yu. Saigin) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
Towards Einstein-Podolsky-Rosen quantum channel multiplexing (A. Samblowski)
171
Wigner functions and path integrals (J. H. Samson) . . . . . . . . . . . . . . . . . . . . . . . 172
Quanta in a black-box (V. Scarani) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Classical capacity of a bosonic memory channel with Gauss-Markov noise (J.
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(C. J. Villas-Bôas) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
Continuous-variable entanglement (W. Vogel) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
Quantum systems with finite Hilbert space (A. Vourdas) . . . . . . . . . . . . . . . . . . 200
Universal continuous variable quantum computation in the micromaser (R. Wag-
ner) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
The photon and the vacuum cleaner (I. A. Walmsley) . . . . . . . . . . . . . . . . . . . . . 202
Transferring single cesium atom between a MOT and a FORT (J. Wang) . .203
Optimal measurement on noisy quantum systems (Y. Watanabe) . . . . . . . . . . 204
Multiphoton entanglement - tools and toys (H. Weinfurter) . . . . . . . . . . . . . . . 205
Heisenberg-limited interferometry - how easy can it get? (H. M. Wiseman) 206
Near-optimal state discrimination of optical coherent states (Ch. Wittmann)
207
Nonlinear Faraday effect with cold atoms (A. Wojciechowski) . . . . . . . . . . . . . 208
Measurements incompatible in Quantum Theory cannot be measured jointly in
any other local theory (M. Wolf) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Ultra-bright narrow-band down-conversion source for atom-photon interaction
(F. Wolfgramm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
Protection of continuous variable entanglement via passive operations (H. Yadsan-
Appleby) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
Long-distance quantum entanglement experiments (A. Zeilinger) . . . . . . . . . . 212
Generation of entangled photon pairs at the cesium D2 line from an OPO (T.
Zhang) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
Investigation of continous-wave squeezed state at a telecommunication wave-
length (K. Zhang) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
Process POVM: A mathematical framework for description of quantum process
experiments (M. Ziman) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215



Conference sections

A coherent states and squeezed states, phase space methods, quantum propa-
gation
(orig. 1,2,9) [ICSSUR]

B continuous variables and quantum-information processing with continuous
variables, generation of CV states
(orig. 3) [ICSSUR]

C photon-number-resolving detectors, homodyne detection and other detection
techniques, quantum measurement, quantum metrology
(orig. 5) [ICSSUR]

D photon pairs, their sources, properties and applications, entanglement and
decoherence, generation of discrete quantum states, orbital angular mo-
mentum
(orig. 4,12,18) [ICSSUR,FF]

E atom and molecular optics, spins, cavity QED, Bose-Einstein condensates
(orig. 6,7,8) [ICSSUR]

F quantum computing, quantum memories, quantum cryptography, solid state
quantum information processing
(orig. 11,13,14,15,16,19) [ICSSUR,FF]

G,H foundations of quantum theory
(orig. 17) [FF]

13



Quantum treatment of the time-dependent coupled
oscillators under the action of a random force

M. S. Abdalla and M. M. Nassar
King Saud University, Saudi Arabia

e-mail: m.sebaweh@physics.org

(oral, section: A)

In this communication we introduce the problem of time-dependent frequency
converter under the action of external random force. We have assumed that the
coupling parameter and the phase pump are explicitly time dependent. Using
the equations of motion in the Heisenberg picture the dynamical operators are
obtained, however, under a certain integrability condition. When the system
is initially prepared in the even coherent states the squeezing phenomenon is
discussed. The correlation function is also considered and it has been shown
that the nonclassical properties are apparent and sensitive to any variation in
the integrability parameter. Furthermore, the wave function in Schrödinger
picture is calculated and used it to derive the wave function in the coherent
states. The accurate definition of the creation and annihilation operators are
also introduced and employed to diagonalize the Hamiltonian system.
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Quantum correlations and device-independent
quantum information protocols

A. Aćın
ICFO, Spain

e-mail: antonio.acin@icfo.es

(oral, section: F, invited )

Given some correlations among several distant non-communicating parties, can
they be obtained by performing local measurements on a quantum state? We
introduce a convergent hierarchy of necessary conditions to characterize the set
of quantum correlations. We also discuss the application of these concepts to
the design of device-independent quantum information protocols.
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Conditional preparation of optical non-classical
states via coherent-state superpositions

P. Adam1, T. Kiss1, J. Janszky1, Z. Darazs1 and I. Jex2

1Research Institute for Solid State Physics and Optics, Hungarian
Academy of Sciences, H-1525 Budapest, P. O. Box 49, Hungary,

2Department of Physics, FJFI CVUT, Brehova 7, 11519 Praha1- Stare
Mesto, Czech Republic
e-mail: adam@szfki.hu

(poster)

Superposition of two coherent states are often referred to as Schroedinger cat
states due to their resemblance of superposing macrosopic, distinguishable ob-
jects. Preparation of such superpositions for traveling wave optical fields is an
experimentally demanding task, although there are a number of proposals and
some experiments (see e.g. [1] and references therein). We propose a scheme
based on Gerry’s cross Kerr medium scheme [2] complemented by conditional
homodyne measurement to produce even and odd cat states. Based on this
scheme, more general superpositions of coherent states on a lattice and on a cir-
cle become available with a certain degree of freedom in the coefficients. Such
superpositions, with already a small number of constituent states, approximate
rather well certain non-classical field states [3]. For example, we demonstrate
that photon-number state superpositions can be approximately prepared with
the proposed scheme.

[1] S. Glancy and H. M. Vasconcelos, J. Opt. Soc. Am. B 25, 712 (2008).
[2] C. C. Gerry, Phys. Rev. A 59, 4095 (1999).
[3] J. Janszky, P. Domokos, S. Szabo, P. Adam, Phys. Rev. A 51, 4191 (1995);
S. Szabo, P. Adam, J. Janszky, P. Domokos, Phys. Rev. A 53, 2698 (1996).
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Mixed spin state entanglement and generalised
Schwinger model.

S. Sirsi and V. Adiga
University of Mysore, Indian Physics Association, India

e-mail: vadiga11@gmail.com

(poster)

A new scheme for constructing a mixed spin density matrix has already been
introduced to study spin squeezing [1] in some states of practical interest. Such a
construction takes its inspiration from Schwinger’s idea of realizing an —sm〉 as
being made up of (s+m) ‘up spinors’ and (s-m) ‘down spinors’, all defined with
respect to a single axis in space. The new scheme is employed here to study some
of the well known entanglement measures which characterize the quantumness
of a state. The suitability of employing such a generalized Schwinger model in
characterization of classicality of states is discussed.Some well known states are
considered for an in depth analysis.

[1] S. Sirsi, J. Opt. B 6, 437 (2004).
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Geometric spin Hall effect of light
A. Aiello, N. Lindlein, Ch. Marquardt and G. Leuchs

Max Planck Institute for the Science of Light,
Guenter-Scharowsky-Str. 1/Bau 24, 91058 Erlangen, Germany

e-mail: Andrea.Aiello@mpl.mpg.de

(oral, section: A)

Angular momentum (AM) of light is a topic that has recently attracted the at-
tention of many researchers, from both classical and quantum optics communi-
ties. All the studies produced up to now considered the longitudinal component
of the AM only, disregarding the components of the AM perpendicular to the
propagation axis of the beam. We recently started a systematic investigation of
the properties of the transverse AM, and we found that it may be responsible for
some intriguing and counter intuitive effects, as the ‘geometric spin Hall effect
of light’ (geometric SHEL) presented here. SHEL is a phenomenon occurring
when a light beam impinges upon an interface separating two different media.
For example, when a linearly polarized beam of light is reflected or transmitted
by a planar interface, it splits into its two left/right circularly polarized compo-
nents. This split occurs in a direction perpendicular to the plane of incidence,
as recently experimentally verified for a beam transmitted across an air-glass
interface [1]. The occurrence of a similar left/right shift, affecting polarized
light beams propagating along curved trajectories, has also been predicted and
observed [2]. Geometric SHEL is a third type of left/right shift that occurs
when a light beam is observed by a detector tilted with respect to the axis of
the beam. The center of the beam, evaluated as the barycenter of the Poynting
vector flux across the detector, shifts as the beam polarization changes from
linear to circular. This shift is inherently connected with the existence of a
transverse part of the angular momentum of the beam.

[1] Hosten and Kwiat, Science v319, 787 (2008).
[2] K. Y. Bliokh et al., Nature Photonics v2, 748 (2008).
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Quantum tunneling and the time contraction,
according to the new relativity theory of

AlMosallami
A. K. AlMosallami

The Science Center for Studies and Research, Gaza, Gaza strip,
Palestinian national authority

e-mail: az almosallami@yahoo.com

(poster)

In this paper we shall introduce the concept of time contraction that produced
by the New Relativity theory of AlMosallami. Where, this concept is interpret-
ing physically the Quantum tunneling and is proving by the experiments were
done which producing breaking the speed of light in vacuum. The laboratory
experiment which was done at the NEC Research Institute in Princeton claims
to have achieved propagation speeds of 310c (c=speed of light)[1]. This type of
experiment supplements and extends earlier ‘quantum tunneling’ experiments
[2]. It is still debated whether these experiments types using electromagnetic
radiation (e.g. light) can truly send information faster than light [3]. The work
was carried out by Dr Lijun Wang of the NEC research institute in Princeton
who transmitted a pulse of light towards a chamber filled with specially treated
caesium gas. Before the pulse had fully entered the chamber it had gone right
through it and traveled a further 18 m across the laboratory. In effect it existed
in two places at one, a phenomenon that Wang explains by saying it traveled
310 times faster than light. The research is already causing controversy among
physicists. What bothers them is that if light could travel forward in time
it could carry information. This would breach one of the basic principles in
physics-causality [5-6], which says that a cause must come before and effect.
It would also shatter Einstein’s theory of relativity since it depends in part on
the speed of light being unbreachable. Separate experiments carried out by Dr
Raymond Chiao, professor of physics at the university of California at Berkeley,
illustrate this. He showed that in certain circumstances photone- the particles
of which light is made- could apparently jump between two points separated
by a barrier in what appears to be zero time. The process, known as tunnel-
ing, has been used to make some of the most sensitive electron microscopes.
In Italy, another group of physicists has also succeeded in breaking the light
speed barrier. In a published paper, physicists at the Italian National Research
Council described how they propagated microwaves at 25 % above normal light
speed. The group speculates that it could be possible to transmit informa-
tion faster than light. Gunter Nimtz and Alfons Stahlhofen of the university of
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Koblenz, Germany, have been researching the phenomenon of quantum tunnel-
ing [4]. Two prisms are placed together. When a light is shown through the
prisms, a detector picks up the light and records information about the photon.
However, when the two prisms are separated, Nimtz and Stahlhofen discovered
that photons would occasionally ”tunnel” between the prisms-arriving at the
detector sooner than should theoretically be possible. The two scientists say
they have now tunneled photons ”instantaneously” across a distance of up to
one meter. Their conclusion, stated in a recent paper, is that the speed limit
of special relativity has been violated. Dr. Nimtz claims quantum tunneling
is a little understood process that is ‘the most important’ aspect of quantum
physics, one that may be responsible for computational efficiency of the human
brain. Now we shall introduce the physical meaning of quantum tunneling and
how it is agreed and described with the New Relativity theory of AlMosallami
[5]. [1] L. J. Wang, A. Kuzmich, A. Dogariu, Nature 406, 277 (2000).

[2] W. Heitmann and G. Nimtz, Phys. Lett. A 196, 154 (1994).
[3] P. Weiss, Sci. News 157, 375 (2000).
[4] G. Nimtz, A. Stahlhofen, Macroscopic violation of special relativity, submit-
ted Aug/5/2007, arXiv:0708.0681v1.
[5] A. AlMosallami, Quantum and relativity theories unified in concepts, princi-
ples and laws: The New Relativity Theory, The General Science Journal, (Added
Jun. 25, 2007), http://www.wbabin.net/physics/azzam2.pdf.
[6] A. AlMosallami, The Comalogical Theory, The General Science Journal,
(Added Jun. 28, 2007), http://www.wbabin.net/physics/azzam3.pdf.
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Photon statistics in the macroscopic realm:
methods to beat the lack of photon-counters
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1Dipartimento di Fisica e Matematica, Universita’ degli Studi
dell’Insubria and C.N.I.S.M., I-22100, Como, Italy, 2National
Laboratory for Ultrafast and Ultraintense Optical Science -

C.N.R.-I.N.F.M., I-22100, Como, Italy, 3C.N.I.S.M., I-20131, Milano,
Italy

e-mail: Alessandra.Andreoni@uninsubria.it

(oral, section: D, invited )

Measuring photon-number statistics might seem feasible only when photons are
very few, owing to the notably poor photon-number discriminating capability
of detectors, which hardly goes beyond five detected photons. Several efforts
are aimed at improving photon-counting capability by working both on detec-
tors and on front-end optics. Provided the light is spread across the sensitive
area, detectors based on the most different primary photo-detection processes in
which the output charge corresponding to one detected photon is generated in
a confined area were (are being) shown to allow photon counting. Photons tem-
porally spread by either cascaded arrays of beam splitters or multiple fiber-loop
splitters have been alternatively used in connection with S-P avalanche diodes.
It will be shown that any photodetector producing a S-P response sufficiently
narrow can count photons up to numbers corresponding to the upper limit of
the linearity range, which makes it feasible to measure statistical distributions
in the macroscopic realm. This is exploited to obtain the reconstruction of the
Wigner function of a field by using an unbalanced homodyning scheme. The
method consists in counting the photons exiting a beam-splitter that mixes the
field with a coherent probe field, whose amplitude and phase can be varied with
continuity. Measuring a distribution corresponds to sampling the Wigner func-
tion in one point of the phase space. Our work may have perspectives in the
applications of quantum optics that would gain from the use of intense fields
and in those of statistical optics in which attenuating the fields for the sake of
counting photons would either impair the statistics or make the measure time
impractically long.
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Quantum mechanics on phase space and star
products: a group-theoretical approach

P. Aniello
Dip. di Scienze Fisiche, Univ. di Napoli ’Federico II’, and INFN - Sez.

di Napoli, Italy
e-mail: paolo.aniello@na.infn.it

(oral, section: A)

The formulation of quantum mechanics on phase space and the related con-
cept of star product of functions are remarkable achievements of theoretical
physics. The prototypes of these notions are the formalism of Wigner distribu-
tions (which is strictly intertwined with the Weyl system) and the Groenewold-
Moyal star product. Adopting a group-theoretical approach, we consider phase
space realizations of quantum mechanics and star products of functions that
are associated, in a natural way, with (in general, projective) representations of
locally compact groups. The main properties of this general approach and the
connection with the standard Weyl-Wigner–Groenewold-Moyal formalism are
discussed.
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Quantum time
J. Ashmead

University of Pennsylvania, U.S.A.
e-mail: john.ashmead@ashmeadsoftware.com

(oral, section: H)

In relativity time and space are formally indistinguishable, the only obvious
difference is that they enter the metric with opposite signs. But in quantum
mechanics, time functions as a parameter. Like a butler, it escorts wave func-
tions to and from experiments, but does not itself take part in the action. What
happens if we release this restriction, if we let the butler join the party? To
do this in a well-defined way, we distinguish between time in two senses. The
first is laboratory time: what Alice measures with clocks. The second we refer
to as quantum time, with properties defined by symmetry with respect to the
properties of space. Now, consider the three dimensional wave function of a
particle at a specific laboratory time. Extend this wave function in the time
dimension. At each clock tick, the particle will now have an amplitude to be
found a bit ahead or behind of its current time. Just as it does not have a
well-defined position in space, it will not have a well-defined position in time.
To generate the dynamics we use Feynman path integrals, which generalize in
a relatively straight-forward way from three to four dimensions. If there are
such quantum fluctuations in time, why haven’t we seen them? In general, to
see the effect of fuzziness in time in a scattering experiment, both apparatus
and beam have to time dependencies of comparable scale, or any effects will be
averaged out. If effects from quantum time normally average out, how to see?
Experimental tests include: single and double slits in time, effects on a charged
particle of time-varying electromagnetic fields, diffraction in time, . . . . Almost
any foundational experiment on quantum mechanics may be turned into a test
of quantum time by interchanging time and a space dimension.

23



Characterization of non-classical light sources for
quantum information technologies

W. Wasilewski1, P. Wasylczyk1, C. Radzewicz1, P. Kolenderski2, M.
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(oral, section: D, invited )

Non-classical light is the basic ingredient of quantum information technologies in
the optical domain. With growing sophistication of experiments, detailed physi-
cal characteristics of non-classical light sources gains increasing practical impor-
tance. We review here our experiments revealing properties of fiber-coupled light
generated in the process of spontaneous parametric parametric down-conversion.
The first work determined the joint spectrum of photon pairs by Fourier trans-
form spectroscopy. The difficulties resulting from the low brightness of the
source were overcome by the construction of common-path interferometers that
guaranteed stability of the setup over periods of hours. Spectral coherence of
generated photons was characterized in a second work using an original scheme
to measure the complete density matrix of a single photon. The off-diagonal
elements of the density matrix were determined by detecting two-photon in-
terference with a local oscillator prepared in a double-pulse shape. In the last
experiment, effects of multiphoton events in parametric down-conversion were
characterized with the help of photon number resolved detection. The exper-
iments were carried out in parallel with the development of theoretical tools
that enable efficient calculation of properties of down-conversion sources. The
agreement between experimental results and numerical predictions confirms our
good understanding of the physics of parametric down-conversion in realistic
non-linear media.
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Quantum uncertainty, and graviton production
A. W. Beckwith

American institute of Beam Energy propulsion, U.S.A.
e-mail: abeckwith@uh.edu

(poster)

In an update as to Giovannini’s 1994 article ‘Squeezed states and graviton-
entropy production in the early universe’, the author argues that higher fre-
quency gravitational wave modes in relic conditions would play a significant
role as to relic entropy production.Furthermore, the author wishes to take into
account the role of non Gaussian processes contributing to altering typical mod-
els of early universe inflation which the author heard in Texas in Vancouver from
Dr. Komatsu on December 10, 2008. The author argues such deviations from
non Gaussianity would mean a re statement of typical quantum uncertainty and
squeezed state arguments for both relic graviton and relic entropy at the onset
of formation of vacuum energy state conditions expected at the onset of the Big
Bang.
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Experimental proof of commutation rules by
superpositions of quantum operators
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(oral, section: A)

We directly prove the commutation relation between bosonic creation and an-
nihilation operators by realizing an appropriate coherent superposition of se-
quences of single-photon additions and subtractions. The basic quantum oper-
ators were separately implemented in recent works and separate sequences of
the two have recently allowed the direct experimental verification of the non-
commutativity of the creation and annihilation operators. Here we present the
experimental realization of a scheme for the arbitrary superposition of quan-
tum operators and apply it to directly and completely prove the commutation
relation. Besides its importance in the study of the foundations of quantum
mechanics, the experimental access to arbitrary superpositions of quantum op-
erators is of high interest for generating and manipulating quantum states for
emerging technologies.
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Extraction of a squeezed state in a field mode via
repeated measurements on an auxiliary quantum
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(oral, section: A)

The effect of repeated measurements on a system with continuum spectrum,
consisting of a free particle, interacting with a second system with an infinite
number of levels, consisting of a field mode, is investigated. The measurement
protocol consists of repeatedly projecting the particle into a Gaussian state. The
projected evolution operator that regulates the field mode dynamics between
the consecutive measurements performed on the particle is then obtained. It is
shown that, because of the measurement protocol, the spectrum of this operator
is discrete and satisfying the criteria to obtain field mode extraction. In par-
ticular, the field is extracted into a squeezed state independently on its initial
state. The dependence of the extraction speed with the number of measure-
ments and the characteristic of the extracted state is investigated as function
of parameters such as the interval between two measurements, the particle-field
mode coupling constant and the Gaussian state width. Different regimes are
observed and regions where one has quick extraction and strong squeezing are
pointed out.
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Combinatorics of creation-annihilation
P. Blasiak, G. H. E. Duchamp, P. Flajolet,A. Horzela, K. A. Penson
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The Heisenberg-Weyl algebra, underlying virtually all physical representations
of Quantum Theory, is considered from a combinatorial point of view. We pro-
vide a concrete model of the algebra in terms of graphs and discuss its relation to
the classical lie algebras. Special emphasis shall be put on the efficient methods
of discrete mathematics such as generating functions and graph decomposition.
In this way, by drawing attention to the algebraic structure of Quantum Theory
we intend to shed light on the combinatorial nature hidden behind its formalism.
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The dynamics of Jaynes-Cummings model in
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(poster)

The Jaynes-Cummings model (JCM) is the prototype model in quantum op-
tics. It exhibits interesting nontrivial quantum features, despite its conceptual
simplicity. The remarkable fact that these have been observed experimentally
in cavity quantum electrodynamics experiments [1]. We emphasize the JCM
because we can often describe in detail the essential outline of the interaction of
atom with single mode quantized field. However, this model is realistic only in
cavity region, since in free space all modes may be contributed to the quantized
field. It therefore seems appropriate to seek for an enlargement of the range
of investigations in order to include more general types of problems, which are
frequently met in practice. We consider in this work a particular cavity, namely
a cylindrical waveguide with rectangular cross-section[2]. The motivation for
such a structure reside essentially in the fact that this structure exhibits a the
possibilities of enhanced and inhibited decay rates. The electromagnetic modes
of a rectangular cavity are well known, then they can be quantized to allow the
spontaneous emission rate to be evaluated. As in the case of parallel plates,
in the limit of small cross-section, especially when both sides are less then the
wavelength, the spontaneous emission process is possible only via a few cavity
modes. The purpose of this work is to investigate the dynamics of JCM in such
a structure. We first quantize the modes field. Then we explore the variations
of JCM dynamics with the nanostructure parameters, and we call special at-
tention to the quantum interference enhancement with the regime in which the
dimension of the cross-section take values in nano-range and various physical
quantities are investigated.

[1] B. M. Shore and P. L. Knight, J. Mod. Opt., 7, 1195 (1993).
[2] S. Al-Awfi and M. Babiker, Phys Rev. A 58, 2274 (1998).
[3] S. Bougouffa, S. Al Awfi, J. Mod. Opt., 55, 473(2008).
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Controlling the speed of light for applications in
quantum information science

R. W. Boyd
The Institute of Optics and Department of Physics and Astronomy,

University of Rochester, Rochester, NY 14627 USA
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(oral, section: A, invited )

For the past decade or more, the optical physics community has been fascinated
by the related phenomena of slow and fast light. These names are taken to refer
to situations in which the group velocity (roughly, the velocity at which light
pulses propagate through a material system) is very much different from the
vacuum speed of light c. Several of the early stunning demonstrations of slow
and fast light made use of atomic media. More recently, it has been realized that
extreme values of the group velocity can also be realized in room-temperature
solid-state materials, which are more suited for many practical applications. In
this presentation, we will review some of the physical mechanisms that can be
used to induce slow-and fast-light effects in room temperature solids [1-3], and
will describe the variety of propagation effects that can thereby be observed [4].
We will also present some ideas for applications of slow light within the field of
quantum information science.

[1] M. S. Bigelow, N. N. Lepeshkin, R. W. Boyd, Observation of Ultra-Slow
Light Propagation in a Ruby Crystal at RoomTemperature, Phys. Rev. Lett.
90, 113903 (2003).
[2] M. S. Bigelow, N. N. Lepeshkin, and R. W. Boyd, Superluminal andSlow
Light Propagation in a Room-Temperature Solid, Science 301, 200 (2003).
[3] Y. Okawachi, M. S. Bigelow, J. E. Sharping,Z. Zhu, A. Schweinsberg, D. J.
Gauthier, R. W. Boyd, and A. L. Gaeta, Tunable all-optical delays via Brillouin
slow light inan optical fiber,Phys. Rev. Lett. 94, 153902 (2005).
[4] G. M. Gehring, A. Schweinsberg, C. Barsi, N. Kostinski, and R. W.Boyd,
Observation of Backward Pulse Propagation Through a Medium with a Negative
Group Velocity, Science 312, 985 (2006).
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Emergence of quantum correlations from
non-locality swapping
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By studying generalized non-signalling theories, the hope is to find out what
makes quantum mechanics so special. Among the fundamental questions is the
following: What physical principle limits quantum non-locality? This is still
unknown today, but there is no doubt that answering this question will bring
deeper understanding of the foundations of QM, as well as further develop-
ments in quantum information science. Up until now, there was one crucial
aspect of QM that generalized models have failed to reproduce, namely its dy-
namics, in particular, the ability to perform joint measurements on two systems,
which is the key ingredient for fascinating quantum processes such as teleporta-
tion and entanglement swapping. In fact, it was shown that there are no joint
measurements in theories constrained only by the no-signalling principle, thus
suggesting the existence of another fundamental principle inherent to QM, that
generalized models fail to capture. Here we take a new conceptual perspec-
tive on generalized non-signalling models, which allows us to implement joint
measurements. We revisit the paradigmatic model of non-signalling boxes (PR
boxes) and introduce the concept of a genuine box. This allows us to present
a model featuring rich dynamics, such as non-locality swapping, the analogue
of quantum entanglement swapping, and teleportation. Joint measurements are
implemented using an imaginary device called a coupler. Remarkably, part of
the boundary between quantum and post-quantum correlations emerges in our
study.
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Quantum friction force on a moving atom
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Dispersion forces between polarisable objects are a well-known consequence of
correlated ground-state quantum fluctuations of the interacting objects and the
electromagnetic field. These forces, which include Casimir forces between bod-
ies, Casimir-Polder forces between bodies and atoms and van der Waals forces
between atoms, have been thoroughly studied in the past, inter alia on the
basis of macroscopic quantum electrodynamics [1,2]. While investigations typi-
cally concentrate on the case of stationary objects, relative motion can lead to
velocity-dependent dispersion forces, a phenomenon known as quantum friction.
Studies of quantum friction often face the problem that a consistent and real-
istic quantisation of the electromagnetic field in the presence of moving bodies
is not readily available. In this talk, we present a detailed investigation of the
quantum friction on an atom moving with respect to a stationary body, where
this problem does not occur. Starting from the Lorentz force and solving the
coupled atom-field dynamics, we find a general solution for the quantum fric-
tion on atoms moving with nonrelativistic velocities. We apply our results to an
atom near a plane surface, where it is found that the friction of an excited atom
can be strongly modified when its transition frequency is close to the surface
plasmon frequency.

[1] S. Y. Buhmann and D.-G. Welsch, Prog. Quantum Electron. 31, 51 (2007).
[2] S. Scheel and S. Y. Buhmann, Acta Phys. Slovaka 58, 675 (2008).
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Hamiltonian formulation of quantum dynamics with
separability constraints
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We analyze the Hamiltonian dynamical system that corresponds to the quantum
system constrained on the manifold of separable states, using as an important
example the system of two interacting qubits. The constraints introduce non-
linearities which render the dynamics nontrivial. We show that the qualitative
properties of the constrained dynamics clearly manifest the symmetry of the
qubits system. If the quantum Hamilton’s operator has not enough symmetry,
the constrained dynamics is nonintegrable, and displays the typical features of
a Hamiltonian dynamical system with mixed phase space. Possible physical
realization of the separability constraints is suggested.
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Noise-assisted transport in biological quantum
networks
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Transport phenomena in complex networks play an important role in many areas
of physics, chemistry, and biology. Environmental noise does usually deteriorate
the performance of these systems. Here we identify two key mechanisms through
which dephasing noise, contrary to expectation, may actually aid transport of
excitations through dissipative quantum networks by opening additional path-
ways. We investigate numerically and analytically noisy transport dynamics
on a fully connected network and study numerically the Fenna-Matthew-Olson
(FMO) complex, the former to elucidate the fundamental principles, and the
latter to show how these principles can explain the remarkable efficiency (99 %)
and robustness (against static disorder) of excitation energy transfer from the
light-harvesting chlorosomes to the bacterial reaction center in biological photo-
synthetic complexes. These results strongly suggest the possiblity for achieving
robust and efficient information/energy transfer, assisted by noise, by designing
optimized artificial nano-structures for transport, for instance, in solar cells and
in quantum information processing.
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Open-system dynamics of graph-state entanglement
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Graph states constitute an extremely important class of entangled states with
broad-reaching applications in quantum information, including measurement-
based quantum computation, quantum error correction, and secure quantum
communication. Moreover, instances of this family play a crucial role in fun-
damental tests of quantum non-locality. Consequently, a great effort has been
made both to theoretically understand their properties and to create and co-
herently manipulate them experimentally. Characterizing the dynamics of their
entanglement under the unavoidable influence of the environment is however
still a challenging task. In the present contribution we consider graph states
of arbitrary number of particles undergoing decoherence and obtain lower and
upper bounds for their entanglement in terms of that of considerably smaller
subsystems. For an important class of noisy channels, namely the Pauli maps,
these bounds provide the exact expression for the entanglement evolution. The
present technique allows the calculation of entanglement for cases intractable so
far, and leads to the direct identification, by inspection, of robust states against
decoherence.
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Narrowband filter for quantum light
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Atom-photon interaction promises to be a fundamental resource for applica-
tions like quantum computations. For an efficient interaction between light and
atoms, the bandwidth of the light should match the natural linewidth of the
atom transition to address. We present an atomic filter [1] that, together with
cavity-enhanced down-conversion [2] source provides light spectrally optimized
for interaction with rubidium atoms . The filter is based on the insertion of a
hot vapor of rubidium into a balanced polarization interferometer. By optically
pumping the rubidium with circularly polarized resonant light we induce a cir-
cular dichroism feature that changes the interferometer balance. This result in
a peak in the transmission spectrum at the ‘dark’ output of the interferome-
ter. The pump is tuned within the Doppler absorption profile of a transition
such that the resonant velocity group is efficiently pumped, but other velocity
groups experience little pumping effect, resulting in a sub-Doppler Lorentzian
feature. The pump can be tuned to address different velocity classes of atoms,
determining the central frequency of our filter within the Doppler width of the
transition. The filter measured peak transmission is 15 %, it has a measured
out-of-band extinction ratio > 33 dB and a measured background light noise low
enough to make it compatible with low-photon rate sources. We will present the
results of coupling a source described in [2] with the filter and how the resulting
narrowband quantum light is used for measuring phase shifts in an optically
pumped sample of rubidium vapors with a resolution equal to the Heisenberg
limit in the ideal case.

[1] A. Cere et al., Opt. Lett., 34 1012 (2009).
[2] F. Wolfgramm et al., Opt. Express 16, 18145 (2008).
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Continuous-variable quantum error correction:
possibilities and impossibilities
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I will first discuss the impossibility of Gaussian quantum error correction, and
will prove a related no-go theorem. I will show that a Gaussian channel pa-
rameter, denoted ‘entanglement degradation’, can only increase within a Gaus-
sian encoding/decoding error-correcting scheme. Then, a realistic Gaussian
erasure-correcting code will be introduced, which can protect the transmission
of continuous-variable states of light in a probabilistic lossy channel that is in-
trinsically non-Gaussian. This continuous-variable erasure-correcting code will
also be converted into a continuous-variable erasure filtration scheme. The ex-
perimental feasibility of this latter scheme will finally be discussed.
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Unraveling the convex set of non-Gaussian mixed
quantum states that are characterized by a classical
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According to Hudson’s theorem, any pure quantum state with a positive Wigner
function is necessarily a Gaussian state. Pure Gaussian states can therefore be
viewed as ‘classical’ since they can be characterized by a genuine probability
distribution in phase space. I will present a step towards the extension of this
result to mixed quantum states by finding upper and lower bounds on the degree
of non-Gaussianity of states with positive Wigner functions. The bounds relate
the degree of non-Gaussianity of a state, its purity, and the purity of the Gaus-
sian state having the same covariance matrix. Although these bounds are not
tight, they permit us to visualize the convex set of non-Gaussian mixed states
with positive Wigner functions. As a side result, I will also exhibit a bound on
the lowest purity of states with a positive Wigner function and given covariance
matrix, which implies that, rather counter-intuitively, Gaussian states are not
necessarily the ‘most random’ states. (Joint work with A. Mandilara and E.
Karpov)
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Experimental realization of linear-optical
two-photon gates
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Quantum-information processing requires precise control and manipulation of
the states of quantum systems. In particular, two-qubit entangling unitary
gates lie at the heart of many protocols and they are, together with single-qubit
operations, sufficient for universal quantum computing. A universal quantum
computer can be built with these resources despite the fact that the basic gates
are only probabilistic and have some finite probability of failure.Quantum fil-
ters represent an additional resource for quantum information processing. These
probabilistic non-unitary operations are required for diverse purposes ranging
from discrimination, cloning and estimation of quantum states to entanglement
concentration and distillation and quantum error filtration.Our experimental
setup realize device for class of two-qubit gates for polarization states of pho-
tons. It operation is based on combination of single- and two-photon inter-
ference, selective attenuation, and conditional detection. Different gate opera-
tions, including the SWAP and entangling SWAP, can be obtained by changing
a classical control parameter, namely, the path difference in the interferometer.
Moreover, tunable two-qubit state filtering enables an arbitrary attenuation of
either symmetric or anti-symmetric part of the input two-qubit state. The de-
vice is very versatile and the degree of symmetrization or anti-symmetrization
can be easily set adjusting the transmittances of variable attenuators. A full
quantum process tomography of implemented operations was carried out and
the results confirm very good performance of the two-photon gates.
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Wigner distributions for finite even dimensional
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The Wigner distribution, as originally defined by Wigner for the case of a Carte-
sian configuration space has, over the years, been extended and generalised in
many directions. These include situations where the coordinates take values in
(i) a finite field Fpn (ii) a ring ZN (iii) a finite group (abelian or non abelian)
(iV)the manifold of a semi simple Lie group The first two are of particular in-
terest owing to potential applications to quantum information processing and
quantum state estimation. In the present work we focus our attention on the
second case and set up the phase space and Wigner distributions thereon using
what we call a Dirac inspired approach to Wigner distributions developed by
us . This approach essentially requires computing the square root of a certain
kernel which brings with it undetermined signs, one at each phase point. We
examine the question as to what extent these signs can be fixed or related to
each other by the marginals property i.e by demanding that the phase space
averages of the Wigner distribution along an ’isotropic line’ yield a probability.
For the case when N is odd one finds one can consistently impose marginals
property on all ‘isotropic lines’ which in turn uniquely fixes all the signs. The
Wigner distribution thus obtained turns out to be the same as that already
known in the literature. For the even case, on the other hand, this is not so and
we show that the amount of freedom in choosing the signs is entirely governed
by the the powers of 2 present in N and therefore it is sufficient to consider
the case N = 2n. Restricting ourselves to such dimensions, we find that the
marginals property can not be consistently imposed on all the ‘isotropic lines’
but only on specific subsets thereof ( i.e. on indvidual orbits under SL(2, ZN )).
Therefore the best one can do is to is to demand the marginals property on the
largest such subset. This is actually good enough as the ‘isotropic lines’ in this
subset ( and only in this subset) cover all phase points. We explicitly carry out
this out and find that, unlike the odd case, not all signs get fixed and therefore
one has a family of Wigner distributions characterised by 3.2n−1 − 2.different
choices for the signs , all of which respect the restricted marginals property.
We also examine the the eigenvalue spectra of the phase point operators and
find that the number of spectrally distinct choices is rather small. Thus for
N = 2, 4, 8, 16 those which have distinct spectra are only 1,3,4,15 in number
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respectively. We emphasise that here we work all along with an N × N phase
space. This is in contrast to other formalisms to be found in the literature where
a 2N×2N phase space is invoked to arrive at a satisfactory definition of Wigner
distributions for an N -state quantum system)
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Entanglement is one of the most valuable features of quantum mechanics. It
plays a central role in quantum information and quantum computation. The en-
tanglement of continuous quantum variables represents practical interest along-
side with that of discrete variables [1]. One of the valuable property of quantum
entanglement of CV states is related to high brightness of their optical fields.
We consider a new scheme of forming bright four-partite CV entangled states
in nonlinear photonic crystal. Aperiodical structure of such a crystal enables
to implement simultaneously several nonlinear optic interactions [2, 3]. We
study nonlinear optical interaction involving four parametric down-conversion
processes at high frequency pumping. Four modes are generated in the inter-
action, so that photons of each mode are created by two down-conversion pro-
cesses. We examine the behavior the photon number correlation from second to
fourth orders, correlation matrix for continuous variables and their (bipartite)
entanglement. We also study the entanglement of the process as a whole using
separability criterion based on partial scaling transformation. It is also estab-
lished that under specified nonlinear coupling coefficients a four-mode cluster
states are formed.

[1] S. L. Braunstein, P. van Loock, Rev. Mod. Phys. 77, 513 (2005).
[2] A. S. Chirkin, I. V. Shutov , JETP Letters 86, 803 (2007).
[3] I. V. Shutov, A. S. Chirkin , Phys. Rev. A, 78,013827 (2008).
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Optical beam splitters are of great importance in quantum optics and informa-
tion processing. Recent work using cold atom beam splitters shows the pos-
sibility of wider applications for these devices. By theoretical investigation we
have shown how atomic multiport beam splitters can be made and used to make
precision measurements of phases such as rotations. Our system consists of an
optical lattice ring of various numbers of sites with cold atoms trapped at their
potential minima. This has been studied at a microscopic level using a second
quantised formalism in order to fully understand the quantum nature of the
system.
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Using the Rényi entropies of order 2 as a measure of entanglement, we inves-
tigate the relation between monogamy and strong superadditivity inequalities
of entanglement. First, we show that this measure satisfy the standard monog-
amous relations. Then we show a relation between a higher order monogamy
inequality with the strong superadditivity. We find that these two relations
are simultaneously satisfied for almost all states. Numerically we identify some
states for which these inequalities are violated, but always simultaneously. We
conjecture that that superadditivite violation of this entanglement measure is
necessary and sufficient for the strong monogamy relation violation. Our results
also suggest that the entanglement of formation is additive for four qubits sys-
tems, though recently it has been shown that it is not in general, showing that
the conjecture cannot be simply extended to arbitrary entanglement measures.
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In this paper, we study the four-photon state generation in the process of spon-
taneous parametric down-conversion with a periodically poled crystal and show
that it carries information about the angular spectrum of the pump beam inci-
dent to the crystal. This angular pump spectrum transfer allows one to control
the transverse correlation properties of the four photon state by manipulating
the pump field, with consequences for a broad class of experiments. The ef-
fect is demonstrated theoretically and experimentally, in connection with the
formation of fourth-order images with the four-photons down-converted beams.
These results generalize previous two-photon studies for four photons [1].

[1] C. H. Monken et al., Phys. Rev. A 57, 3123 (1998).
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A two-mode theory of interferometry [1] with Bose-Einstein condensates will
be presented, highlighting the role of phase squeezing and entanglement in op-
timising features of the quantum correlation functions used to interpret inter-
ferometry effects in experiments where either a single component condensate
is trapped in a double well, or a two-component condensate in a single well
interacts with microwave fields. Decoherence effects due to the presence of non-
condensate modes are also treated, using a phase space method [2] involving
stochastic equations for condensate and non-condensate fields.

[1] B. J. Dalton, Two-mode theory of BEC interferometry, J. Mod. Opt. (2007).
[2] B. J. Dalton, Decoherence effects in BEC interferometry, J. Phys. Conference
Series (2007).
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Quantum Interference is not usually associated with transport phenomena. We
study a few distinct mechanisms of how coherence and quantum interference ef-
fects can be utilized to generate transport of atoms over finite spatial distances.
They rely upon time varying parameters to induce changes in the interference
patterns to generate net unidirectional, but reversible flow. A class of such
mechanisms creates flow in an open system, and is known as quantum pump-
ing, previously considered theoretically in electronic mesoscopic systems, but
without firm experimental confirmation. Another involves transport among a
set of finite wells in a closed system with analogies with Stimulated Raman
Adiabatic Passage (STIRAP). We demonstrate experimental feasibility of these
mechanisms with available systems of ultracold atoms in microtraps.

47



Generating and manipulating squeezed radiation
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In this contribution, we have studied generating and manipulating the quadra-
ture squeezed radiation field by controlling the nonlinearities in the f-deformed
two-level atomic condensate. By using the standard (non-deformed) Gardiner’s
phonon operators, we have introduced an intrinsically deformed Bose-Einstein
condensate, where the deformation parameter as a function of the number of
atoms N in the condensate, controls the strength of the associated nonlinearity.
By introducing the deformed Gardiner’s phonon operators, we have modified
the very dilute-gas approximation by taking into account atomic collisions in
the condensate. The rate of atomic collisions k, as a new deformation parameter
in the deformed Bose-Einstein condensate, controls the nonlinearity associated
with the atomic collisions. To investigate the nonlinear effects of the two types
of deformation on the quantum dynamics of the model, we have analytically cal-
culated the time evolution of the quantized radiation field operators and their
squeezing parameters over the initial Glauber coherent state of the radiation
field and initially prepared atoms in ground state. The results for different
values of N and k show that although the initial radiation field is a Glauber co-
herent state, the radiation field exhibits quadrature squeezing as time evolves.
We have shown that by controlling the atomic deformation parameters N and
k, it is possible to manipulate the time interval over which quadrature field
squeezing occurs. For those values of N and k that the nonlinear interactions in
the Hamiltonian vanish, the quadrature squeezing parameter becomes zero. It
means that the quadrature squeezing of the radiation field is a consequence of
nonlinear interactions in the f-deformed condensate.
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State reconstruction of finite dimensional compound
systems via local projective measurements and

one-way classical communication
F. E. S. Steinhoff and M. C. de Oliveira

Universidade Estadual de Campinas, Brazil
e-mail: marcos@ifi.unicamp.br

(poster)

For a finite dimensional discrete bipartite system we find the relation between
local projections performed by Alice and Bob’s post-selected state dependence
on the global state submatrices. With this result the joint state reconstruction
problem for a bipartite system can be solved with strict local projections and
one-way classical communication. The generalization to multipartite systems is
straightforward.
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Bayesian reconstruction of quantum states: a
Markov chain Monte Carlo approach

J. DiGuglielmo1, Ch. Messenger1, J. Fiurášek2, B. Hage1, A.
Samblowski1, T. Schmidt1 and R. Schnabel1

1Max-Planck-Institut für Gravitationsphysik [Albert-Einstein-Institut],
Germany 2Department of Optics, Palacký University, Olomouc, Czech

Republic
e-mail: james.diguglielmo@aei.mpg.de

(oral, section: C)

The tomographic reconstruction of quantum states represents an important lab-
oratory tool in both quantum optics and quantum information alike. A full
analysis of the experimental data, however, should also answer important ques-
tions regarding error-bars on the estimation of the state parameters, possible
correlations amongst the parameters and error-propagation when using the re-
constructed state for further calculations of quantities such as the purity of the
state or amount of entanglement. To his end, we present a Bayesian data anal-
ysis scheme known as the Markov chain Monte Carlo (MCMC) to determine
the error-bars on the estimated state parameters. The analysis returns a prob-
ability distribution, known as the posterior distribution, which contains all of
the relevant statistical information concerning the errors on the reconstructed
parameters. In addition, the MCMC returns a set of probability distributions
on each individual parameter which corresponds to the marginalized posterior
distribution for that parameter. In this talk, the basic principles of Bayesian
analysis will be presented with a focus on the direct application to the problem
of quantum state reconstruction. The MCMC numerical technique will also be
presented. As a test case, the reconstruction of a non-Gaussian state, namely,
a phase-diffused squeezed state will be demonstrated as well as the utility of
the Markov chain in the calculation of the state purity. Finally, the application
of the Bayesian-MCMC method to higher dimensional systems, including the
reconstruction of a phase-diffused entangled state and the reconstruction of the
density matrix will be presented.
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Emergence of quantum indeterminacy from special
relativity
A. Dragan

Imperial College London, United Kingdom; University of Warsaw,
Poland

e-mail: dragan@fuw.edu.pl

(oral, section: H)

It is shown that the single-particle quantum theory with fundamental indetermi-
nacy based on complex probability amplitudes undergoing linear superposition
principle is an inevitable consequence of special relativity with the principle of
relativity extended to superluminal observers.
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Formal one-parameter groups and combinatorial
physics

G. H. E. Duchamp, K. A. Penson, A. Horzela, P. Blasiak and A. I.
Solomon

LIPN, University of Paris XIII, France
e-mail: ghed@lipn.univ-paris13.fr

(oral, section: G)

Recently the problem of normal forms for boson string operators has led us
to consider specificrepresentations of one-parameter groups in Frechet Spaces.
We review these representations focusingon the notion of transformation of se-
quences and statistics on graphs.
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Nonlocality of a single particle
J. Dunningham and V. Vedral

University of Leeds, National University of Singapore, Singapore
e-mail: j.a.dunningham@leeds.ac.uk

(oral, section: G)

One of the most curious features of quantum physics is nonlocality. Loosely
speaking, this means that measurements performed on one part of a system can
instantaneously influence another part, even though it may be a long distance
away. While widely accepted for multiparticle systems, there has been some
debate about whether it also applies to a single particle. The problem is that
reference states are required to measure Bell’s inequalities for single particle
states and this opens the door to the possibility that any observed nonlocality
is due to the reference states themselves rather than the single particle. I will
discuss a scheme that aims to overcome this objection, by using completely in-
dependently prepared reference states. I will also discuss some of the interesting
implications of single particle nonlocality. In particular, I will highlight how it
changes when observed by a Lorentz boosted observer and the consequences this
has for physically meaningful phenomena such as superconductivity.
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P, C and T for trully neutral particles
V. Dvoeglazov
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(oral, section: H)

We present a realization of a quantum field theory, envisaged many years ago
by Gelfand, Tsetlin, Sokolik and Bilenky. Considering the special case of the
(1/2,0)+(0,1/2) field and developing the Majorana construct for neutrino we
show that fermion and its antifermion can have the same intrinsic parities. The
construct can be applied to explanation of the present situation in neutrino
physics.
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Deformation of Hopf algebras and pseudo-Feynman
diagrams

G. H. E. Duchamp and A. I. Solomon
LIPN, University of Paris XIII, France

e-mail: ghed@lipn.univ-paris13.fr

(poster)

We show how to lift a simple Hopf algebra originating from an elementary zero-
dimensional quantum field theory to that occurring in standard Quantum Field
Theory. After a general (and short) review, we intend to focus on a very precise
point which is the surprising connection with the algebra of Euler-Zagier sums.
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Heralded preparation and distillation of
entangledlight

J. Eisert
University of Potsdam, Germany

e-mail: jense@semele.quantum.physik.uni-potsdam.de

(oral, section: C, invited )

In this talk, we will be concerned withthe heralded preparation of entangled
light, using ideas thatbring together continuous-variable and discrete-variableapproaches
[1]. Instances of detector and process tomography willbe discussed. We elabo-
rate on directly measurable criteria forentanglement, generalizing insights of ref.
[2]. These methodswill be used in new schemes for distilling entanglement, be-
yondref. [3], as an ingredient for feasibly preparing long-distanceentanglement.
(Experimental work is being done by Ian Walmsley’sgroup in Oxford).

[1] J. Lundeen et al., Nature Physics 5, 27 (2009).
[2] J. Eisert et al., New J. Phys. 9, 46 (2007).
[3] J. Eisert et al., Annals of Physics (NY) 311, 431 (2004).
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Continuous-varibale quantum key distribution in
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Bosque 103, 37150 Léon, Guanajuato, Mexico, 4Physics Department,

Blackett Laboratory, Imperial College, London SW7 2BZ, United
Kingdom

e-mail: Dominique.Elser@mpl.mpg.de

(oral, section: F)

Quantum key distribution (QKD) is the process of establishing a secret shared
key between two parties, traditionally named Alice and Bob. The security is
based on the laws of quantum mechanics, whereas in classical schemes secu-
rity relies only on the unproven lack of efficient mathematical algorithms. We
have developed a continuous-variable QKD protocol which is suitable for atmo-
spheric transmission as well as for fiber channels. We employ a local oscillator
to perform optical homodyne detection of weak coherent signal states. In the
free space experiment, Alice utilizes polarization states to combine signal and
local oscillator in a single beam. As a consequence, Bob’s detection is very ef-
ficient and perfectly shielded against any stray light. We have experimentally
demonstrated the feasibility of this protocol over a distance of 100m on the
roof of the Max Planck Institute in Erlangen [1]. As the next step, we are now
establishing a link of length 1.5km between the Max Planck Institute and the
University computer center. In fiber channels, we experimentally demonstrate
continuous variables QKD over a short distance. This is the first fiber-based
implementation of the no-switching protocol [2,3], i.e. simultaneous detection
of both conjugate quadratures. Furthermore, we witness effective entanglement
according to [4].

[1] D. Elser, T. Bartley, B. Heim, Ch. Wittmann, D. Sych and G. Leuchs,
arXiv:0811.4756 [quant-ph] (2008), accepted for publication in New. J. Phys.
[2] S. Lorenz, N. Korolkova, and G. Leuchs, Appl. Phys. B 79, 273 (2004).
[3] A. M. Lance, T. Symul, V. Sharma, C. Weedbrook, T. C. Ralph and P. K.
Lam, Phys. Rev. Lett. 95, 180503 (2005).
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[4] H. Hüseler, T. Moroder and N. Lütkenhaus, Phys. Rev. A 77, 032303 (2008).
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Persistent entanglement of two coupled SQUID
rings in the quantum to classical transition

M. J. Everitt
Loughborough University, United Kingdom; the British University in

Egypt, Egypt
e-mail: m.j.everitt@physics.org

(oral, section: D)

We explore the quantum-classical crossover of two coupled, identical, supercon-
ducting quantum interference device (SQUID) rings. The motivation for this
work is ba¡x¿sed on a series of recent papers. In [1] we showed that the entangle-
ment characteristics of chaotic and periodic (entrained) solutions of the Duffing
oscillator differed significantly and that in the classical limit entanglement was
preserved only in the chaotic-like solutions. However, Duffing oscillators are a
highly idealised toy model. Motivated by a wish to explore more experimen-
tally realisable systems we extended our work in [2,3] to an analysis of SQUID
rings. In [3] we showed that the two systems share a common feature. That
is, when the SQUID ring’s trajectories appear to follow (semi) classical orbits
entanglement persists. Our analysis in [3] was restricted to the quantum state
diffusion unravelling of the master equation - representing unit efficiency het-
erodyne detection (or ambi-quadrature homodyne detection). Here we show
that very similar behaviour occurs using the quantum jumps unravelling of the
master equation. Quantum jumps represents a discontinuous photon counting
measurement process. Hence, the results presented here imply that such persis-
tent entanglement is independent of measurement process and that our results
may well be quite general in nature.

[1] M. J. Everitt, T. D. Clark, P. B. Stiffell, J. F. Ralph, A. R. Bulsara, C. J.
Harland, New J. Phys. 7 64 (2005).
[2] M. J. Everitt, New J. Phys. 11, 013014 (2009).
[3] M. J. Everitt, Chaos and entanglement in two coupled SQUID rings: Another
example of persistent entanglement in the classical limit, Proc CMT32 2008 -
(to be published) Int. J. Mod. Phys. B (2009).
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Detector tomography
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Silberhorn, T. C. Ralph, J. Eisert, M. B. Plenio and I. A. Walmsley
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(oral, section: C)

Most quantum information applications both computational and cryptographic,
rely on a certain knowledge of the measurement apparatuses involved. More
importantly quantum state tomography and state preparation rely heavily on
the quality of the detector. As quantum technology makes striking advances,
detectors are becoming complex and elaborate calling for a black box approach
to their characterization. Obtaining the full description of a detector is therefore
crucial but it is typically based on partial calibrations or elaborate models. Here
we present the first experimental detector tomography which achieves a full
characterization using minimal assumptions. Building on previous descriptions
of detector tomography [2, 3], we use methods of convex optimization to find
the operators closest to the experimental data for two detectors. The first one
is an avalanche photodiode and the second one is a photon-number-resolving
detector able to detect up to 8 photons. We also present results on practical
detector tomography with phase sensitive detectors. In particular we explain
the methods involved in the characterization of weak-homodyning detectors.

[1] J. S. Lundeen, A. Feito, H. Coldenstrodt-Ronge,et al, Nat. Phys. 27, 5
(2009).
[2] L. Sanchez-Soto, Phys. Rev. Lett. 83, 3573 (1999).
[3] J. Fiurášsek, Phys. Rev. A 64, 024102 (2001), L. D’Ariano, Phys. Rev.
Lett. 93, 250407 (2004).
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Tests of multimode quantum non-locality with
homodyne measurements

A. Aćın, N. J. Cerf, A. Ferraro and J. Niset
ICFO – The Institute of Photonic Sciences, Mediterranean Technology

Park., Av. del Canal Olimpic s/n, 08860 Castelldefels, Barcelona,
Spain

e-mail: alessandro.ferraro@icfo.es

(oral, section: B)

We investigate the violation of local realism in Bell tests involvinghomodyne
measurements performed on multimode continuous-variable states.By binning
the measurement outcomes in an appropriate way, we prove thatthe Mermin-
Klyshko inequality can be violated by an amount that growsexponentially with
the number of modes. Furthermore, the maximum violationallowed by quantum
mechanics can be attained for any number of modes,albeit requiring a quantum
state that is rather unrealistic.Interestingly, this exponential increase of the
violation holds true evenfor simpler states, such as multipartite GHZ states.
The resulting benefitof using more modes is shown to be significant in practi-
cal multipartiteBell tests by analyzing the increase of the robustness to noise
with thenumber of modes. In view of the high efficiency achievable with homo-
dynedetection, our results thus open a possible way to feasible loophole-freeBell
tests that are robust to experimental imperfections. We provide anexplicit ex-
ample of a three-mode state (a superposition of coherentstates) which results in
a significantly high violation of theMermin-Klyshko inequality (around 10 %)
with homodyne measurements.
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Mapping of field correlations from squeezed vacuum
on atoms

Z. Ficek and L. Horvath
The National Centre for Mathematics and Physics, KACST, P.O. Box

6086, Riyadh 11442, Saudi Arabia
e-mail: ficek@physics.uq.edu.au

(oral, section: D)

Controlled transfer or mapping of entanglement from photons to atomic qubits
is a central topic in quantum information and computation. Several interesting
schemes have been proposed and realized experimentally for transferring and
storing entanglement in atomic qubits. From the experimental side, however,
properties of realistic systems together with decoherence effects mitigate the
efficiency of entanglement transfer. These attributes make entanglement stor-
age and transfer fragile and short lived. Therefore, to optimize these systems
for maximal entanglement transfer and storage, it is desirable to explore the
general properties of entanglement in these extended systems with respect to
decoherence. We consider two spatially separated qubits interacting with an
entangled photon field, which we choose to be a broadband squeezed vacuum
field. We are interested in the efficiency of the transfer process of entanglement
from the field to the qubits and its dependence on the presence of spontaneous
emission. Using the quantum trajectory method, we identify coherent and inco-
herent channels for the transfer of entanglement. The coherent channel is due
to the two-photon correlations, whereas the incoherent channels are associated
with spontaneous emission through the symmetric and antisymmetric states of
the system. We calculate the concurrence and find that the efficiency of the en-
tanglement transfer can be explain in terms of the competition between the co-
herent and incoherent channels. Even if the incoherent channels are completely
eliminated, the mapping process is still not perfect due to non-zero fluctuations
of the field. Our results show that the perfect mapping is possible only from
perfectly correlated and weak-intensity squeezed vacuum fields.
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Entanglement in a Raman-driven cascaded system
Ch. Di Fidio and W. Vogel

Universitaet Rostock, Germany
e-mail: christian.fidio@uni-rostock.de

(poster)

The dynamics of a cascaded system that consists of two atom-cavity subsys-
tems is studied by using the quantum trajectory method. Considering the two
atom-cavity subsystems driven by a Raman interaction, analytical solutions are
obtained. Subsequently, the entanglement evolution between the two atoms is
studied, and it is shown that the entanglement can be stored by switching off the
Raman coupling. By monitoring the radiation field, the entanglement between
the two atoms can be enhanced.
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Quantumness tests and witnesses in the
tomographic-probability representation

S. N. Filippov
Moscow Institute of Physics and Technology, State University, Russia

e-mail: filippovsn@gmail.com

(poster)

A boundary between quantum and classical worlds is rather difficult to draw
precisely, while the problem of their distinguishing is getting more important
than it was hardly ever before. Though there exist different ways to check the
classicality of bipartite system, e.g., by employing entropy relations or Bell in-
equalities, the quantumness of a single system seems to be more complicated
question. The simple approach to quantumness tests of a single system is devel-
oped in [1]. According to the criterion proposed, quantum or classical properties
of a system state are associated with measuring some specific observables such
that there exist certain inequalities which hold true in classical domain and are
violated in quantum domain. Violation of the inequalities is considered as a
quantumness witness of the system state. Since both classical and quantum
states can be described by fair probability distributions, the question arises it-
self how does this criterion differ classical and quantum states given by their
probability distributions. In the paper, the qubit case is considered in detail.
A general family of quantumness witnesses is inroduced, with witnesses being
operators depending on an extra parameter. It is also predicted what kind of
experiment one should make to test the quantumness of a qubit state specified
by its tomogram. Spin tomograms and dual spin tomographic symbols are used
to study qubit examples and the test inequalities which are shown to satisfy
simple relations within the framework of the standard probability theory. The
discussion is also presented how to extend the analysis of quantumness tests
given for qubits to systems with continuous variables, e.g., for photon quadra-
ture components.

[1] Alickiand Van Ryn, J. Phys. A: Math. Theor. 41, 062001 (2008).

64



Polarisation squeezing and entanglement in
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(poster)

Optical fibres have proven to be excellent sources for the production of non-
classical states of light. We have used a standard optical fibre and a robust
and simple single-pass setup [1] to generate what is to our knowledge a record
polarisation squeezing of -6.8 ± 0.3dB in an optical fibre [2]. Furthermore, two
of these sources have been used to create highly entangled bipartite continuous
variable polarisation states [3]. We also investigate the generation of polarisa-
tion squeezing in photonic crystal fibres (PCF) as they can be tailored to have
an high effective nonlinear Kerr effect and little excess noise. However, thus far
they have shown some drawbacks to standard fibres when using the single-pass
setup [4]. In order to reduce these problems we are investigating different kinds
of PCFs which have improved dispersion properties while holding the promise of
minimized phonon-photon coupling [5]. Additionally a novel method to produce
polarisation squeezing was developed. By using two pulses of equal polarisation
counter propagating on the same fibre axis and overlapping them after the PCF,
we generated a maximum squeezing of -3.9 ± 0.3 dB and an anti-squeezing of
16.8 ± 0.3dB [6]. The purity of this squeezed states is more than three times
higher than in a standard fibre. By exploiting both polarisation axes of the
PCF we can generate two independent polarisation squeezed beams that can be
used to create polarisation entanglement.

[1] J. Heersink et al., Opt. Lett. 30, 1192 (2005).
[2] R. Dong et al., Opt. Lett. 33, 116 (2008).
[3] R. Dong et al., New J. Phys. 9, 410 (2007).
[4] J. Milanovic et al., Laser Physics 17, 559 (2007).
[5] D. Elser et al., Phys. Rev. Lett. 97, 133901 (2006).
[6] J. Milanovic et al., arXiv:0902.4597v1 [quant-ph] (2009).
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homodyne detection

Ch. Gabriel1,2, Ch. Wittmann1,2, R. Dong1,2, Ch. Marquardt1,2, D.
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(oral, section: F)

The production of truly random numbers has become incredibly important for
quantum key distribution systems. A popular method to produce such truly
random numbers is by exploiting the intrinsic randomness of quantum phe-
nomena. At the moment most of these quantum random number generators
(QRNG) rely on single photon sources and detectors. We present a method
which uses homodyne detection and takes advantage of the continuous variable
nature of the signal to produce a reliable and fast QRNG with a simple setup.
The numbers are generated by measuring the probability distribution of the in-
coming signal, dividing it into equal segments (i.e. same sample size/segment)
and assigning the values in each segment a certain bit combination. We mainly
carried out measurements with a quantum noise limited beam as this allowed
the simplest setup. However, we also investigated squeezed and anti-squeezed
signals for comparison reasons. We applied different test suites, such as the
common and popular Diehard and Dieharder test suites, to examine their ran-
domness. Excellence performances in all tests have been observed so far. We
have also developed a technique to constantly check the purity of the state dur-
ing the measuring process which in turn allows us to prevent an eavesdropper
from controlling the random numbers. This is an advantage to other QRNG
and is to our knowledge the first time such a scheme has been introduced in
that context. At the moment the numbers are produced at a speed of roughly
12 Mbit/s but with a few improvements the speed can easily be increased to 50
Mbit/s or even higher.
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Quantum fluctuations in photon statistics
distribution

J. Gao, D. Fan, Y. Bai, H. Zhang, Q. Niu and J. Zhang
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(poster)

Photocounting statistics is investigated with pseudo-thermal light when the in-
tensity of the field is as weak as in the single photon level. We find that the
statistical distribution continues to be well described by the negative binomial
function as usual thermal light. However, the degeneracy factor in the distri-
bution is markedly different from the conventional value. We find the quantum
fluctuation of result in the difference.
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X-entanglement: the non-factorable spatio-temporal
structure of biphoton correlation
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(oral, section: D, invited )

Parametric down-conversion (PDC) is probably the most efficient and widely
used source of entangled photon pairs, which have been employed in several suc-
cessful implementations of quantum communication and information schemes.
At the very heart of such technologies lies the quantum interference between
photonic wave functions, which depends crucially on the spatio-temporal mode
structure of the photons. In this work, the issue of controlling and tailoring the
biphoton spatio-temporal structure is addressed from a peculiar and novel point
of view, that is, the non factorability in space and time of the PDC biphoton
entanglement. The idea is driven from recent investigations in nonlinear optics,
which outlined how in nonlinear media the angular dispersion relations impose a
hyperbolic geometry involving temporal and spatial degrees of freedom in a non-
factorable way. The wave object that captures such a geometry is the so-called
X-wave (the X being formed by the asymptotes of the hyperbola). In this work,
we turn our attention to the genuine quantum level, investigating the spatio-
temporal structure of the biphoton cross-correlation. We shall demonstrate that
a X-geometry emerges in this microscopic context as well. The PDC entangle-
ment has been to date investigated mostly either in a purely temporal or spatial
frameworks. Our approach, based on the non-factorability in space and time of
the state, will point out a key element of novelty, i.e. the possibility of tailoring
the temporal bandwidth of the biphotons by manipulating their spatial degrees
of freedom. In particular, by resolving their near-field positions, we will show
that the X-structure opens the access to an ultra-broad bandwidth entangled
photonic source, with a temporal localization in the femtosecond range. Such
an extreme localization can be used to increase the sensitivity of high precision
measurements e.g. in the protocol of clock synchronization.
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(oral, section: D, invited )

The possibility of manipulating quantum states of light has paved the way to
quantum technologies. Among them very interesting achievements derive from
exploiting quantum correlations for innovative imaging processes. In this talk,
after a general review on the subject, I will present most recent experimental
results and, in particular, differential quantum imaging.
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Exactly solvable model of quantum mechanics with
random environment
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(poster)

The dissipation and decoherence, interaction with the random media, the con-
tinuous measurements and many other complicated problems of open quantum
systems is a result of interaction of quantum system with the random environ-
ment. These problems mathematically are being described in terms of complex
probabilistic processes (CPP). Note that CPP satisfies of the stochastic differ-
ential equation (SDE) of Langevin-Schrödinger type (L-Sch) which is defined
on the extended space R1 ⊗ R{ξ}, where R1 and R{ξ} the Euclidean and the
functional spaces are correspondingly. For simplicity the model of 1D quan-
tum harmonic oscillator (QHO) with the stochastic environment, is considered.
Using the etalon SDE of lesser dimensionality L-Sch equation to the problem
of autonomous QHO on the stochastic space-time continuum is reduced, after
which the equation in terms of orthogonal CPP is solved exactly. With the help
of etalon 1D complex SDE the 2D Fokker-Plank equation which describes the
evolution of environment is found. On the basis of orthogonal CPP the method
of stochastic density matrix (SDM) is developed. By SDM method the relax-
ation processes in the closed system ‘QHO+environment’ are investigated. The
thermodynamical potentials, such as a non-equilibrium entropy and an energy
of ‘ground state’ in a closed form are constructed. The expression for uncer-
tain relations is obtained depending on interaction’s constant between 1D QHO
and environment. The Weyl transformation for stochastic operators is specified
using which the Wigner function for a ‘ground state’ is constructed.
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with quantum fluctuations
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(poster)

The propagation of electromagnetic waves is considered in the vacuum tak-
ing into account quantum fluctuations in the limits of stochastic differential
equations (SDE) (conditionally named as Maxwell-Langevin (ML) equations)
on extended space, where and are Euclidian and functional spaces, correspond-
ingly. For a ‘white noise’ model of quantum fluctuations, using ML SDEs, the
second order partial differential equation is found which describes the quan-
tum distribution of virtual photons in vacuum. Mathematically this equation is
defined on the 2D space (equilibrium vacuum coordinates) and parametrically
depends on the 4D Minkowski space-time continuum. It is proved that in order
to satisfy observed facts nonperturbed (free) vacuum virtual photons should be
quantized. In particular, when the virtual photons are described by the model
like reverse harmonic quantum oscillator, the observed quantum distribution is
obtained precisely. The virtual photons in toto (approximately 85
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The standard approach to quantum fault tolerance is to calculate error thresh-
olds on basic gates in the limit of arbitrarily many concatenation levels. In
contrast this paper takes the number of qubits and the target implementation
accuracy as given, and provides a framework for engineering the constrained
quantum system to the required tolerance. The approach requires solving the
full dynamics of the quantum system for an arbitrary admixture (biased or unbi-
ased) of Pauli errors. The inaccuracy between ideal and implemented quantum
systems is captured by the supremum of the Schatten k-norm of the difference
between the ideal and implemented density matrices taken over all density ma-
trices. This is a more complete analysis than the standard approach, where an
intricate combination of worst case assumptions and combinatorial analysis is
used to analyze the special case of equiprobable errors. Conditions for fault tol-
erance are now expressed in terms of error regions rather than a single number
(the standard error threshold). In the important special case of a stochastic
noise model and a single logical qubit, an optimization over all 2 × 2 density
matrices is required to obtain the full dynamics. The complexity of this cal-
culation is greatly simplified through reduction to an optimization over only
three projectors. Error regions are calculated for the standard 5- and 7-qubit
codes. Knowledge of the full dynamics makes it possible to design sophisticated
concatenation strategies that go beyond repeatedly using the same code, and
these strategies can achieve target fault tolerance thresholds with fewer qubits.
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Space, time and quantum nonlocality
N. Gisin
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Quantum nonlocality, i.e. the fact that the outcomes of some measurements on
some quantum systems can’t be described using only localvariables, puts serious
doubts on the completeness of today’s physics notions of space and time. We’ll
discuss some aspect of this conflict.
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Atomic and nuclear optics with manifestation of
stochastic behaviour and photon-correlation effects
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Deformation and shift of the atomic emission and absorption lines in a strong
laser field, definition of a laser radiation quality effect on atomic characteristics
are the most actual problems of atomic optics to be still solved. At present time,
a progress is achieved to describe behaviour of an atom in a harmonic emission
field. But in the realistic laser field the corresponding processes in significant
degree differ from ones in the harmonic field and manifest unusual behaviour.
The widespread approaches to solving considered tasks are as follows: the Green
function method, the density - matrix formalism (the stochastic equation of mo-
tion for density - matrix operator and its correlation functions). The laser model
considered is that of an ideal single-mode laser operating high above threshold,
with constant field amplitude and undergoing phase-frequency fluctuations sim-
ilar to Brownian motion. As correlation time of the frequency fluctuations
increases from zero to infinity, the laser line shape changes from Lorentzian
to Gaussian in a continuous way. For intermediate and strong fields, an aver-
aged intensity of fluorescence in the case of a resonant broadband Lorentzian
line shape is higher than that in the case of the Gaussian line shape with the
same bandwidth and total power. This is in contrast to the weak- field case
where the higher peak power of the Gaussian line shape makes it more effective
than the Lorentzian line shape. In the case of a non-zero frequency correlation
time (non-Lorentzian line shape) the intensity of fluorescence undergoes non-
Markovian fluctuations. Regarding the spectrum of resonance fluorescence it is
shown that as the line shape is varied from Lorentzian to Gaussian the following
changes take place : i) in the case of off-resonance excitation, the asymmetry
of the spectrum decreases, ii) in the case of resonance excitation, the centred
peak to side-peak height ratio for the triplet structure increases. We will use the
consistent QED method, which bases on the S-matrix Gell-Mann and Low for-
malism, for the studying interaction of atomic and molecular systems with the
realistic laser field [1]. The radiative emission and absorption atomic lines are
studied and described by their moments of different orders m(n). The moments
are strongly dependent upon the laser pulse quality: intensity and mode consti-
tution. In particular, the k-photon absorption line centre shift in the transition
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q-p can not be obtained from the corresponding expression for the ‘1’-photon
absorption by the replacement of w-w/k and introduction of the multiplier 1/k
(w - the central laser emission frequency). The cases of a single-, multi-mode,
coherent, stochastic laser pulse shape are in details studied. The significant role
of the stochasticity and photon-correlation effects is analyzed. Some calculation
results of multi-photon resonance and ionization profile in H, Mg, Cs, Kr, and
other atoms are presented. The same program is realizing for nuclei in a super
strong laser field, providing opening the field of nuclear quantum optics. The
direct interaction of super intense laser fields in the optical frequency domain
with nuclei is studied and the AC Stark effect for nuclei is described within the
operator perturbation theory [1] and the relativistic mean-field (RMF) model
for the ground-state calculation of the nucleus [2]. We find that AC-Stark shifts
of the same order as in typical quantum optical systems relative to the respec-
tive transition frequencies are feasible with state-of-the-art or near-future laser
field intensities.

[1] A. V. Glushkov and L. N. Ivanov, Phys. Lett. A170, 36 (1992), J. Phys. B
26, L376 (1993); A. V. Glushkov et al., Europ. Phys. Journ. 160, 195 (2008),
Phys. Scr. T134, 5 (2009), Int. J. Quant. Chem. 99, 889 , 936 (2004), 104,
512, 562 (2005).
[2] A. V. Glushkov and L. N. Ivanov, Preprint ISAN, N-3AS, Moscow-Troitsk
(1992), T. J. Burvenichm, J. Evers and C. H. Keitel, Phys. Rev. Lett. 96,
142501 (2006), Phys. Rev. C. 74, 044601 (2007).

75



Atomic and nuclear optics with manifestation of
photon-correlation effects, quantum chaos and

entanglement
A. V. Glushkov

Odessa University, Odessa, Ukraine, and Russian Academy of Scieces,
Troitsk, Russia

e-mail: glushkov@paco.net

(poster)

At present time, a progress is achieved to describe behaviour of an atom in a
harmonic emission field. But in the realistic laser field the corresponding pro-
cesses in significant degree differ from ones in the harmonic field and manifest
unusual behaviour. The widespread approaches to solving considered tasks are
as follows: the Green function method, the density - matrix formalism ( the
stochastic equation of motion for density - matrix operator and its correlation
functions). The laser model considered is that of an ideal single-mode laser
operating high above threshold, with constant field amplitude and undergoing
phase-frequency fluctuations similar to Brownian motion. As correlation time
of the frequency fluctuations increases from zero to infinity, the laser line shape
changes from Lorentzian to Gaussian in a continuous way. For intermediate
and strong fields, an averaged intensity of fluorescence in the case of a resonant
broadband Lorentzian line shape is higher than that in the case of the Gaussian
line shape with the same bandwidth and total power. This is in contrast to the
weak- field case where the higher peak power of the Gaussian line shape makes it
more effective than the Lorentzian line shape. In the case of a non-zero frequency
correlation time (non-Lorentzian line shape) the intensity of fluorescence under-
goes non-Markovian fluctuations. Regarding the spectrum of resonance fluores-
cence it is shown that as the line shape is varied from Lorentzian to Gaussian
the following changes take place : i). in the case of off-resonance excitation, the
asymmetry of the spectrum decreases, ii).in the case of resonance excitation, the
centred peak to side-peak height ratio for the triplet structure increases. We will
use the consistent QED method, which bases on the S-matrix Gell-Mann and
Low formalism, for the studying interaction of atomic and molecular systems
with the realistic laser field [1]. The radiative emission and absorption atomic
lines are studied and described by their moments of different orders m(n). The
moments are strongly dependent upon the laser pulse quality: intensity and
mode constitution. In particular, the k-photon absorption line centre shift in
the transition q-p can not be obtained from the corresponding expression for
the ”1”-photon absorption by the replacement of w-w/k and introduction of the
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multiplier 1/k (w - the central laser emission frequency). The cases of a single-,
multi-mode, coherent, stochastic laser pulse shape are in details studied. The
significant role of the stochasticity and photon-correlation effects is analyzed.
Some calculation results of multi-photon resonance and ionization profile in H,
Mg, Cs, Kr, and other atoms are presented. For example, studying highly lying
states and ATI from the Mg ground state to states with J=2 with taking into
account ionization to the 3skd and 3pkp opened channels showed availability of
non-regular clusters of strongly interacting resonances (satisfying to Wigner dis-
tribution) and revealed a quantum chaos effect (quantum entanglement). The
same program is realizing for nuclei in a super strong laser field, providing open-
ing the field of nuclear quantum optics. The direct interaction of super intense
laser fields in the optical frequency domain with nuclei is studied and the AC
Stark effect for nuclei is described within the operator perturbation theory [1]
and the relativistic mean-field (RMF) model for the ground-state calculation of
the nucleus [2]. We find that AC-Stark shifts of the same order as in typical
quantum optical systems relative to the respective transition frequencies are
feasible with state-of-the-art or near-future laser field intensities.

[1] A. V.Glushkov, L. N. Ivanov, Phys. Lett. A170, 36 (1992), J. Phys. B 26,
L376 (1993), A. V. Glushkov et al., Europ. Phys. J. 160, 195 (2008), Phys. Scr.
T134, 5 (2009), Int. J. Quant. Chem. 99, 889, 936 (2004).
[2] A. V. Glushkov, L. N. Ivanov, Preprint ISAN, N-3AS, Moscow-Troitsk
(1992), T. J. Burvenichm, J. Evers, C. H. Keitel, Phys. Rev. Lett. 96, 142501
(2006), Phys. Rev. C. 74, 044601 (2007).
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The distribution of entangled states of light over long distances is a major chal-
lenge in the field of quantum information. Optical losses, phase diffusion and
mixing with thermal states lead to decoherence and destroy the non-classical
states after some finite transmission-line length. Quantum repeater protocols,
which combine quantum memory, entanglement distillation and entanglement
swapping, were proposed to overcome this problem. Here we report on the ex-
perimental demonstration of entanglement distillation in the continuous-variable
regime [1] and its tomographic characterization . Entangled states were first
disturbed by random phase fluctuations and then distilled and purified using
interference on beam splitters and homodyne detection. In contrast to previ-
ous demonstrations of entanglement distillation in the complementary discrete-
variable regime, our scheme achieved the actual preparation of the distilled
states, which might therefore be used to improve the quality of downstream ap-
plications such as quantum teleportation. The output states were characterized
by means of a novel two mode tomography technique providing the ability of
state reconstruction.

[1] B. Hage, A. Samblowski, J. DiGuglielmo, A. Franzen, J. Fiurášek and R.
Schnabel, Nat. Phys. 4, 915 (2008).
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(poster)

The exploration of possible applications of quantum states has only just be-
gun. Already promising applications in understanding fundamental physics,
phase transitions and quantum technologies such as precision measurements
and quantum computing have been made. By theoretical investigation we have
shown how different types of ‘cat states’ with different robustness can be made.
We then show how these can be used to understand their nature and used to
make precision measurements of rotation. The system comprises of a quasi-1D
loop that is either continuous with a barrier, or an optical lattice, that can be
rotated. This goes beyond mean field analysis by studying small systems at a
microscopic level using second quantized formalism.
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Measurement of angle uncertainty of momentum
correlations and spectral characteristics of the
photons generated in parametric fluorescence

M. Hamar, A. Černoch, J. Soubusta, V. Michálek, J. Peřina Jr and O.
Haderka
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Parametric fluorescence is very often used in imaging experiments, also referrred
to as ghost imaging. In these applications, the uncertainty in the determination
of angles of emission of signal and idler photons limits the spatial resolution
of the image. This uncertainty defines the volume in space behind the crystal,
where signal and idler photons are partially correlated. The uncertainty in
the angular coordinates is caused by the imperfect momentum conservation
of the signal, idler and pump photons.Many parameters like divergence of the
pumping beam, width of the pumping spectrum, size of the crystal influence this
uncertainty. We have developed a numerical model involving these parameters
and yielding the angular and spectral characteristics of the signal and idler fields.
The obtained numerical results are compared with the experimental data.We
used three different methods to measure the angular uncertainty. First, a scan
with the circular aperture has been used. This method has been combined
with the measurement of the fourth-order autocorrelation function in the Hong-
Ou-Mandel interferometer. In the second approach, a scan by an edge has been
applied instead of a circular aperture. The third method uses an intensified CCD
camera. The dependence of the size of angular uncertainty on the divergence of
the pumping beam has been measured.
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Non-classical nature of a quantum flux in a double
SQUID
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We investigate the non-classical nature of a quantum flux in a double SQUID
which is a superconducting ring interrupted by a dc-SQUID. This system is
equivalent to an anharmonic oscillator with a time-dependent frequency. A rapid
change of the magnetic flux in the dc-SQUID abruptly changes the Josephson
frequency, leading to the nonadiabatic mixing of the quantum states for a quan-
tum flux in a double SQUID. As a result, squeezing of the quantum flux occurs
due to the Bogoliubov transformation between eigenstates at different times. We
perform numerical calculations for the quantum state evolution of the quantum
flux within a harmonic approximation, taking account of the nonadiabatic ef-
fect, and found that the state distribution has a super-Poissonian character that
is a signature of flux squeezing.
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Continuous variable entanglement in open quantum
systems

A. Isar
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In the framework of the theory of open systems based on completely positive
quantum dynamical semigroups [1,2], we study the continuous variable entangle-
ment for a system consisting of two independent harmonic oscillators interacting
with a general environment. We solve the Markovian master equation for the
time evolution of the considered system and, by using Peres–Simon necessary
and sufficient criterion for separability of two-mode Gaussian states [3,4], we
describe the generation and evolution of entanglement in terms of the covari-
ance matrix, for a correlated coherent initial state. We show that for certain
values of diffusion and dissipation coefficients describing the environment, the
state keeps for all times its initial type: separable or entangled. In other cases,
entanglement generation, entanglement sudden death or a periodic collapse and
revival of entanglement take place [5]. In particular, we describe the dynamics
of entanglement in terms of the squeezing coefficient of the initial Gaussian state
and the temperature of thermal bath. We analyze also the time evolution of the
logarithmic negativity, which characterizes the degree of entanglement of the
quantum state.

[1] G. Lindblad, Commun. Math. Phys. 48, 119 (1976).
[2] A. Isar, A. Sandulescu, H. Scutaru, E. Stefanescu, W. Scheid, Int. J. Mod.
Phys. E 3,635 (1994).
[3] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).
[4] R. Simon, Phys. Rev. Lett. 84, 2726 (2000).
[5] A. Isar, Int. J. Quantum Inf. 6, 689 (2008).
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Wave-particle duality of large molecules revealed
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Molecular interferometry has proven to be a suitable tool for testing the wave-
particle duality of large, heavy and hot molecules. We report on a new detec-
tion scheme for molecular interferometry: the near-field interference pattern is
deposited onto a detection surface, which is subsequently imaged using various
microscopic techniques. Scanning tunneling microscopy even allows to image ev-
ery single molecule with nanometer resolution within the interference pattern,
revealing the wave-particle duality in its clearest form. First interferograms
of C60 molecules deposited onto reconstructed Si(111)7x7 are presented. This
method is not only intuitive and most sensitive, but also intrinsically scalable
to larger molecules or clusters. Alternative detection schemes using AFM or
fluorescence microscopy will be discussed.
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Quantum information is traditionally measured by the von Neumann entropy,
which is a thermodynamic measure. The von Neumann entropy for a pure state
is zero, it is independent of the receiver and it has some characteristics that
are intuitively unreasonable. For example, the Bell state is a pure state with
zero entorpy, but its components are in mixed state and they have non-zero
entropy. In classical communications theory, information is a property that is
associated with the surprise the received message has for the recipient. From
this perspective, the information associated with an unknown pure state should
be non-zero. The idea of zero entropy for an unknown pure state is in accord
with the perspective that once the state has been identified, there is no further
information to be gained from examining its copies. But it is not reasonable
if the game being played between the sender and the receiver consists of the
sender choosing one out of a certain number of polarization states (say, for a
photon) and supplying several copies of it to the receiver. In this latter case, the
measurements made on the copies do reveal information regarding the choice
made. If the set of choices is infinite, then the ‘information’ generated by the
source is unbounded. From the point of view of the preparer of the states, the
information in the pure state is limited by the ‘relationship’ between the source
and the receiver, and by the precision of the receiver’s measurement apparatus.
If the sender chose a polarization state that the receiver’s measurement appara-
tus was already synchronized with, the receiver could recognize the state quite
readily. In this paper we consider several issues related to this transactional na-
ture of quantum information and discuss its possible applications to computing
and cryptography.
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Model of extended Newtonian dynamics and
Feynman’s path integrals
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Newton’s physics is describes macro-objects sufficiently well, however it does not
describe microobjects. A model of extended Newtonian dynamics (MEND) is
based on an axiomatic generalization of Newton’s classical laws to non-inertial
reference frames postulating the description of body dynamics by differential
equations with higher derivatives of coordinates with respect to time but not
only of second order ones. In that case the Lagrangian L = L(q, q̇, q̈, ..., q̇n) de-
pends on higher derivatives of coordinates with respect to time and corresponds
to Feynman’s multiple path integrals. The kinematic state of a body is consid-
ered to be defined if n-th derivative of the body coordinate with respect to time
is a constant (i.e. finite). First, kinematic state of a free body is postulated to
invariable in an arbitrary reference frame. Second, if the kinematic invariant
of the reference frame is the n-th order derivative of coordinate with respect to
time, then the body dynamics is describes by a (n+1)-order differential equa-
tion. For example, in a uniformly accelerated reference frame all free particles
have the same acceleration equal to the reference frame invariant, i.e. refer-
ence frame acceleration. These bodies are described by third-order differential
equation in a uniformly accelerated reference frame.
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If the existence of the minimal elementary length `0 is supposed, then the con-
tinuous analysis should be replaced by the discrete one. Therefore, the field
equations should be replaced by the system of dynamical equations for the val-
ues of the field function u(xi, t) = qi(t) at the nodes of the space lattice. If
one eliminates all variables qi beside the single one q(t) = u(0, t), then there
appears the infinite order differential equation corresponding to the so-called
Ostrogradsky dynamics. In this case the Lagrangian L = L(q, q̇, q̈, ..., q̇n, ...)
depends on higher derivatives of coordinates with respect to time. In gener-
alized dynamics suggested by M. V. Ostrogradsky the motion is described by
the infinite-components vector α = α(q, q̇, q̈, ..., q̇n, ...). In quantum theory the
corresponding Feynman transition amplitude becomes

〈α1|α2〉 =
∫

Dα exp( ı
h̄

t2∫
t1

L[α]dt)

and contains functional integral over the higher derivatives histories. The pro-
posed scheme can be applied to the quantum description of extended particles.
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We study bosonic Gaussian channels with a classical noise under the physical
assumption of a finite input energy. By input energy, we understand both the
energy of classical signal (modulation) and the energy spent on squeezing the
quantum states carrying the classical signals. We find the optimal repartition
of the total input energy that maximizes the channel transmission rate given by
the Holevo quantity. The energy is distributed not only between the n channel
modes but also in each mode between the part used for squeezing the quantum
states and the part used for classical modulation. We consider in detail one-
and two-mode channels, then extend our results to n-mode channels including
the limit of infinite n, thus obtaining the classical capacity of the channel. We
show that above a certain threshold for the input energy we recover the optimal
energy distribution given by the solution known in the case of classical channels
as ‘water filling’. This solution corresponds to an overall thermal state at the
output of the channel. Below this energy threshold determined by the channel
noise, the water filling solution is no more valid. We find another solution in
the form of an implicit function. We analyze this new solution and show that it
may be well described by a linear approximation. In the related report (poster)
entitled ‘Classical capacity of a bosonic memory channel with Gauss-Markov
noise’ by J. Schäfer we present an application of these ideas to a particular
model of classical noise and evaluate the channel capacity.
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The spin squeezed states are generated through the non-linear Hamiltonians.
For quantitative considering of the squeezing, many squeezing parameters are
defined by different persons. In this essay the qualified parameter is determined
by some graphical comparison between the Q quasi-distribution function and
squeezing parameters. Results have been presented for the three qubits system.
The external linear field is considered also as the controller term for the amount
of squeezing.

88



Atomic parity nonconservation in heavy atoms and
observing P and PT violation using NMR shift in a

laser beam
O. Yu. Khetselius

Odessa University, Odessa, Ukraine
e-mail: nuclei08@mail.ru

(poster)

During the past decade, first of all the optical experiments to detect atomic par-
ity non-conservation (PNC) have progressed to the point where PNC amplitudes
can be measured with accuracy on the level of a few percents in certain heavy
atoms [1]. Promising idea (Forston) is to apply the techniques of laser cooling
and ion trapping to measurement of the PNC in 6s2S1/2-5d2D3/2 transition of
the singly ionized barium. To provide an adequate treating these experiments
in terms of the standard model for a electro-weak interaction, comparison of the
measured amplitudes with theoretically defined ones is required. Nowdays the
PNC in atomic systems has a potential to probe a new physics beyond the stan-
dard model. In our paper we systematically apply the formalism of the QED
many-body perturbation theory [2] to precise studying PNC effect in heavy
atoms with account for the relativistic, nuclear and radiation QED corrections.
Earlier an efficiency of this approach has been demonstrated in the precise cal-
culation of the hyperfine structure constants, E1, M1 transition probabilities
for heavy atoms and heavy ions [3]. We present the preliminary calculation
results for energy levels, hyperfine structure intervals, E1-,M1-transitions am-
plitudes in heavy atoms of 133Cs, 137Ba+, 207Pb, 119Sn. For comparison the
analogous data (c.f.[1]) by Dzuba etal (Novosibirsk), Bouchiat etal (Paris), by
Johnson etal (Indiana), by Johnson-Sapirstein-Blundell (Notre Dame) are pre-
sented. Comparison of calculated transition amplitudes with the measurement
by Noeker et al gives the following data of weak nuclear charge Qw and the
Weinberg angle W. We also discuss a new improved possibility for observing P
and PT violation using a nuclear magnetic resonance (NMR) frequency shift in
a laser beam [4]. The cited shift is provided by a correlation of the a nuclear
spin with the momentum of the photon (Ik).

[1] W. Johnson, J. Sapirstein, S. Blundell, Phys. Scr. T 46,184 (1993), N.
Forston, Phys. Rev. Lett.70,2382 (1993), V. Dzuba, V. Flambaum, M. Safronova,
Phys. Rev. A 73, 022112 (2006), B. Sahoo, B. Das, et al., Phys. Rev.A 75,
032507 (2007).
[2] A. Glushkov, O. Khetselius, et al., Nucl. Phys. A734, 21 (2004), Recent Adv.
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in Theory of Phys. and Chem. Systems (Berlin, Springer), 15, 285 (2006).
[3] O. Khetselius, Phys. Scr. T134 (2009), Int. J. Quant.Chem. 109 (2009).
[4] O.Sushkov, Phys. Scr.T46, 193 (1993).
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We study the relation between the mathematical structures of classical statisti-
cal mechanics on infinite dimensional phasespace and quantum mechanics. It is
shown that quantum average (given by the von Neumann trace formula) can be
obtained as the main term of the asymptotic expansion of Gaussian functional
integral on Hilbert phase space with respect to a small parameter – dispersion
of the Gaussian measure. Symplectic structure on infinite dimensional phase
space plays the crucial role in our considerations. In particular, measures on
Hilbert phase space should be consistent with the symplectic structure. Equa-
tions of Schrödinger, Heisenberg and von Neumann are images of Hamiltonian
dynamics on Ω. Thus, in spite of all no-go theorems (including Bell’s theorem)
a natural prequantum model can be constructed. The pice for ‘classicality’ is
the infinite dimension of phase space.
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Prequantum classical field theory predicts violation
of Born’s rule
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Recently a new attempt to go beyond quantum mechanics (QM) was done – pre-
quantum classical statistical field theory (PCSFT). The main experimental pre-
diction of PCSFT is violation of Born’s rule. The latter is only an approximative
formula. We expect that it will be possible to design experiments demonstrating
violation of Born’s rule. Moreother, recently the first experimental evidence of
violation was found in the three slit interference experiment performed by the
experimental group of Gregor Weihs. It provides at least preliminary confir-
mation of the main prediction of PCSFT. In our approach quantum particles
are just symbolic representations for ‘prequantum random fields.’ These pre-
quantum fields fluctuate on time and space scales which are essentially finer
than scales of QM, cf. ‘t Hooft’s attempt to go beyond QM. In this talk we
elaborate a detection model in the PCSFT-framework. In this model classical
random fields (corresponding to ‘quantum particles’) interact with detectors in-
ducing probabilities which match with Born’s rule only approximately. Thus
QM arises from PCSFT as an approximative theory.
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A quantum state is nonclassical if its Glauber-Sudarshan P function fails to
be interpreted as a probability density. However, since the P function is often
highly singular, the straightforward application of this definition is only feasi-
ble in special situations [1]. Therefore, different criteria have been developed.
One possible solution is the examination of the characteristic function of the P
function, which can reveal nonclassical effects directly. Alternatively, one can
examine the violation of the nonnegativity of special matrices of moments of
the quadrature operator. We compare both criteria by application to phase-
diffused squeezed vacuum states [2]. We show theoretically and experimentally
that these states are always nonclassical, even if the squeezing is hidden by the
phase-noise. Furthermore, we take special care for the evaluation of the statis-
tical significance of the demonstrated effects.

[1] T. Kiesel, W. Vogel, V. Parigi, A. Zavatta and M. Bellini, Experimental de-
termination of a nonclassical Glauber-Sudarshan P function, Phys. Rev. A 78,
021804(R) (2008).
[2] T. Kiesel, W. Vogel, B. Hage, J. DiGuglielmo, A. Samblowski, and R. Schn-
abel, Experimental test of nonclassicality criteria for phase-diffused squeezed
states, Phys. Rev. A 79, 022122 (2009).
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In 1970, Richard Feynman wrote down a Lorentz-invariant differential equation
in order to understand relativistic particles with internal space-time structures.
This equation can have more than 240 different solutions depending on separa-
tion of variables. It is shown that squeezed states in optics can be explained in
terms of one set of those solutions. In addition, this equation can explain some
of the current issues in physics including entanglement and decoherence, as well
as a Lorentz-invariant form of the uncertainty principle.
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Coherent and squeezed states for discrete systems
A. B. Klimov, C. Munoz and L. L. Sanchez-Soto

Universidad de Guadalajara, Mexico
e-mail: klimov@cencar.udg.mx

(oral, section: A)

We construct and analyze coherent and squeezed states for discrete systems in
dimensions power of prime. In the case of qubits we have found a relation with
the standard atomic coherent states. The squeezed states are introduced as a
result of action of symplectic operators on the coherent states, which generates
some specific correlations between qudit states. The properties of discrete qua-
sidistribution functions (Q-function and Wigner function) for these states are
studied.
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Spin-squeezed atomic vapors: Is there any gain or
not?

I. Kominis
University of Crete, Greece

e-mail: ikominis@iesl.forth.gr

(oral, section: E)

Spin noise sets fundamental limits to the precision of measurements using spin-
polarized atomic vapors, such as performed with sensitive atomic magnetome-
ters. Spin squeezing offers the possibility to extend the measurement precision
beyond the standard quantum limit of uncorrelated atoms. Contrary to cur-
rent understanding, we show that, even in the presence of spin relaxation, spin
squeezing can lead to a significant reduction of spin noise, and hence an increase
in magnetometric sensitivity, for a long measurement time. This is the case
when correlated spin relaxation due to binary alkali-atom collisions dominates
independently acting decoherence processes, a situation realized in thermal high
atom-density magnetometers and clocks [1].

[1] Phys. Rev. Lett. 100, 073002 (2008).
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Two-photon squeezing properties of the quantized
cavity field interacting with a pair of

indistinguishable two-level atoms
V. I. Koroli and A. Nistreanu

Institute of Applied Physics, Academy of Sciences of Moldova, Moldova
e-mail: vl.koroli@gmail.com

(poster)

The interaction between the pair of indistinguishable two-level atoms and the
single-mode cavity field is investigated. This problem generalizes the two-photon
Jaynes-Cummings model of a single two-level atom interacting with the squeezed
vacuum [1]. It should be noted that the model of the pair of indistinguishable
two-level atoms is equivalent to the problem of the equidistant three-level radi-
ator with equal dipole moment matrix transition elements between the adjacent
energy levels. In this situation the states of the atomic pair can be described in
the three-level states representation by the following: the ground state describes
the case in which both two-level atoms are in the corresponding ground states,
in the first excited state the first two-level atom is in the ground state and the
second one is in the excited state and vice versa, in the second excited state
both atoms are excited. The single-mode cavity field at the initial moment t=0
is supposed to be in the squeezed vacuum state. In this situation we obtain
the exact analytical solution for the atom-field state-vector in the case when
initially the atomic pair is supposed to be in the first excited state. By using
this solution the generation of squeezed states of the quantized cavity field is
investigated. The obtained results are compared with those for the single two-
level atom system. We observe that in the model of the pair of two-level atoms
the exact periodicity of the squeezing revivals is violated by the analogy with
the single two-level atom one. The exact periodicity of squeezing oscillations is
also violated in the model with the intensity-dependent coupling [2].

[1] C. C. Gerry, Phys. Rev. A 37, 2683 (1988).
[2] V. I. Koroli, Int. J. Quant. Inf 5, 199 (2007).
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Generation of squeezed states of light interacting
with a laser cooled and trapped radiator

V. I. Koroli and A. Nistreanu
IInstitute of Applied Physics, Academy of Sciences of Moldova,

Academiei strasse 5, Kishinev MD-2028, Moldova
e-mail: vl.koroli@gmail.com

(poster)

We study the interaction between the laser cooled and trapped equidistant three-
level atom (ion)and the single-mode cavity field. The dipole moment matrix
transition elements between the adjacent atomic energy levels d12 and d23 are
assumed to be different. This problem generalizes the model of the pair of
indistinguishable two-level atoms [1]. The intensity-dependent coupling is as-
sumed between the three-level atom and the radiation field. In this situation we
suggest that the three-level atom is laser cooled into the state with zero-point
vibrational energy with the vibronic quantum number 〈nv〉 = 0. For example,
the two-stage laser cooling experiment of the 198Hg+ ion was demonstrated
[2], in which Diedrich et al achieved 〈nv〉 = 0 by optical sideband cooling with
the temperature T= 50 micro Kelvin. We suppose that at the initial moment
the field is in the Holstein-Primakoff SU(1,1) coherent state and obtain the ex-
act analytical solution for the atom-field state-vector. With the help of this
solution the quantum-statistical and squeezing properties of the radiation field
are investigated. The obtained results are compared with those for the single
two-level atom model [3]. We observe that the exact periodicity of the squeez-
ing revivals that takes place in the case of the single two-level atom is violated
in the model involving the equidistant three-level radiator with different dipole
moment matrix transition elements. In the other words,the exact periodicity of
the physical quantities can be destroyed only when more than two levels of the
single-atom model are taken into account. The two limiting cases of interest are
considered. In the first case when d12 tends to the d23 the quantum-statistical
and squeezing properties of the single-mode cavity field are similar with those
for the pair of indistinguishable two-level atoms. In the second one, in which
d12 vanishes takes place the exact periodicity of the squeezing revivals.

[1] V. I. Koroli, Int. J. Quant. Inf. Vol. 5, 199 (2007).
[2] F. Diedrich, J. C. Bergquist, Wayne M. Itano and D. J. Wineland, Phys.
Rev. Lett. 62, 403 (1989).
[3] V. Buzek, Phys. Rev. A 39, 3196 (1989).
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Ultra-sensitive spin-measurements below the
standard quantum limit

M. Koschorreck, M. Napolitano, B. Dubost, N. Behbood and M. W.
Mitchell

ICFO - Institut de Ciencies Fotoniques, Mediterranean Technology
Park, 08860 Castelldefels, Barcelona, Spain

e-mail: marco.koschorreck@icfo.es

(oral, section: E)

We demonstrate quantum-noise-limited performance of an atom-light interface
by measuring the projection noise of a thermal spin state. The thermal dis-
tribution of atoms among all Zeeman substates with the same spin is an ideal
reference as quantum noise standard. It gives the same noise-scaling in atom
number as a coherent spin state, which is a minimum uncertainty state. We can
see a strong analogy to the use of coherent states of light for the calibration of
shot-noise-limited photo-detectors. The atomic system is an elongated ensemble
of about one million cold rubidium 87 atoms. It is hold in an all-optical trap
which ensures a low decoherence environment. The on-resonant optical depth
on-axis is larger than 50. Far detuned light pulses are used to probe the atomic
state dispersively. This quantum non-demolition interaction is characterized in
terms of first and second order moments of far detuned probe pulses. By mea-
suring both moments, important information about interaction strength and
destruction are obtained. As few as 700 spins can be measured with less than
20
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The Bose-Einstein condensation and the
submicroscopic concept

V. Krasnoholovets
Indra Scientific, Brussels, Belgium

e-mail: krasnoh@iop.kiev.ua

(poster)

The sub microscopic approach, which is based on the structure of real physical
space as the tessellation of primary topological balls [1] and the determinis-
tic submicroscopic mechanics [2] developed in the real space, is applied for the
description of Bose-Einstein condensation. A stable local deformation of the
tessel-lattice, i.e. its fractal deformed cell, is treated as a canonical particle.
Submicroscopic mechanics of a particle is characterised by a cloud of excitations
called inertons, which represent a substructure of the particle’s wave psi-function
and, hence, the psi-function represents the particle’s field of inertia. Conven-
tional knowledge: in a gas of ultracold atoms with the de Broglie wavelength
equals to the mead distance between them atoms begin to interact through the
overlapping of their wave function, this is the essence of the coherent state.
Submicroscopic mechanics states that the overlapping of inerton clouds of enti-
ties occurs much early at a higher temperature and a larger distance between
atoms. The phenomenon of the whole coherent state in which the motion of
all the atoms is synchronized appears when the atom’s de Broglie wavelength
exactly becomes equal to the distance between atoms. In this case the (n-g)-th
atom emits its inerton cloud that then is fully absorbed by the n-th atom, the
n-th atom emits its own cloud of inertons, which then is fully absorbed by the
(n+g)-th atom, etc. In other words, the coherent exchange of inerton clouds by
the atoms when an inerton cloud emitted by one atom hops to the neighbour
atom and is absorbed by it has to be related to the phenomenon known as the
Bose-Einstein condensation.

[1] M. Bounias and V. Krasnoholovets, Scanning the structure of ill-known
spaces: Part 2. Principles of construction of physical space, ibid. 32, 7/8,
976 (2003), arXiv: physics/0212004.
[2] V. Krasnoholovets, Submicroscopic deterministic quantum mechanics, Int.
J. Computing Anticipatory Systems 11, 164 (2002), arXiv: quant-ph/0109012.
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Heisenberg’s uncertainties and the submicrosocpic
concept

V. Krasnoholovets
Indra Scientific, Brussels, Belgium

e-mail: krasnoh@iop.kiev.ua

(poster)

In conventional quantum mechanics an undetermined ‘wave-particle’ is further
substituted by a package of superimposed monochromatic abstract waves. It
is this approximation that gives rise to the inequality of the wave number dk
and the position dx of the package under consideration, which then results in
Heisenberg’s uncertainties [dx, dp] > h, since in line with de Broglie k = p / h.
Submicroscopic mechanics [1] developed on the Planck scale in the real space
that is constructed as a mathematical lattice of primary topological balls, called
a tessel-lattice [2], operates with a particle and a cloud of excitations, called in-
ertons, that accompany the particle at its motion through the tessel-lattice.
The introduction of inertons immediately destroys the principle of uncertainty,
because in the real space instead of an undetermined wave-particle we have two
subsystems: the particulate cell (the particle kernel) and the inerton cloud that
accompanies it. The wave function psi is treated as an image of the original field
of inertia (i.e. particle’s inerton cloud) defined in the real space. This deeper
sub-microscopic consideration points out to the fact that the uncertainty rela-
tion deals only with one subsystem, the particle, i.e. the particulate cell. The
other subsystem, i.e. the particle’s inerton cloud, is not taken into account.
Submicroscopic mechanics is deterministic by its nature and allows us to fill
white gaps inaccessible for conventional probabilistic quantum mechanics devel-
oped on the atom scale in an abstract phase space.

[1] V. Krasnoholovets, Submicroscopic deterministic quantum mechanics, Int.
J. Computing Anticipatory Systems 11, 164 (2002), arXiv: quant-ph/0109012.
[2] M. Bounias and V. Krasnoholovets, Scanning the structure of ill-known
spaces: Part 2. Principles of construction of physical space, Kybernetes: Int.
J. of Systems and Cybernetics 32, 7/8, 976 (2003), arXiv: physics/0212004.
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Continuous variables quantum erasure-correcting
code

M. Lassen1,3, M. Sabuncu1,3, A. Huck1, J. Niset2, N. J. Cerf2, G.
Leuchs3 and U. L. Andersen1

1Department of Physics, Technical University of Denmark, Building
309, 2800 Lyngby, Denmark, 2Quantum Information and

Communication, Ecole Polytechnique, CP 165, Universite Libre de
Bruxelles, 1050 Brussels, Belgium, 3Max Planck Institute for the
Science of Light, Gunther Scharowsky Strasse 1, 91058 Erlangen,

Germany
e-mail: mlassen@fysik.dtu.dk

(oral, section: B)

Quantum information processing relies on the robust and faithful transmission,
storage and manipulation of quantum information. However, since errors are
inherent to any realistic implementation, the future of quantum information
systems strongly relies on the ability to detect and correct for these errors. We
consider a scheme to eliminate these errors in a continuous variable (CV) quan-
tum channel. We devise a CV quantum erasure-correcting code, which protects
coherent states of light against complete erasure [1]. The scheme encodes two
coherent states into a bi-partire entangled state, and the resulting 4-mode code
is conveyed through 4 independent channels that randomly erases the signal. We
show experimentally that the transmitted state can be corrected by performing
a syndrome measurement followed by a corrective transformation. The error
correction can be deterministic if the location of the error is known and only a
single channel has been affected. If the location of the erasure is unknown and
more than one channel has been corrupted, the signal can be recovered prob-
abilistically where the transmitted state is either kept of discarded depending
on whether an error was detected in the syndrome measurement. We have ex-
perimentally demonstrated both strategies and obtained transmission fidelities
beyond what is possible by classical approaches.

[1] J. Niset et al., Phys. Rev. Lett. 101, 130503 (2008).
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Basic-hypergeometric quantum mechanics
A. Lavagno

Politecnico di Torino, Italy
e-mail: andrea.lavagno@polito.it

(poster)

Starting on the basis of q-symmetric oscillator algebra and on the associate
q-calculus properties, we study a deformed quantum mechanics defined in the
framework of the basic square-integrable wave functions space. In this con-
text, we introduce a deformed Schroedinger equation, which satisfies the main
quantum mechanics assumptions and admits, in the free case, plane wave func-
tions that can be expressed in terms of the q-deformed exponential, originally
introduced in the framework of the basic-hypergeometric functions.
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The Ito formula in P.D.E.
R. Leandre

Universite de Bourgogne, France
e-mail: Remi.leandre@u-bourgogne.fr

(poster)

We interpret the celebrated Ito formula of stochastic analysis in various sit-
uations: In the first part, we study the classical case of a diffusion. In the
second case, we study the case of the heat-equation associated to a fourth order
operator on a torus. In the third case, we consider the Schroedinger equation
associated to a big order operator on a torus. In the fourth case, we consider the
wave equation on a torus. In the fifth case, we consider a Levy type generator,
but there is no stochastic process associated to it. Except in the first case, there
is no measure on a convenient path space associated to the partial differential
equation.
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Conditions to preserve quantum entanglement of
quadrature fluctuation fields in electromagnetically

induced transparency media
Y. L. Chuang and R. K. Lee

Institute of Atomic and Molecular Sciences Academia Sinica, Taipei,
Taiwan

e-mail: d9622804@oz.nthu.edu.tw

(oral, section: A)

We study the propagation of quantum fields through an electromagnetically
induced transparency (EIT) medium with two squeezed and one coherent states
initially. Conditions to preserve and to establish non-separation criteria for
perturbed quantized fluctuation fields are demonstrated. The results in this
work provide a guideline for using EIT media as quantum devices of light.
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Conditional preparation of arbitrary superpositions
of atomic Dicke states

K. Lemr and J. Fiurášek
Joint Laboratory of Optics of Palacky University and Institute of

Physics of Academy of Sciences of the Czech Republic, Czech Republic
e-mail: lemr@optics.upol.cz

(poster)

We propose an experimentally accessible procedure for conditional preparation
of highly non-classical states of collective spin of an atomic ensemble. The quan-
tum state engineering is based on a combination of QND interaction between
atoms and light previously prepared in a non-Gaussian state using photon sub-
traction from squeezed vacuum beam, homodyne detection on the output light
beam, and a coherent displacement of atomic state. The procedure is capable of
non-deterministic preparation of a wide class of superpositions of atomic Dicke
states. We present several techniques to optimize the performance of the pro-
tocol and maximize the trade-off between fidelity of prepared state and success
probability of the scheme.
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Geometrical properties of entangled states
G. Leuchs

University of Erlangen – Nurnberg, Germany
e-mail: Gerd.Leuchs@physik.uni-erlangen.de

(oral, section: D, invited )

not delivered yet
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Unconditionally secure protocol for long-distance
continuous-variable QKD with discrete modulation

A. Leverrier and P. Grangier
Telecom ParisTech, France

e-mail: anthony.leverrier@enst.fr

(oral, section: F)

We introduce a new continuous-variable quantum key distribution protocol com-
bining a discrete modulation and reverse reconciliation. This protocol is proven
unconditionally secure and allows the distribution of secret keys over long dis-
tances. Hence it presents the same advantages in terms of security and distance
as most discrete-variable protocols while relying on homodyne detection in-
stead of photon counting, which makes it very practical. These performances
are achieved by working in a low signal-to-noise ratio regime where 1) Alice and
Bob can efficiently extract information from their correlated data thanks to low
rate, capacity-achieving error correcting codes 2) one can (tightly) bound Eve’s
information thanks to extremality properties of Gaussian states.
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Some topics in quantum imaging
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Università dell’Insubria, Como, italy
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(oral, section: D, invited )

So far, parametric down-conversion (PDC) demonstrated the most efficient
room-temperature source of entangled photon pairs, employed in successful im-
plementations of quantum communications and quantum imaging schemes. The
first part of the talk will illustrate the opportunity of applying PDC to the de-
tection of faint objects with a sensitivity beyond the standard quantum limit.
The second part of the talk will address the topic usually called ‘ghost imag-
ing.’ Due to the fact that this technique can be implemented not only using
a quantum source such as PDC, but also by standard classical sources such as
pseudo-thermal light, and due to its non-invasive character, this approach may
offer some interesting applicative perspective.

[1] A. Gatti, E.Brambilla and L.A.Lugiato, Quantum Imaging, in Progress in
Optics, ed. by E. Wolf, Vol.51, Elsevier (2008), p.251.
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Geometric representation and quantum
entanglement in multiple-qubit systems
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(poster)

This investigation is focused on a geometrical explanation of entanglement be-
tween qubits using Hopf fibration as a helpful mathematical tool for the reduc-
tion of the Hilbert space of the composed system. Basically, a Hopf fibration
is a map from a higher dimensional unit sphere to a lower dimensional unit
sphere which is not null-homotopic. The simplest example of a Hopf fibration is
the map from a three-sphere into a two-sphere in three dimensional Euclidean
space, which helps to define the well known Bloch sphere as a representation of
one pure qubit. In this case, two complex numbers are necessary for the nor-
malization condition that depends on four real parameters. These real numbers
define a three-sphere and using the Hopf fibration all the states differing by a
global phase are identified with a unique point in the two-sphere. The circle
parameterized by a phase is called the ‘fibre’ and the two-sphere is called the
‘base’. The Hopf fibration between higher dimensional spheres is useful for the
geometrical understanding of two and three qubits and the role of entanglement
is very interesting from this point of view. The simplest case of entanglement in
Quantum Mechanics is the system made up of two qubits in which case the en-
tanglement measurements are well explained. The normalization condition for a
pure two qubit system depends on four complex numbers, this means eight real
parameters that define a seven-sphere. In this point, it is possible to define two
quaternions such that this normalization will be completely analogous to the
case of a single qubit. The second Hopf fibration maps a seven-sphere to a four-
sphere, the fibre is now a three-sphere and the base is a four-sphere, this means
that all the states differing by a unit quaternion are mapped onto the same
value in the base. Usually, this fibration reduces the two original quaternions
to one, but in the separable situation this quaternion simplifies to a complex
number and the base is reduced to an ordinary sphere that is the Bloch sphere
of one of the qubits. Five coordinates define the four-sphere that are the mean
value of the Pauli matrices in quaternionic space, only three of these coordinates
are not zero when the qubits are separable, the other two coordinates have the
information about the entanglement between the qubits and are directly con-
nected with concurrence. The information of the other qubit is stored in the
fibre and it is feasible to apply the first fibration to obtain the Bloch sphere for
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this qubit. Then for the separable case, the original Hilbert space is reduced to
a product of two Bloch spheres. The next step in this iteration is the quantum
system of three qubits, in which a visible difference appears in this instance
because the separability among the qubits can be possible in two different ways:
First, the three qubits can be separated in the subspace of a single qubit and
the subspace of two qubits (bi-separable), and second when the three qubits
are fully separated. The three qubit system has a normalization condition that
depends on eight complex numbers or actually sixteen real numbers that define
a fifteen-sphere, with these parameters it is possible to define four quaternions
followed by two octonions such that the normalization condition becomes anal-
ogous to the previous cases. With the fibration, the two octonions are reduced
to a single one and the original fifteen-sphere is mapped onto an eight-sphere
with the mean value of the Pauli matrices in octonionic space as coordinates
and a seven-sphere as fibre. In the generic case the third Hopf fibration maps
into the octonion subspace that defines the base, nevertheless when the system
is bi-separable the fibration maps once more into the subspace of pure complex
numbers. This interesting result means that when bi-separable conditions are
satisfied then the base is again a Bloch sphere corresponding to the unentangled
qubit. In this situation, only three coordinates are not null, otherwise the others
coordinates will have the information about entanglement. The other two qubits
are represented in the fibre, the fully separated case is acquired from the second
Hopf fibration acting over the fibre which can be reduced to the multiplication of
two Bloch spheres. When all three qubits are separable, then the initial Hilbert
space is the multiplication of three Bloch spheres, one of them resides in the
base and the other two in the fibre. When the system of three qubits is not
separable, it is possible to define an entanglement measure using the coordinates
of the base that has the information about the correlation between qubits. In
this case, the GHZ and W states are really important to study entanglement
because each pure state of three entangled qubits can be converted either to
the GHZ-state or to the W-state that leads to two different ways of entangling
three qubits. In the existing literature about entanglement of three qubits it is
common to find the measures ‘tangles’. The three-tangle measure is defined as
the hyper-determinant of the coefficients of the tensor defined by the state of
three qubits and gives the information of the entanglement between all qubits.
If the interest is focused on the entanglement of two qubits with a third one, the
two-tangle measure gets importance and it can be calculated as the determinant
of the reduced density matrix on one of the three qubits. This measure is identi-
cal to the entanglement measure defined from the third Hopf fibration and it is
independent of the chosen separated qubit, obviously the entanglement degree

111



for the GHZ and W states coincide in that the entanglement is not null in both
cases but with the difference that GHZ is the maximally entangled state. This
worthy relationship between Hopf fibration and the measure of tangles give an
important hint of the possibility of an extension of this geometric analysis for
four qubits. In conclusion, the Hopf fibration is a good mathematical object
that helps to visualize the quantum systems of two and three qubits. Further-
more, this point of view is entanglement sensitive since the base of the fibration
is reduced to a lower dimensional space when the separability conditions are ful-
filled. The entanglement measures defined with the Hopf maps match exactly
with know and well defined entanglement measures as concurrence and tangles.
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Angular momentum coherence and squeezing
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(poster)

A simple, and elegant geometrical representation is developed to describe the
concept of coherence and squeezing for angular momentum operators. Angular
momentum squeezed states were obtained by applying Bogoliubov transforma-
tion on the angular momentum coherent states in Schwinger representation [1].
We present the geometrical phase space description of angular momentum co-
herent and squeezed states and relate with the harmonic oscillator. The unique
feature of our geometric representation is the portraying of the expectation val-
ues of the angular momentum components accompanied by their uncertainties.
The bosonic representation of the angular momentum coherent and squeezed
states is compared with the conventional one mentioning the advantages of this
representation of angular momentum in context of coherence and squeezing.
Extension of our work on single mode squeezing to double mode squeezing is
presented and compared with the single mode one. We also point out the pos-
sible applications of the geometrical representation in analyzing the accuracy
of interferometers and in studying the behavior, dynamics of an ensemble of
quantum-mechanical two-level systems and its interaction with radiation.

[1] Phys. Rev. A 51 (1995).

113



Super-fast cooling of trapped particles
S. Machnes1, M. B. Plenio2, A. Retzker2, B. Reznik1 and A. Steane3
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(oral, section: E)

We propose a novel method for cooling systems of harmonically trapped particles
with controllable coupling, such as trapped ions or atoms having motional de-
grees of freedom which may be coupled at will to the ions’ internal energy level.
By optimizing the timing of couplings between the two, we accelerate the trans-
fer of energy between them and achieve cooling rates significantly faster than
the trap frequency and with lower final temperatures. The proposed method is
shown to be robust in face of the various sources of noise expected in a real-world
implementation. We believe this approach to be applicable in a wide variety
of systems including mechanical oscillators for which the proposed method can
break the temperature limit imposed by the finite Q factor.
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(poster)

We present a new way to study the entanglement of pure N-qubit states. This
method is based on associating a quantum state with a polynomial. The roots
of this polynomial contain information about the entanglement of the state.
Besides allowing to detect entanglement, our method makes possible an easy
construction of fully N-qubit entangled states.
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Quantum inequalities for tomographic entropies of
qudit states
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(oral, section: A)

Spin tomograms of qubit and qudit states considered as standard classical prob-
ability distributions are used to introduce the notion of tomographic entropies.
New inequalities for tomographic entropies are obtained in view of quantum
Fourier transform. The inequalities obtained are used to find the connection
of the entropic uncertainty relations with the dimension of qudit Hilbert space.
The case of infinite dimensional Hilbert space and the tomographic uncertainty
relations for the photon quadratures in the space are discussed as a generaliza-
tion of the known entropic uncertainty relations.
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Photon statistics of squeezed light in the probability
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Expression for the photon distribution function of squeezed states of light in
terms of symplectic and optical tomograms of one-mode and multimode elec-
tromagnetic field states is obtained. The properties of variances and covariances
of the photon quadratures in the multimode Gaussian field states are associated
with the characteristic functions for the photon number tomograms. The entan-
glement phenomenon is formulated in terms of factorization of the symplectic
and photon number tomograms and characteristic functions corresponding to
these tomograms. The cumulants associated to the photon number tomograms
of the Gaussian states are studied. The connection of the positivity of the pho-
ton number tomograms with the quadrature uncertainty relations is established.
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Experimental possibilities in view of the probability
representation of quantum mechanics and quantum

optics
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(oral, section: H)

Review of the tomographic probability representation of conventional quantum
mechanics where fair probability distributions are used as alternatives of the
wave functions or density matrices is presented for both qudits and systems
with continuous variables. New notions which naturally appear in the probabil-
ity representation of quantum mechanics are discussed. A set of the standard
and new uncertainty relations appropriate for direct experimental checking by
using homodyne photon detector is proposed. The Schroedinger-Robertson un-
certainty relation is considered in detail as a particular relation to be checked
by measuring optical tomogram of the photon state and to be used as the ac-
curacy test in available experimental data. Connection of photon statistics for
multimode fields with optical tomograms and quadrature uncertainty relation
is clarified. The observation of appearance of negative or complex values of the
functions (multivariable Hermite polynomials), in terms of which the photon
distribution is expressed, for quadrature variances and covariances violated the
uncertainty relations is presented.

118



Continuous variables quantum information with
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Palacký University Olomouc, Department of Optics, Czech Republic

e-mail: marek@optics.upol.cz

(poster)

We present a sample of research in continuous variables quantum information
based on quantum optics. Namely we deal with analysis of new methods for gen-
eration of large ‘Schroedinger Cat states’ - squeezed superposed coherent states,
investigation of relationship between non-classicality and entanglement, search
for sufficient resources for universal quantum computation, and purification of
phase information.
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We evaluate a Gaussian entanglement measure for an arbitrary two-mode Gaus-
sian state of the quantum electromagnetic field in terms of its Bures distance to
the set of all separable Gaussian states. We here exploit our recent derivation
of the Uhlmann fidelity between two-mode Gaussian states. The principal idea
of our treatment is to use the optimal pure-state decomposition of a two-mode
Gaussian state previously written in [1]. It turns out that the Gaussian degree
of entanglement measured by the Bures distance is consistent to the exact en-
tanglement of formation for two-mode Gaussian states.

[1] P.Marian and T. A. Marian, Phys. Rev. Lett. 101, 220403 (2008).
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One of the main tasks of quantum communication is to transmit quantum infor-
mation between distant sites robustly and faithfully. Quantum information can
be send over large distances by using quantum teleportation. However, the suc-
cess of such protocols depends strongly on the degree of entanglement shared
by the two communicating parties. Unfortunately, such entangled states are
very sensitive to the unavoidable and devastating interaction with the environ-
ment. For instance, a free space channel exhibits a wide variety of deleterious
effects such as non-stationary absorption, scattering etc. These time dependent
fluctuations of the attenuation factor result in non-Gaussian noise which will
destroy the entangled states. Fortunately, due to the non-Gaussian character of
the noise, it is possible to recover the corrupted entanglement by simple Gaus-
sian operations utilizing a beam splitter, homodyne detection and feed forward.
We demonstrated a simple method of distilling entanglement from single copies
of states that have undergone attenuation in a lossy channel with a varying
transmission [1]. The distillation protocol is implemented by performing a weak
measurement based on a beam splitter and a homodyne detector and post se-
lection. The protocol is successfully demonstrated for a discrete transmission
channel and a semi-continuous transmission channel. We found that the degree
of Gaussian entanglement was substantially increased by the action of distil-
lation for the noise channels. This opens new possibilities for entanglement
distribution in noisy atmospheric environments.

[1] R. Dong et al., Nature Physics 4, 919 (2008).
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Extra phase noise from phonon scattering degrades
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Recent experiments with Optical Parametric Oscillators have shown that an
unpredicted extra noise on the phase of the fields reduces the level of squeezing
or quantum correlations. In some cases, it can hinder the attempts to observe
entanglement in those systems. It is one of the main reasons why signal and
idler entanglement above threshold remained unobserved for almost 20 years
after its initial prediction. We show that this extra noise can be explained by
phonon scattering of the fields’ carrier frequencies. In this Brillouin process,
light that is scattered from the intense fields acts as an extra noise source for
the sidebands, where squeezing is generally observed. We present a model that
successfully describes the measured dependence of the excess noise with the in-
tracavity power, beam waist, and crystal temperature. Good agreement with
the observed results is obtained. Adding this noise source to the analysis of the
quantum features in the OPO above threshold, we could explain our recent re-
sults in the quest for tripartite entanglement in this system. Our OPO consists
of a triply resonant cavity with a type-II KTP crystal, pumped above threshold
by the second harmonic of a Nd:YAG laser. We can make the complete recon-
struction of the covariance matrix for pump, signal, and idler fields and perform
an entanglement test using the symplectic eigenvalues of the covariance matrix
under a partial transposition operation. The results present good agreement
with the model, and show that this excess noise hinders the observation of tri-
partite entanglement in the system. Understanding this noise is a crucial step
towards the experimental demonstration of this entanglement and for the im-
provement of quantum features in the continuous variable domain in Quantum
Optics.

122



Estimation of photonic multipolar coupling ranges
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(poster)

The manifestations of Heisenberg time-energy uncertainty principle may be clas-
sified into two types, one for quanta creation and the other for Fourier trans-
formation. This paper gives a real use of the former type of uncertainty for
nanostructure circuit design consideration. The range of virtual as well as real
photons mediating interactions among nano-structures is estimated in a product
of photon lifetime and its velocity, as in the meson exchange model for nucleon
[1]. This gives a new vista for the near field interactions of electric nature in
solid, especially for the nonradiative internal energy transfer that may be called
as resonance dynamic multipole-multipole interaction (RDMMI) [2]. This pho-
ton exchange model has not been familiar in physics of solids, mainly because
the range of the mediating photon of significant energy was not long enough
to cover the distance of usual concern, e.g. size of devices in conventional inte-
grated circuits. However, in our nanoscale structures, this type of understanding
is becoming indispensable. Therefore, the length of the transition dipole is de-
duced from the 0.3 meV fine structure in our micro-photoluminescence spectra
of an indivisual coupled GaAs asymmetric quantum dots [3]. Various multipoles
and their potentials are estimated employing the dipole length. Then, on the
basis of the time-energy uncertainty, the ranges and lifetimes of the RDMMI
are derived and plotted, together with the spatio-temporal consideration and a
provisional structure of quantum circuits.

[1] H. Yukawa, Proc. Physico-Math. Soc. Japan 17, 48 (1935).
[2] H. Matsueda, IEICE Trans. Fund. Electron. Commun. Computer Sci. E
90-A 10, 2148 (2007).
[3] H. Matsueda, et. al., IEEE Trans. Nano Technol. 3, 318 (2004).
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The freedom of design and control of nanostructures is a realistic target in the
fields including physics, engineering, chemistry, biology and medicine in our era.
Accordingly, we are entering into the regime where quantum mechanical phe-
nomena play the major roles, not only in the research activity but also in our
daily life. This talk would focus on the possible contribution of quantum dots in
quantum computing and quantum cryptography. Starting from a brief review
of the downsizing trend of devices, principles of quantum computing and quan-
tum cryptography, the choice of materials, the choice of physical actions and
properties are discussed. Then, semiconductor quantum dots are explained with
respect to the structure, size and shape. Band gap engineering is provisioned to
artificially generate photons of desired energy, and also to prepare dipoles and
quadrupoles for useful interactions. The fabrication technology is briefly shown
too. Furthermore, artist’s structures of future quantum computing circuits of
quantum dots are demonstrated with reference to conventional electrical as well
as optoelectronic integrated circuits. Lastly, the power of quantum computing
and the difficulty in achieving the unlimited security by quantum cryptography
will be discussed.

[1] H. Matsueda, Solid-State Quantum Computation, Chap.10 in Coherence and
Statistics of Photons and Atoms, J. Perina ed., (John Wiley & Sons, New York,
2001) p. 422.
[2] H.Matsueda, et. al., IEEE Trans. Nano Technol. 3, 318 (2004).
[3] H. Matsueda, IEICE Trans. Fund. Electron. Commun. Computer Sci. E
90-A, 2148 (2007).
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Since 1935 when Erwin Schrödinger used the word Verschränkung and Einstein,
Podolsky, Rosen and Bohm discussed on the EPR correlation, entanglement has
been a controversial issue in physics not yet perfectly solved. However, in recent
couple of decades, technological applications especially quantum cryptography
and quantum computing have widely been challenged. In this paper a theo-
retical framework is demonstrated to evaluate the entanglement of bit states in
quantum computing. Separability of general polynomial superposition of Hilbert
space basis vectors is discussed, and criteria in amplitude as well as in phase
are derived [1]. Starting from a completely factorized totally separable (TS) 3
bit system, controlled not (CN) and controlled rotation (CR) gates are shown
to interlink the bits into totally semi-separable (TSS) states, and controlled
controlled not (CCN) and controlled controlled rotation (CCR) further into
partially semi-separable (PSS) states, but controlled phase shift (CPS) keeps
the separability. Furthermore, the selection of measurement mode external to
the quantum system is incorporated in the polynomial using Kronecker delta,
introducing the concept of dynamic entanglement where the sum of squared
probability amplitudes apparently goes up beyond 1. With this, some process
of wavefunction collapse upon measurement would be understood as the man-
ifestation of the dynamic entanglement. A firefly in a box model is employed
to show a pure state of ontological uncertainty [2], which is in the dynamically
entangled state.

[1] H. Matsueda and D. W. Cohen, Int. J. Theor. Phys. 46, 3169 (2007).
[2] D. W. Cohen, An Introduction to Hilbert Space and Quantum Logic (Springer,
Berlin, 1989) Chaps. 1, 3, and 6.
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Entanglement and mixedness are two different physical quantities characterizing
the degree of non-classicality of a quantum state. Hence, understanding the in-
terplay between them is crucial for grasping the nature of quantum correlations
in multipartite systems. For example, the study of maximally entangled mixed
states, namely the states with a maximum amount of entanglement for a given
degree of purity, represents an important contribution in this direction. In [1] we
have studied the entanglement dynamics of two qubits interacting with a com-
mon zero temperature non-Markovian reservoir. We have presented interesting
features of the dynamics, including sudden death and resurrection of entangle-
ment, for a Bell-like state with two excitations. The dynamics of the qubits in
a common structured reservoir in the case of one excitation was studied in [2],
where a strategy to protect entanglement via quantum Zeno effect is proposed.
Here, we investigate the connection between mixedness and entanglement ad-
dressing two different problems. We study how the two qubits-entanglement
dynamics changes with the degree of purity of the initial state, which is an
extended Werner-like state. We compare entanglement and entropy dynamics
for Bell-like states, finding remarkable correlation between these two quantities.
Our results are particularly interesting when sudden death and revivals of en-
tanglement occur, providing a deeper comprehension of these phenomena.

[1] L. Mazzola, S. Maniscalco, J. Piilo, K.-A. Suominen and B. M. Garraway,
arXiv:0812.3546, accepted for publication by Phys. Rev. A.
[2] S. Maniscalco, F. Francica, R. L. Zaffino, N. Lo Gullo and F. Plastina, Phys.
Rev. Lett. 100, 090503 (2008)..
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The invention of one-way quantum computing introduced a new paradigm for
quantum information processing, whereby the unitary evolution required in the
traditional circuit model is replaced by measurements on a highly entangled
cluster state. In this model, quantum information exists virtually in the cluster
state and is manipulated through local adaptive measurements. The measure-
ment back-reaction on the entangled state induces dynamics on the encoded
quantum information and thereby quantum computation. Much of the experi-
mental difficulty in performing a quantum computation has thus been concen-
trated into the creation of the cluster state in the first place. Practical and
scalable methods are therefore desired. Here, we propose a method for creating
large cluster states efficiently in a top-down, single-shot fashion. This method
uses a single optical parametric oscillator (OPO) driven by a multifrequency
pump. With an appropriate nonlinear medium and a pump beam with the
right frequency content, the modes of the optical cavity (an optical frequency
comb) will encode a large square-lattice continuous-variable cluster state. Re-
markably, this can be achieved using just a single OPO and with a constant
number of pump frequencies, regardless of the size of the cluster! Compared
to existing proposals that use lots of optical elements to build up the cluster
piece-by-piece, these modest experimental requirements, together with the nat-
urally large set of cavity modes, mean that this approach has strong potential
for scalability [1].

[1] Phys. Rev. Lett. 101, 130501 (2008); arXiv:0811.2799.
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(poster)

Notwithstanding the relevance of multipartite entanglement in different physical
scenarios, its definition and measurement is still an open and debated problem.
Very recently, in order to quantify the bipartite entanglement contained in a
multipartite system, it has been introduced a new entanglement measure called
Localizable Entanglement (LE). It represents the maximal amount of entangle-
ment that can be localized on average in a couple of subsystems by doing local
measurements in the rest of the system. Despite of the clearness and usefulness
of this multipartite entanglement measure, generally speaking, it is very diffi-
cult to evaluate the LE since it requires an optimization over all possible local
measurement strategies. In this work we concentrate on a tripartite system
in a thermal state succeeding in calculating the exact localizable entanglement
as a function of the temperature. The results obtained are usefully integrated
with those reached analyzing the behaviour of the concurrence function against
the temperature, gaining a deeper insight on the entanglement present in our
system.
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Experimental realization of programmable quantum
gate
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We experimentally demonstrate a programmable single-qubit quantum gate.
This device applies a unitary phase shift operation to a data qubit with the
value of the phase shift being fully determined by the state of a program qubit.
Exact specification of the phase shift would require infinitely many classical bits.
This is a striking feature of demonstrated programmable quantum gate because
information on phase shift is faithfully encoded into a single quantum bit. The
theoretical success probability of the protocol for our experimental realization
is 25 %. Our linear optical implementation is based on the encoding of qubits
into polarization states of single photons, two-poton interference on a polarizing
beam splitter, and measurement on the output program qubit.We characterize
the programmable gate by full quantum process tomography. The achieved
average quantum process fidelity is 97.1 %. Moreover, using a different set of
program states the device can operate as a programmable partial polarization
filter with attained fidelity over 97 %.
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The master equation of a system of two coupled qubits is derived taking into ac-
count their interaction with two independent bosonic baths. Important features
of the dynamics are brought to light, such as the stationary state at general
temperatures and the behaviour of the entanglement, which shows the phenom-
ena of sudden death and sudden birth as well as the presence of stationary
entanglement for long times [1,2]. The analysis is carried out both at zero and
at generic temperatures. The model presented is quite versatile and can be of
interest in the study of Josephson junction architectures and of cavity-QED.

[1] M Scala et al., J. Phys. A: Math. Theor. 41, 435304 (2008).
[2] R. Migliore et al., Phys. Status Solidi B 246, 1 (2009).
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It was recently shown that special types of multipartite state, known as clus-
ter states represent a resource for universal one-way computation, an extremely
promising type of quantum computing. Information can be written onto these
clusters where it is processed and can then be read out via one-qubit measure-
ments. This idea has been extended to include continuous variables (CV) with
the advantage that CV states are simpler to generate and manipulate. Several
schemes have been proposed for CV clusters involving four light modes, then
more recently four atomic ensembles. Here a scheme is proposed for the genera-
tion of a cluster state of two atomic ensembles and two light modes, a so called
hybrid cluster state. The quantum variables that correspond to position and
momentum are the spin operators of the atoms. In our proposal a light mode,
squeezed in the y polarization, is passed through each atomic ensemble with
interactions that are governed by QND-type Hamiltonians. These interactions
allow the atomic ensembles to pick up information about the light fields. We
then introduce ’entangling pulses’, which also interact via QND Hamiltonians
and so pick up information about both the light and atoms. At the output, the
entangling pulses are then measured to infer the spin (polarization) values of the
atoms (light) in a non destructive way. This process is repeated on each atomic
ensemble individually and on the light emerging from the atoms. The protocol
generates the hybrid continuous variable cluster state. The atomic nodes open
new possibilities for addressing and manipulating the hybrid cluster, whereas
its implementation is simpler than that of the four-atom clusters.
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Quantum memories are the building block of quantum repeaters, a scheme which
was proposed to extend the distance of quantum communication in fiber net-
works [1]. The capability of interfacing photons at telecommunication wave-
lengths that can travel with low loss in optical fibers and quantum memories
is interesting in this context (see e.g. [2]). The only proposal to date for a
quantum memory for photons at telecom wavelength is based on Erbium doped
solids, which have an absorption line at 1536 nm. We present a proof of principle
of solid state quantum memory for photons at telecommunication wavelengths.
Weak pulses of light at the single photon level are stored for a time up to 600 ns,
and retrieved on demand in a Y2SiO5 crystal doped with Erbium ions, cooled at
2.6 K. The memory is based on the Controlled Reversible Inhomogenous Broad-
ening (CRIB) protocol [3]. The idea is to trigger the collective emission of light
absorbed by an ensemble of ions by controlling their absorption profile with
an external electric field. A single narrow absorption line is first created using
spectral holeburning techniques [4]. This line is then artificially broadened by
an external electrical quadrupole field, thanks to the linear Stark effect. The
line is broadened in a way that spectrally matches the light quanta to be stored.
At a time τ after the absorption, the polarity of the field is changed, which
induces a rephasing of the atomic dipoles that leads to a collective reemission of
the absorbed light at a time 2τ . In the present experiment, only a small fraction
of the incident photons (of order of 10-3) are stored and re-emitted, due to the
limited absorption in the initial peak and to imperfect optical pumping. In or-
der to be able to detect the retrieved photons, we used a superconducting single
photon detector (SSPD) featuring an extremely low dark-count rate ( 10Hz).
Difficulties concerning the efficiency of the memory and the sources of noise as
well as methods to overcome them will be discussed.

[1] H. J. Briegel et al., Phys. Rev. Lett. 81, 5932 (1998).
[2] L. M. Duan et al., Nature 414, 413 (2001); N. Sangouard et al., Phys.Rev.
A 76, 050301 (2007).
[3] S. A. Moiseev and S. Kröll, Phys. Rev. Lett. 87, 173601 (2001); B Kraus et
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[4] B. Lauritzen et al., Phys. Rev. A 78, 043402 (2008).
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Generation of higher-order squeezing and higher-order sub-Poissonian photon
statistics for squeezed Kerr states [1] has been studied. We study higher order
non-classical properties of squeezed Kerr states which is generated by squeezing
the output of a Kerr medium whose input is coherent light. It is found that
higher-order non-classical properties can coexist.

[1] C. C. Gerry and R. Grobe, Phys. Rev. A 49, 2033 (1994).
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Entanglement of systems is considered not only an important physical resource
but the essential feature for our description of how nature behaves at micro
and mesoscopic level. In the 1990s we have witnessed a breakthrough with
the establishment of a sound criterion for deciding whether a bipartite system,
of low dimension in Hilbert space, is separable or entangled, it is the so-called
Peres-Horodecki criterion (PHC), following its discoverers names. This criterion
is based on constructing a new matrix by doing a transposition of one of the
particles of the joint system state and looking for possible negative eigenvalues
that would indicate an entangled state. Thereafter several other criteria have
been discovered, as the negativities and concurrences. Several physical explana-
tions were advanced to justify physically the reason for such criteria and their
relation to entanglement, however they are still imbued with a component of
esoterism. Here we present another insight based on non-unitary symmetries
in a R3 space (isomorphic to H2 x H2), that consist in constructing a new
matrix, out from the original one, doing a reflection (non-unitary operation),
through particular plane, on one polarization vector and on one index of the
correlation matrix, both related to one single particle. Then we consider states
belonging to the D-7 manifold class and new parameter-dependent variables are
introduced. These ingredients allowed us to view the PHC in terms of invariants
that transform according the Lorentz non-compact SO(3,1) group. These can be
classified as separable-like or entangled-like, since they present a similarity with
the time-like and space-like distances of relativity. In the phase space defined by
those variables we identify two regions separated by a border, a conical surface.
The separable states are points laying within the cone or on its surface, while
elsewhere, beyond the cone, the points stand for entangled states. A state is
represented by a specific line, which becomes its signature. The line may cross
the border, going from one region to the other, as a particular feature some
crossings can be recognized as the ‘sudden death’ phenomenon.
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In this talk I study the problem of estimating the phase of Gaussian states states
within a Bayesian framework. In the first part I consider pure squeezed vacuum
states. I derive bounds on the average Holevo variance for an arbitrary number
N of uncorrelated copies. It will be shown that it scales with the mean photon
number, n, as dictated by the Heisenberg limit, i.e., as n−2, only for N > 4. For
N ≤ 4 this fundamental scaling breaks down and it becomes n−N/2. I also com-
pute the variance for repeated individual measurements (without classical com-
munication or adaptivity) and find that the standard Heisenberg-limited scaling
is recovered for large samples. In the second part I thackle the phase-estimation
precision for mixed Gaussian states (displaced thermal and squeezed thermal
states) in the single-copy and many-copy regimes. I find the rather suprising re-
sult that while for displaced thermal states an increase in temperature reduces
the estimation fidelity, for squeezed thermal states a larger temperature can
enhance the estimation fidelity. The many-copy optimal bounds are compared
with the minimum variance achieved by three important single-shot measure-
ment strategies: Canonical phase, heterodyning and homodyning. I will show
that adaptive homodyning schemes do attain the optimal bounds for displaced
thermal states, but for squeezed states they yield fidelities that are insensitive
to temperature variations and are, therefore, sub-optimal. I apply these results
to investigate the influence of losses in an optical metrology experiment
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The dynamics of two spins, interacting or not, embedded in bosonic baths, has
gained more and more interest in the last decades both from theoretical and
applicative point of view. In particular the attention has been focussed on
the entanglement evolution under the hypothesis of weak coupling regime and
Markov approximation. In the present work we consider two interacting spins
coupled to two independent bosonic baths. Starting from a general initial con-
dition, we solve the dynamics of the system without the markov approximation.
Exploiting our result we analyze the entanglement evolution in the two spins
considering different spectral densities of the baths.
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Quantum correlated probes (such as squeezed or entangled states) have been
demonstrated to be useful for improving the sensitivity of a broad class of mea-
surements (interferometry, magnetometry, imaging, etc.) with the uncertainty
that scales with a law known as Heisenberg limit. Dynamics in which probes
are coupled non-linearly to the parameter being estimated can beat such limit
without any use of entanglement. In a polarization-based atom-light interface, a
Hamiltonian that is non-linear in the Stokes operators can be produced using op-
tical non-linearities: here we investigate application to precision measurements
with better-than-Heisenberg scaling. For reference, we consider an atom-light
interface consisting of pulses of polarized light interacting with an ensemble of
1Mio cold 87Rb in dipole trap, the atomic state is probed via measurements of
polarization changes in the light. In linear regimes such changes are independent
of the number of photons used. We investigated various possible scenarios in
which on the contrary polarization changes do depend on the number of photons.
An effective Hamiltonian is derived via adiabatic elimination and operator dy-
namics is computed, at the same time using the Maxwell-Bloch equations and a
self-homodyne model of pulsed polarimetry, we calculate the effective non-linear
polarizability of atoms and the resulting polarization rotation. The signal-to-
noise scalings are compared for the cases of linear and non-linear interaction
including the noise performance of a real detection system. To see the differ-
ent scaling due to non-linear polarizability effects, the simulations indicate that
experimental requirements appear to be achievable with the present quantum
interface system.
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Entanglement between continuous-variable (CV) systems has been increasingly
investigated in recent years. Of particular interest is the generation of higher or-
ders of entanglement for future quantum communication networks. We demon-
strate here, for the first time, the direct generation of CV entanglement between
more than two subsystems. Squeezing in different combinations of three field
quadratures is essential for the demonstration of entanglement. In a triply res-
onant optical parametric oscillator (OPO) operating above threshold, pump,
signal, and idler become entangled. In contrast with tripartite entanglement
produced by three squeezers and linear optics, here all three fields have differ-
ent wavelengths (colors): 532 nm, 1,063 nm, and 1,065 nm. The entanglement is
demonstrated using the criteria by van Loock and Furusawa (directly linked to
the squeezing mentioned above) as well as the positivity under partial transposi-
tion (PPT), which is necessary and sufficient for gaussian states. Our states are
indeed gaussian, within the experimental resolution. We also test a criterium
for ‘genuine’ multipartite entanglement (by Hyllus and Eisert), with positive
results. A crucial step to achieve entanglement was to cool the nonlinear crystal
and reduce phonon noise which has hindered our previous attempts. Neverthe-
less, this extra noise still gives rise to nontrivial entanglement dynamics of the
generated state. In our CV system, we experimentally observe disentanglement
of one of the fields for finite losses, in a situation akin to the so-called ‘entan-
glement sudden death’. Multicolor entanglement, as experimentally generated
here, opens the way to quantum networks with different pieces of hardware in
each node, interacting resonantly with light at different frequencies.
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Quantum information science with photons on a
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(oral, section: D, invited )

We have developed an integrated waveguide approach to photonic quantum
circuits [1]. We demonstrate high-fidelity silica-on-siliconintegrated optical re-
alizations of key quantum photonic circuits, including two-photon quantum in-
terference with a visibility of 94.8(5) %; a controlled-NOT gate with an average
logical basis fidelity of 93.3(2) %; and a path entangled state of two photons,
relevant toquantum metrology, with fidelity >92 %. We use these devices to
demonstrate multi-photon effects relevant to quantum metrology [2],quantum
information processing [3], and quantum measurement [4]. The monolithic na-
ture of these devices means that the correct phase can be stably realized in what
would otherwise be an unstable interferometer, greatly simplifying the task of
implementing sophisticated photonic quantum circuits. We fabricated 100’s of
devices on a single wafer and find that performance across the devices is robust,
repeatable and well understood.

[1] A. Politi, M. J. Cryan, J. G. Rarity, S. Yu and J. L. O’Brien,Science 320,
646 (2008).
[2] T. Nagata, R. Okamoto, J. L. O. Brien, K. Sasaki and S. Takeuchi,Science
316, 726 (2007),
[3] J. L. O’Brien, Science 318, 1567 (2007).
[4] R. Okamoto, J. L. O. Brien, H. F. Hofmann, T. Nagata,K. Sasaki and S.
Takeuchi, Science 323, 483 (2009).
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Bayesian noisy phase estimation in qubit systems:
from theory to experiment

S. Olivares
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We address Bayesian estimation of an unknown phase shift imposed to a qubit
when non-dissipative phase noise affect the propagation. The comparison with
the ultimate quantum limits to precision, taking into account the biased nature
of the Bayes estimator in the non-asymptotic regime, is given. The stability of
the method and the achievement of the Bayes estimator asymptotic optimality
is also analyzed in some details. Experimental demonstration of our scheme
relates on a setup based on a programmable liquid crystal phase modulator
that allows both to manipulate the optical qubit polarization and to simulate
the noise affecting propagation.
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Quantum interference of a biphoton at a blazed
grating
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Correlations between photons are interesting for a number of applications and
concepts in metrology in particular for resolution improvements in different
methods of quantum imaging. Since Fock-states of N-photons of wavelength λ
in interference schemes acquire N-times the phase shift of single photons these
states can appear as if they had a de Broglie wavelength of λ/N. This has been
studied for diffraction at ordinary gratings in [1]. Furthermore using a blazed
grating different number states could be separated or sorted on the one hand. On
the other hand evaluation of the diffraction pattern by the one-photon and two-
photon rate allows for an analysis of the spatial correlation between photons.
An experimental demonstration of these ideas tested for a biphoton beam is
presented in this paper. Correlated photon pairs at 780 nm are generated by
parametric down conversion (PDC) in a beta-barium-borate crystal pumped by
picosecond pulses at a wavelength of 390 nm with an average power of 40 mW.
Utilizing a Hong-Ou-Mandel (HOM) interference a biphoton beam is generated.
This biphoton beam has been used to illuminate a blazed grating with a grating
period of 25 µm. The two-photon rate diffraction distribution shows an order of
diffraction expected for half the original wavelength at 390 nm. Our measured
diffraction distributions results are in good agreement with the theoretically
expected distributions. Consequently such a diffraction at a blazed grating has
perspectives for the characterization of the spatial correlation of biphotons and
the purifaction of a biphoton beam of a certain correlation strength.

[1] R. Shimizu, K. Edamatsu and Itoh, Phys. Rev. A 74, 013801 (2006).
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Correlations in light can be used for a variety of applications inmetrology
and quantum imaging, where several schemes rely on multi-photonabsorption.
Thus, a detailed knowledge of the temporal and spatialcorrelations between
photons is desired. We characterize here the quantumcorrelations of photon
pairs generated by type II parametricdown-conversion, in an experiment similar
to Refs. [1,2]. Our goal is thecomplete mapping of the correlations in position
and momentum transverseto a biphoton beam.The biphoton source is a 2 mm
thick beta-barium-borate crystal pumped withmode-locked ps pulses (390 nm,
40 mW, beam diameter of 160 µm). We haveseparate control over the spatial
modes of the photon pairs, incombination with a Hong-Ou-Mandel interferome-
ter. To measure thecorrelation in (transverse) position and the anti-correlation
in momentum,we use a Hanbury-Brown-Twiss setup with two single-mode fiber
probes, onein each path behind a beam splitter. The fibers have a mode-field
diameterof 5 µm. The near field or far field of the biphoton source is im-
aged ontotwo transverse planes where the fibers can be moved independently
over20 µm x 20 µm and measure coincidences.We find that the joint detection
probability in position or momentum spaceis well described by a bivariate nor-
mal distribution. We thus obtain fromthe coincidence data two covariance ma-
trices. Their diagonalization givesa variance product below the classical bound:
∆(x1−x2)2∆(p1 + p2)2 = (0.16± 0.05)h̄2. According to Ref. [3],this proves the
spatial entanglement of the biphotons.

[1] Howell, J.C. et al., Phys. Rev. Lett. 92, 210403 (2004).
[2] Shih, Y. et al., Eur.Phys. J D 22, 485 (2003).
[3] Mancini, S. et al., Phys. Rev. Lett. 88, 120401 (2002).
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We directly prove the commutation relation between bosonic creation and an-
nihilation operators by realizing an appropriate coherent superposition of se-
quences of single-photon additions and subtractions. The basic quantum oper-
ators were separately implemented in recent works and separate sequences of
the two have recently allowed the direct experimental verification of the non-
commutativity of the creation and annihilation operators. Here we present the
experimental realization of a scheme for the arbitrary superposition of quan-
tum operators and apply it to directly and completely prove the commutation
relation. Besides its importance in the study of the foundations of quantum
mechanics, the experimental access to arbitrary superpositions of quantum op-
erators is of high interest for generating and manipulating quantum states for
emerging technologies.
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In Quantum Theories at every event is associated a closed subspace (H, K,
. . . ) of some separable Hilbert space, to elementary (not refinable) events cor-
respond uni-dimensional subspaces – or normalized vectors. If the elementary
event E is certain at (proper) time t=0, P(H, t, E) is the conditional probabil-
ity of event H at time t>0, in standard theories P(H, t, E) = Trace(H(t).E),
where the subspaces are identified with the corresponding orthogonal projec-
tors. For two (or more) events H and K, at time t>s>0, P(H, t, K, s, E) is
their joint probability, conditioned by E, now the rules of probability calculus
lead to the reduction formula for the intermediate event, that is P(H, t, K, s,
E) = Trace(H(t).K(s).E.K(s).H(t)). Obviously this ‘reduction’ has nothing to
do with observations or measurements, the only thing that happens is event K,
at time s. And, in general, there are not external, classical observers: all the
above is valid for every object (a particle, a cat, a philosopher). If, for example,
K and K* are two ortho-complementary subspaces (which represent a spin up
or down particle, a dead or alive philosopher) then, for t>0, can happens that
both P(K, t, E) > 0 and P(K*, t, E) > 0, we can say, figuratively, that there
is a ‘superposition’, with respect to K and K*. In Classical Theories at every
event is associated a subset (A, B, . . . ) of some reference set X, to elementary
events correspond one-element subsets – or point of X. If the elementary event
represented by the point x is certain at (proper) time t=0, P(A, t, x) is =1 if
x(t) belong to A, otherwise is =0, we can speak of ‘determinism’, but, obvi-
ously, this classical description is only a rough approximation of what happens
in Nature.
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Our recent observations on higher order nonclassicality is reported. It is shown
that a generalized notion of higher order nonclassiclaity (in terms of higher or-
der moments) can be introduced. Under this generalised framework of higher
order nonclassicality, conditions of higher order squeezing (HOS)and higher or-
der subpoissonian photon statistics (HOSPS) are derived. Further, with the
help of simple density matrices, it is shown that the higher order antibunching
(HOA) and higher order subpoissonian photon statistics (HOSPS) are not the
manifestation of the same phenomenon and consequently it is incorrect to use
the condition of HOA as a test of HOSPS. It is shown that the HOA and HOSPS
may exist even in absence of the corresponding lower order phenomenon. It is
also shown that the potential sources of single photon must satisfy the condition
of HOA. Most of the intermediate states are shown to satisfy the criteria of HOA
and a comparison between these potential single photon sources is reported here.
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A vectorial quantum model of spontaneous parametric down-conversion in non-
linear layered media pumped by both cw and pulsed lasers has been developed
[1,2]. Relation between transmissivity of a nonlinear structure and ability to
generate efficiently entangled photon pairs has been elucidated. Several struc-
tures operating in visible spectral range and composed of up to several tens of
layers have been suggested using GaN/AlN. Their spectral and temporal prop-
erties as well as characteristics in the transverse plane of the down-converted
fields (intensity profile, correlation area) have been studied in detail. It has been
shown that also the effect of surface spontaneous parametric down-conversion
occurring at the boundaries between linear and nonlinear layers can give appre-
ciable contribution to photon-pair generation rate. If positions of boundaries are
random, photon pairs with extremely narrow intensity spectra can be emitted.
Under special conditions, entangled photon pairs anti-symmetric in frequencies
of the signal and idler fields can be generated [3]. Temporal anti-bunching and
anti-coalescence on a beam splitter are their typical properties. Having this in
mind nonlinear layered media can be considered as promising sources of photon
pairs for future metrology as well as quantum-information applications.

[1] M. Centini, J. Peřina Jr., L. Sciscione, C. Sibilia, M. Scalora, M.J. Bloemer
and M. Bertolotti, Phys. Rev. A, 72, 033806 (2005).
[2] J. Peřina Jr., M. Centini, C. Sibilia, M. Bertolotti and M. Scalora, Phys.
Rev. A, 73, 033823 (2006).
[3] J. Peřina Jr., M. Centini, C. Sibilia, M. Bertolotti and M. Scalora, Phys.
Rev. A, 75, 013805 (2007).
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Joint signal-idler photoelectron distributions of twin beams have been measured
recently in two different regimes: either the meannumber of photon pairs per
one pump pulse is considerably lower that the number of independent modes [1]
or vice versa [2]. Usingthe model of superposition of signal and noise we charac-
terize properties of experimetal twin beams in terms of quasi-distributions [3].
Joint signal-idler photon-number distributions are also reconstructed using the
method of maximum likelihood. Negative values as well as oscillating behaviour
in quantum region are characteristic for the determined joint signal-idler quasi-
distributions of integrated intensities. Thelarger the mean number of photon
pairs per mode the weaker the quantum features are. However, they exist even
in the mesoscopicregime, i.e. when tens of photon pairs per mode occur on
average. Also conditional and difference photon-number distributions havebeen
found to be sub-Poissonian and sub-shot-noise, respectively. Violation of classi-
cal inequalities for photocount as well asphoton-number distributions has been
observed. Criteria of non-classicality of twin beams have been discussed. Al-
sostatistical properties of three mesoscopic correlated fields generated in two
interlinked parametric processes have beeninvestigated.

[1] O. Haderka, J. Peřina Jr., M. Hamar and J. Peřina, Phys. Rev. A 71, 033815
(2005).
[2] J. Peřina, J. Křepelka, J. Peřina Jr., M. Bondani, A. Allevi and A. Andreoni,
Phys. Rev. A 76, 043806 (2007).
[3] J. Peřina and J. Křepelka, J. Opt. B: Quant. Semiclass. Opt. 7, 246 (2005).
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In an atom interferometry, the atom behaves similarly as a classical particle. In
the analysis quantum mechanical particles including atoms atre considered in
general. An interferometric scheme has been developed in [1], in which the infor-
mation on the path chosen by the quantum mechanical particle is stored in the
state of this particle.The analysis takes into account a nonstandard dependence
of the path distinguishability on the length difference and is more complicated
than the standard one. In the standard case, a dynamical approach has been
developed in [2]. Unitary operators have been utilized, which are used in the
study of the optical interferometry with nonclassical states. We apply the dy-
namical approach also in the case where the path distinguishability depends on
the length difference. While the read-out of the which-path information behind
the second beam splitter is assumed in [1], we consider such a process also in
front of the second beam splitter. We expand on derivations of inequalities ac-
cording to [1], i. e., with their measure of sensitivity. We include the variance
of a directly measured quantity in the sensitivity measure in the standard and
modified schemes.

[1] M. Kolář, T. Opatrný, N. Bar-Gill, N. Erez and G. Kurizki, New J. Phys.
9, 129 (2007).
[2] M. Ban, J. Mod. Opt. 55 3625 (2008).

149



Geometric representation and quantum
entanglement in multiple-qubit systems

P. A. Pinilla and J. R. Luthra
Universidad de los Andes. Bogotá, Colombia
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This investigation is focused on a geometrical explanation of entanglement be-
tween qubits using Hopf fibration as a helpful mathematical tool for the reduc-
tion of the Hilbert space of the composed system. Basically, a Hopf fibration
is a map from a higher dimensional unit sphere to a lower dimensional unit
sphere which is not null-homotopic. The simplest example of a Hopf fibration is
the map from a three-sphere into a two-sphere in three dimensional Euclidean
space, which helps to define the well known Bloch sphere as a representation of
one pure qubit. In this case, two complex numbers are necessary for the nor-
malization condition that depends on four real parameters. These real numbers
define a three-sphere and using the Hopf fibration all the states differing by a
global phase are identified with a unique point in the two-sphere. The circle
parameterized by a phase is called the ‘fibre’ and the two-sphere is called the
‘base’. The Hopf fibration between higher dimensional spheres is useful for the
geometrical understanding of two and three qubits and the role of entanglement
is very interesting from this point of view. The simplest case of entanglement in
Quantum Mechanics is the system made up of two qubits in which case the en-
tanglement measurements are well explained. The normalization condition for a
pure two qubit system depends on four complex numbers, this means eight real
parameters that define a seven-sphere. In this point, it is possible to define two
quaternions such that this normalization will be completely analogous to the
case of a single qubit. The second Hopf fibration maps a seven-sphere to a four-
sphere, the fibre is now a three-sphere and the base is a four-sphere, this means
that all the states differing by a unit quaternion are mapped onto the same
value in the base. Usually, this fibration reduces the two original quaternions
to one, but in the separable situation this quaternion simplifies to a complex
number and the base is reduced to an ordinary sphere that is the Bloch sphere
of one of the qubits. Five coordinates define the four-sphere that are the mean
value of the Pauli matrices in quaternionic space, only three of these coordinates
are not zero when the qubits are separable, the other two coordinates have the
information about the entanglement between the qubits and are directly con-
nected with concurrence. The information of the other qubit is stored in the
fibre and it is feasible to apply the first fibration to obtain the Bloch sphere for

150



this qubit. Then for the separable case, the original Hilbert space is reduced to
a product of two Bloch spheres. The next step in this iteration is the quantum
system of three qubits, in which a visible difference appears in this instance
because the separability among the qubits can be possible in two different ways:
First, the three qubits can be separated in the subspace of a single qubit and
the subspace of two qubits (bi-separable), and second when the three qubits
are fully separated. The three qubit system has a normalization condition that
depends on eight complex numbers or actually sixteen real numbers that define
a fifteen-sphere, with these parameters it is possible to define four quaternions
followed by two octonions such that the normalization condition becomes anal-
ogous to the previous cases. With the fibration, the two octonions are reduced
to a single one and the original fifteen-sphere is mapped onto an eight-sphere
with the mean value of the Pauli matrices in octonionic space as coordinates
and a seven-sphere as fibre. In the generic case the third Hopf fibration maps
into the octonion subspace that defines the base, nevertheless when the system
is bi-separable the fibration maps once more into the subspace of pure complex
numbers. This interesting result means that when bi-separable conditions are
satisfied then the base is again a Bloch sphere corresponding to the unentangled
qubit. In this situation, only three coordinates are not null, otherwise the others
coordinates will have the information about entanglement. The other two qubits
are represented in the fibre, the fully separated case is acquired from the second
Hopf fibration acting over the fibre which can be reduced to the multiplication of
two Bloch spheres. When all three qubits are separable, then the initial Hilbert
space is the multiplication of three Bloch spheres, one of them resides in the
base and the other two in the fibre. When the system of three qubits is not
separable, it is possible to define an entanglement measure using the coordinates
of the base that has the information about the correlation between qubits. In
this case, the GHZ and W states are really important to study entanglement
because each pure state of three entangled qubits can be converted either to
the GHZ-state or to the W-state that leads to two different ways of entangling
three qubits. In the existing literature about entanglement of three qubits it is
common to find the measures ‘tangles’. The three-tangle measure is defined as
the hyper-determinant of the coefficients of the tensor defined by the state of
three qubits and gives the information of the entanglement between all qubits.
If the interest is focused on the entanglement of two qubits with a third one, the
two-tangle measure gets importance and it can be calculated as the determinant
of the reduced density matrix on one of the three qubits. This measure is identi-
cal to the entanglement measure defined from the third Hopf fibration and it is
independent of the chosen separated qubit, obviously the entanglement degree
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for the GHZ and W states coincide in that the entanglement is not null in both
cases but with the difference that GHZ is the maximally entangled state. This
worthy relationship between Hopf fibration and the measure of tangles give an
important hint of the possibility of an extension of this geometric analysis for
four qubits. In conclusion, the Hopf fibration is a good mathematical object
that helps to visualize the quantum systems of two and three qubits. Further-
more, this point of view is entanglement sensitive since the base of the fibration
is reduced to a lower dimensional space when the separability conditions are ful-
filled. The entanglement measures defined with the Hopf maps match exactly
with know and well defined entanglement measures as concurrence and tangles.
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In addition to its fundamental importance, entanglement has recently been iden-
tified as a key resource for quantum information processing. Consequently, there
has been a renewed interest in developing new forms of entanglement and their
possible applications. In this talk, I will review our group’s recent experimental
work on generating a new form of optical entanglement called ‘entangled photon
holes’ (EPH’s). In contrast to entangled states based on polarization, momen-
tum, or some other physical property of photon pairs, the entanglement here is
due to the absence of the photon pairs themselves. Under the right conditions,
these correlated absences in otherwise constant background beams can lead to
nonlocal effects similar to those seen with entangled photon pairs. In principle,
EPH states can be generated through strong two-photon absorption, which se-
lectively removes a single photon from two independent weak coherent states.
We have recently been investigating an alternative approach in which weak
coherent states are mixed with parametric down-conversion (PDC) sources in
interferometers, and quantum interference effects are used to suppress the prob-
ability that single photons are simultaneously emitted into two output ports.
The interference effects rely on the indistinguishability of the various sources
which, in our experiments, is accomplished by using pulsed PDC techniques.
The timing of the pulses can be arranged to produce time-bin-like EPH’s, in
loose analogy with the time-bin entangled photon pairs pioneered by Gisin’s
group. By sending these states to distant interferometers, it may be possible to
violate Bell’s inequality with entangled photon holes.
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Quantum memories for light are crutial components of quantum information
networks. Quantum memory can be viewed as a channel for a transfer of quan-
tum states from photons to atoms. Of particular importance are the channels
which can outperform any possible classical channel. The classical channel per-
formance can be characterized by its benchmark maximal fidelity which un-
til recently has been known only for few classes of states including qubits [1]
and coherent states [2]. Quantum channels such as teleportation and quantum
memory for light demonstrating fidelities higher than classical benchmarks have
been reported for coherent states [3] and for qubits [4]. Recently the classical
benchmark fidelity has been found for a new class of states: displaced squeezed
states [5]. I will describe an experiment [6] presenting a quantum channel which
outperforms any classical memory for this new class of states which play funda-
mental role in quantum mechanics. The experiment utilizes room temperature
spin-polarized alkali vapor held in two glass cells with spin-preserving coating
which has proven to be an outstanding memory unit, as demonstrated in earlier
experiments [3B,3C]. A squeezed state of light generated by an optical paramet-
ric amplifier is displaced and transferred over a distance of several meters to the
atomic memory where it is stored for about a millisecond. The memory mech-
anism is based on a combination of the Raman interaction with a homodyne
quantum measurement and feedback. The achieved quantum channel fidelity of
0.62±0.02 for squeezed states with 6.1dB of squeezing and an arbitrary phase,
displaced within a square with dimensions ±4 in vacuum units, is above the
classical benchmark fidelity of 0.50 calculated using the method of [5]. Besides
its fundamental importance the new quantum channel paradigm can be used
for encoding and transmission of quantum information in protocols which use
squeezed and Einstein-Podolsky-Rosen entangled states.

[1] W. K. Wootters and W. H. Zurek, A single quantum cannot be cloned, Na-
ture 299, 802 (1982).
[2] K. Hammerer, M. M. Wolf, E. S. Polzik and J. I. Cirac, Quantum benchmark
for storage and transmission of coherent states, Phys. Rev. Lett. 94,150503
(2005).
[3] A) A. Furusawa, J. L. Sørensen, S. L. Braunstein, C. A. Fuchs, H. J. Kimble
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and E. S. Polzik, Unconditional quantum teleportation,. Science 282, 706 (1998);
B) B. Julsgaard, J. Sherson, J. Fiurášek, J. I. Cirac and E.S. Polzik, Experi-
mental demonstration of quantum memory for light, Nature 432, 482 (2004); C)
J. F. Sherson, H. Krauter, R. K. Olsson, B. Julsgaard, K. Hammerer, I. Cirac
and E. S. Polzik, Quantum teleportation between light and matter, Nature 443,
557 (2006).
[4] M. D. Barrett, J. Chiaverini, T. Schaetz, J. Britton, W. M. Itano, J. D. Jost,
E. Knill, C. Langer, D. Leibfried, R. Ozeri and D. J. Wineland, Deterministic
quantum teleportation of atomic qubits, Nature 429, 737 (2004); M. Riebe, H.
Haffner, C. F. Roos, W. Hansel, J. Benhelm, G. P. T. Lancaster, T. W. Kor-
ber, C. Becher, F. Schmidt-Kaler, D. F. V. James and R. Blatt, Deterministic
quantum teleportation with atoms. Nature 429, 734 (2004).
[5] M. Owari, M. B. Plenio, E. S. Polzik, A. Serafini and M. M. Wolf, Squeez-
ing the limit: quantum benchmarks for the teleportation and storage of squeezed
states, New. J. Phys. 10, 113014 (2008).
[6] W. Wasilewsky, K. Jensen, B. Melholt-Nielsen, H. Krauter, T. Fernholz, M.
Owari, M. Plenio, M. Wolf and E. S. Polzik. To be submitted.
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We examine some properties of generalized coherent states of the Barut-Girardello
kind. These states are defined as eigenstates of a generalized lowering operator
and there are strongly dependent on the structure constants. Besides the pure
coherent states we focused our attention to the mixed states one, which is char-
acterized with different probability distributions. As some examples we consider
the thermal canonical distribution and the Poisson distribution functions. We
calculate for these cases the Husimi’s Q and quasiprobability P- distribution
functions.

[1] J. P. Antoine, J. P. Gazeau, P. Monceau, J. R. Klauder and K. A. Penson,
J. Math. Phys. 42, 2349 (2001).
[2] A. O. Barut and L. Girardello, Commun. Math. Phys. 2141 (1971).
[3] D. Popov, Electronic Journal of Theoretical Physics 3, 11, 123 (2006).
[4] J.-M. Sixdeniers, K. A. Penson and A. I. Solomon, J. Phys. A: Math. Gen.
32, 7543 (1999).
[5] A. M. Mathai and R. K. Saxena, Lecture Notes in Mathematics, Vol 348,
Generalized Hypergeometric Functions with Applications in Statistics and Phys-
ical Sciences, Springer, Berlin, 1973.
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(oral, section: B)

Bipartite light beams endowed with nonclassical correlations are crucial re-
sources for quantum technology and represent a building block for the devel-
opment of an integrated quantum network. Their full characterization has a
fundamental interest in its own and represents a tool for the design of pro-
tocols of quantum information processing in realistic conditions. Remarkably,
entangled states produced by optical parametric oscillator sources are Gaussian
states and thus may be fully characterized by the first two statistical moments
of the field modes. In turn, the covariance matrix contains the complete infor-
mation about entanglement of Gaussian states, i.e., about their performances
as a resource for quantum technology. We present the full experimental recon-
struction of Gaussian entangled states generated by a type-II optical parametric
oscillator below threshold. Our scheme provides the entire covariance matrix
using a single homodyne detector and allows for the complete characterization
of bipartite Gaussian states, including the evaluation of purity, entanglement,
and nonclassical photon correlations, without a priori assumptions on the state
under investigation [1,2].

[1] V. D’Auria, A. Porzio, S. Solimeno, S. Olivares and M. G. A. Paris, J. Opt.
B: Quantum and Semiclass. Opt. 7, S750 (2005).
[2] V. D’Auria, S. Fornaro, A. Porzio, S. Solimeno, S. Olivares and M. G. A.
Paris, Phys. Rev. Lett. 102, 020502 (2009).
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e-mail: ana.predojevic@icfo.es

(poster)

Phase-sensitive amplification in an optical parametric oscillator is a proven tech-
nique for generation of squeezed states of light. Commonly, low-noise titanium
sapphire lasers are used to pump the oscillator. The use of diode lasers for this
purpose would allow squeezing at wavelength unreachable with titanium sap-
phire lasers. Furthermore, diode lasers are low cost and robust. However, their
excess phase noise would be an obstacle for the production of phase-sensitive
quadrature squeezed states. We present the results of quadrature and polariza-
tion squeezing generated by a sub-threshold optical parametric oscillator reso-
nant to rubidium D1 line and pumped by a frequency-doubled diode laser [1].
We show a technique to eliminate the effects of laser phase noise on quadra-
ture squeezing. This technique uses cavity stabilization of the laser frequency,
in combination with a carefully chosen delay between the squeezed light and
the local oscillator beam. By introducing fiber delay lines into the local oscil-
lator path this delay can be matched so that phase fluctuations are canceled
out in white-light configuration. For the theoretical description of this effect we
adapted the squeezing theory of Collet and Gardiner [2] including phase noise of
the pump laser. This investigation confirms that the balancing of the squeezed
light path-length with the local oscillator allows the measurement of squeezing.
The obtained squeezing results can be used for optimal phase analysis [3]. Being
resonant to atomic transition our squeezed light can also be used for optimal
estimation of atomic spin states of rubidium.

[1] A. Predojević, et al., Phys. Rev. A 78, 063820 (2008).
[2] M. J. Collett and C. W. Gardiner, Phys. Rev. A 30,1386 (1984).
[3] A. Monras, Phys. Rev. A 78, 033821 (2006).
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Entanglement in multiple-quantum NMR
experiments

E. B. Fel’dman and A. N. Pyrkov
Institute of problems of chemical physics RAS

e-mail: pyrkov@icp.ac.ru

(poster)

We investigate the evolution of entanglement in multiple–quantum (MQ) NMR
experiments in crystals with pairs of close nuclear spins-1/2. The initial ther-
modynamic equilibrium state of the system in a strong external magnetic field
evolves under the non-secular part of the dipolar Hamiltonian. As a result,
MQ coherences of the zeroth and plus/minus second orders appear. A sim-
ple condition for the emergence of entanglement is obtained. We show that
the measure of the spin pair entanglement, concurrence, coincides qualitatively
with the intensity of MQ coherences of the plus/minus second order and hence
the entanglement can be studied with MQ NMR methods. We introduce an
Entanglement Witness using MQ NMR coherences of the plus/minus second
order.

159



Noiseless linear amplification
T. C. Ralph, A. P. Lund, G. Xiang and G. J. Pryde

University of Queensland and Griffith University, Brisbane, Australia
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(oral, section: A)

We introduce the concept of non-deterministic noiseless linear amplification.
That is we show that it is possible to non-deterministically implement the
transformation |a〉 → |ga〉, where |a〉 is a coherent state of amplitude a and
g is a real number greater than 1. We propose a linear optical realization of
this transformation that could be built with current technology. We discuss
two applications, ideal probabilistic cloning of coherent states and distillation
of continuous variable entanglement. For the latter example we demonstrate
that highly pure entanglement can be distilled from transmission over a lossy
channel. We will also present progress towards an experimental demonstration
of noiseless linear amplification.
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Scattering-quantum-walk searches on highly
symmetric graphs

D. Reitzner, M. Hillery, E. Feldman and V. Bužek
Research Center for Quantum Information, Slovak Academy of

Sciences, Slovakia
e-mail: daniel.reitzner@savba.sk

(oral, section: F)

Grover search for an element within an unstructured database has showed up
to be one of few important quantum algorithms where a speedup over classical
algorithms is possible. The algorithm has been extensively studied and led
to its several generalizations and variations. In the topic of quantum walks
Shenvi, Kempe and Whaley showed, that a quantum walk on a hypercube having
the same coin for all vertices except one — the target vertex — behaves very
similarly as the Grover search. Here we show that the basic element of Grover
search — quantum oracle — can be implemented in quantum walks and in this
way we separate the quantum walk on different kinds of graph from the search
problem. Utilizing scattering quantum walk formalism we are able to solve
many such searches on highly symmetric graphs, where the large automorphism
group of these graphs leads to a significant simplification of the problem and
the evolution takes place in a Hilbert space of small dimension, not unlike in
the standard Grover search.
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Quantum optics with ultracold molecules
G. Rempe

Max-Planck Institute of Quantum Optics, Hans-Kopfermann-Str. 1,
85748 Garching, Germany

e-mail: gerhard.rempe@mpq.mpg.de

(oral, section: E, invited )

A plethora of quantum optical phenomena like the generation of squeezed light
occur in open systems where the loss of photons is an essential part of the
system dynamics. This is strikingly different for matter waves where the num-
ber of particles in the system is usually conserved, or more precisely, the loss
of particles is unwanted for most applications. However, recent experiments
with ultracold molecules in optical lattices [1] have changed this situation by
implementing concepts of dissipative quantum optics in matter-wave systems.
The talk introduces the main features of such experiments and highlights some
remarkable phenomena like the inhibition of matter-wave tunnelling by obser-
vation (Zeno effect) and the generation of a highly correlated quantum gas by
means of dissipation, with atom antibunching better than 1:2000 [2].

[1] T. Volz et al., Nature Physics 2, 692 (2006).
[2] N. Syassen et al., Science 320, 1329 (2008).

162



Postselection as a tool in quantum information
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e-mail: renner@phys.ethz.ch

(oral, section: F, invited )

In order to prove security of a quantum cryptographic scheme, one needs to
take into account all possible attack strategies an adversarymay choose. This is
generally very demanding because the number of different strategies is huge. A
similar difficulty also arises in thecontext of other information-theoretic prob-
lems, e.g., the analysis of interactive arguments.In this talk, I present a method,
called postselection technique, which can be used to simplify such proofs. When
applied to quantum keydistribution, it reduces the number of different attacks
to be considered to one. In other words, general security of a protocol follows
from its security against one particular ‘universal’ attack.
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Quantum simulation in ion traps and BECs
A. Retzker
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e-mail: a.retzker@imperial.ac.uk

(oral, section: E, invited )

Two proposals for quantum simulations in Ion traps and BECs will be described.
It will be shown that the radial degree of freedom of stringsof trapped ions in
the quantum regime may be prepared and controlled accurately through the
variation of the external trapping potentialwhile at the same time its properties
are measurable with high spatial and temporal resolution. This provides a
new test-bed giving access to static and dynamical properties of the physics
of quantum-many-body systems and quantum phase transitions that are hard
to simulate on classical computers. Furthermore, it allows for the creation
of double well potentials with experimentally accessible tunnelling rates and
with applications in testing the foundations of quantum physics and precision
sensing. A scheme for the study of methods for detecting Unruh-like acceleration
radiation effects in a Bose-Einstein condensate in a 1+1 dimensional setup will
be descried. In particular, the dispersive effects of the Bogoliubov spectrum on
the ideal case of exact thermalization will be explained.
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Full quantum tomography of twisted photons
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(oral, section: D)

We propose a complete tomographic reconstruction of photons carrying orbital
angular momentum along their propagation direction. For certain states, the
tomographical measurement reduces to the determination of the angular prob-
ability distribution at different times of free evolution. The experiments are
currently being run in the lab [1]. To represent the quantum state we introduce
a bona fide Wigner function defined on the discrete cylinder, which is the nat-
ural phase space for the pair angle-angular momentum. This Wigner function
appears to resemble remarkable similarities to the discrete Wigner function,
while being rather different from the Wigner function of the Heisenberg-Weyl
group [2].

[1] I. Rigas, L. L. Sánchez-Soto, A. B. Klimov, J. Řeháček and Z. Hradil, Phys.
Rev. A 78, 060101 (R) (2008).
[2] I. Rigas, L. L. Sánchez-Soto, A. B. Klimov, J. Řeháček and Z. Hradil, Optics
and Spectroscopy (to be published).
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Squeezed entangled state generated by a Dicke
phase-transition

I. Sainz, A. B. Klimov and L. Roa
Universidad de Concepción, Concepcion, Chile

e-mail: lroa@udec.cl

(poster)

We study how the entanglement between two modes of the electromagnetic
field can be created by a Dicke phase transition. We find that bipartite mode
state becomes a squeezed entangle state in the quantum phase transition by
considering A atoms interacting dispersively with the two cavity modes.
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Entanglement generated by a Dicke phase-transition
I. Sainz, A. B. Klimov and L. Roa

Universidad de Concepción, Concepcion, Chile
e-mail: lroa@udec.cl

(poster)

We study how the entanglement between two modes of the electromagnetic field
can be created by a Dicke phase transition. We consider A atoms interacting
dispersively with two cavity modes. We find that the two plus mode arises an
entrangled squeezed states.
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Transfer of the internal atomic states between two
trapped ions and its dependence on the vibrational

phonons
F. K. Nohama and J. A. Roversi

Instituto de F́ısica ‘Gleb Wataghin’ - Universidade Estadual de
Campinas, Campinas, Brazil
e-mail: roversi@ifi.unicamp.br

(poster)

In this communication we present a study of a system made up of by two
two-level ions (atomic frequency ωa) inside different cavities, with the same
frequency ω and atom-field coupling constant g. The cavities are connected
by an optical fiber, and each ion is trapped inside a harmonic potential with
movement frequency ν. In this case the trap center is located in the cavity field
node. Here we have considered the ‘short fiber limit’, where only a single mode
of the fiber interacts with the cavity fields (with coupling constant λ). Our
results were obtained using the Rotating Wave Approximation under following
three conditions: (i) ω, ωa >>

√
2λ, 3ν, (ii) λ, ν >> g and (iii)

√
2λ− 3ν >> g.

It was also convenient to define the function β(k) = 1 − (1 + 2k) η2/2 (where
η is the Lamb-Dicke constant). In the carrier band (ωa − ω = 0) at each
specific time tn = (2n + 1)π/β(k)g (n = 0, 1, 2, ...), the quantum state transfer
of superposition states from the internal state ions 1 to 2 was observed. In other
words, at this time the state of the system undergoes the following transition:

[
cos θ |g〉1 + eiφsinθ |e〉1

] |k〉a1 |0〉b1 |0〉c |0〉b2 |g〉2 |k〉a2

→ |g〉1 |k〉a1 |0〉b1 |0〉c |0〉b2
[
cos θ |g〉2 + ei(ϕ−µn) sin θ |e〉2

] |k〉a2 .
(1)

For initial state we considered that the vibrational modes â1 and â2 of the ions
are in the Fock state (with the same number of phonons k), while the cavity
modes b̂1, b̂2 ĉ and the fiber mode are in their respective vacuum states. We can
see in (1) that there is a difference µn = (2n + 1) ω

β(k)g π in the relative phase
that can be corrected by one-qubit operations on the second ion. We obtained
exactly the same state for the ion 2 when the condition ω

β(k)g = 2l (l = 1, 2, 3, ...)
is satisfied. We also noted that the motional state of the ion affects the efficiency
of the transmission, producing a delay time dependent on the phonons number.
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Minimal energy cost for quantum information
processing: measurement and information erasure

T. Sagawa1 and M. Ueda1,2

1University of Tokyo, Japan, 2ERATO-JST, Japan
e-mail: sagawa@cat.phys.s.u-tokyo.ac.jp

(poster)

In 1867, J. C. Maxwell proposed ‘Maxwell’s demon’, which has the capability
to perform information processing at a microscopic level. Since then, numerous
studies have been conducted on the relationship between information processing
and thermodynamics [1]. For example, according to the ‘Landauer’s principle’,
in erasing one bit of information from the memory of the demon, at least kBTln2
of heat should be dissipated into the environment with the same amount of work
being performed on the memory. However, the proof of the Landauer’s principle
in terms of statistical mechanics [1] is valid only for memories which have a kind
of symmetry. In the present work [2], we have derived the fundamental lower
bounds of the thermodynamic energy cost needed for measurement and infor-
mation erasure, by incorporating the recently developed techniques of quantum
information and measurement into nonequilibrium quantum statistical mechan-
ics. The lower bound for the erasure vindicates the ‘Landauer’s principle’ for
a special case, but otherwise implies its breakdown without any contradiction
to the second law of thermodynamics. We have also derived the fundamental
upper bound of the work that can be extracted by the demon. Our results
constitute the second law of ‘information thermodynamics’, in which the infor-
mation content (i.e., the Shannon information and the mutual information) and
thermodynamic variables (i.e., work, heat, and the free energy) are treated on
an equal footing.

[1] H. S. Leff and A. F. Rex, (eds.), Maxwell’s demon 2: Entropy, Classical
and Quantum Information, Computing (Princeton University Press, New Jer-
sey, 2003).
[2] T. Sagawa and M. Ueda, Phys. Rev. Lett. 100, 080403 (2008); arXiv:0809.4098
(2008).
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Simultaneous generation and frequency
up-conversion of entangled optical images

M. Yu. Saigin
M. V. Lomonosov Moscow State University, Faculty of Physics, Russia

e-mail: mihasyu@gmail.com

(poster)

Entangled optical images are generated in conventional parametric three-wave
processes at high frequency pumping. When a coherent signal at frequency ω1

and an intense pumping wave at frequency ωp irradiate a crystal with second
order nonlinearity at the output of the crystal an extra image at frequency
ω2 = ωp − ω1 is formed. These images (at frequencies ω1 and ω2) is entangled
[1]. We will discuss a coupled nonlinear parametric process which comprises
one parametric down-conversion process and two up-conversion ones, so that
the wave frequencies obey the following relations: ωp = ω1 + ω2, ω1 + ωp =
ω3, ω2 + ωp = ω4. Earlier we studied these interactions in the plane wave
assumption [2, 3]. It has been established that the four-wave field, forming in
these processes, consists of two pairs of entangled states. In present work these
processes are generalized on the case of images parametric amplification and
up-conversion. Thus, the nonlinear optical equations are solved in the quasi-
optical assumption. For each of the interacting waves the self-transformation
and mutual transformation coefficients have been calculated. Also the other
characteristics such as signal-to-noise ratio, mean photon number and dispersion
of photon number at different frequencies, have been investigated. The possible
scheme for teleportation of two-mode entangled images is considered.

[1] Quantum imaging, Ed. M. I. Kolobov, Springer Verlag (2006).
[2] A. S. Chirkin, M. Yu. Saigin and I.V. Shutov, Parametric amplification at
low-frequency pumping and generation of four-mode entangled states, J. Russian
Laser Research 29, 336 (2008).
[3] A. S.Chirkin and M. Yu. Saigin, Four-mode entangled states in coupled
nonlinear optical processes and teleportation of two-mode entangled CV states,
Physica Scripta, T134 (2009).
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(oral, section: B)

A single broadband squeezed field constitutes a quantum communication re-
source that is sufficient for the realization of a large number N of quantum
channels based on distributed Einstein-Podolsky-Rosen (EPR) entangled states.
Each channel can serve as a resource for, e.g. independent quantum key distri-
bution or teleportation protocols. N-fold channel multiplexing can be realized
by accessing 2N squeezed modes at different Fourier frequencies. We report on
the experimental implementation of the N = 1 case through the interference
of two squeezed modes and demonstrate all required multiplexing techniques.
A multiplication of solely the classical resources of our experiment will allow
the establishment of a linearly increasing number of EPR quantum channels
between pairs of distant parties.
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Wigner functions and path integrals
J. H. Samson and N. Lindsey
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(oral, section: A)

The Wigner function W(q, p) is a widely used representation of a density matrix
as a (not necessarily positive) distribution in phase space. We will demonstrate
how its sign oscillations may be interpreted as ‘interference fringes’ of paths
in a path integral. A method of calculation of Wigner functions by means of
coherent-state path integration has been proposed [1], this provides an inter-
pretation of its sign oscillations in terms of the area enclosed by the dominant
paths. We apply the method to ground states of anharmonic potentials such as
the Morse potential and the double well and show how excited states may also
be investigated. While the dominant path in a harmonic potential encloses no
area, leading (as expected) to a positive Wigner function for a Gaussian state,
low-action paths in anharmonic potentials may enclose non-zero area, leading to
sign oscillations of the Wigner function. Numerical minimisation of the action
[2] indicates that the dominant path does not enclose sufficient area to re-create
the sign oscillations of the Wigner function in the ground state if fluctuations
are not included. We show how the method can reproduce sign oscillations in
the Wigner function for excited states.

[1] J. H. Samson, J. Phys. A: Math. Gen. 36, 10637 (2003).
[2] N. Lindsey, PhD thesis, Loughborough University, 2009.
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Quanta in a black-box
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(oral, section: G, invited )

In this talk, I shall describe how one can assess the presence of genuine quantum
entanglement in a black-box scenario, i.e. without any knowledge about either
the physical system under study or the measurements that are being performed.
This approach may lead to define ‘quality standards’ for quantum devices.
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Classical capacity of a bosonic memory channel with
Gauss-Markov noise
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(poster)

We present the explicit solution for the classical capacity of an energy con-
strained bosonic memory channel with a Gauss-Markov process as a noise model.
We show that the optimal input power distribution follows a quantum analog
to the classical water filling. Furthermore, we conclude that the optimal trans-
mission rate can only be achieved by introducing a finite degree of entanglement
between the input states. Finally, in the classical limit we recover the solution
of the classical Gaussian channel.
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Scientific Interchange, 10133 Torino, and QUIT, Dip.A.Volta, 27100

Pavia, Italy
e-mail: fabio.sciarrino@uniroma1.it

(poster)

The Quantum Private Query is a quantum cryptographic protocol to recover
information from a database, preserving both user and data privacy: the user
can test whether someone has retained information on which query was asked,
and the database provider can bound the quantity of information released [1].
Here we propose a linear optical implementation which exploits the different
degrees of freedom of a single photon: it employs the photon’s momentum (or
time slot) as address qubits and its polarization as bus qubit [2]. In contrast
to the original proposal [1], it does not require a quantum random access mem-
ory (qRAM) [3] and can be implemented with current technology, but it has
sub-optimal communication complexity. The qRAM’s absence implies that the
binary-to-unary translation to route Alice’s query to the appropriate database
memory element must be performed by Alice herself. Thus Alice and Bob must
be connected by a number of communication channels (spatial optical modes
in our implementation) equal to the number N of database elements. A proof-
of-principle experimental realization is implemented using only linear optical
elements and postprocessing measurements. Its practical feasibility relies on
the possibility of using sufficiently fast optical switches to achieve a sustainable
communication rate.

[1] V.Giovannetti, S. Lloyd and L. Maccone, Phys. Rev. Lett. 100, 230502
(2008).
[2] F. De Martini, V. Giovannetti, S. Lloyd, L. Maccone, E. Nagali, L. Sansoni
and F. Sciarrino, arXiv:0902.0222.
[3] V.Giovannetti, S. Lloyd and L. Maccone, Phys. Rev. Lett. 100, 160501
(2008).
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The orbital angular momentum of photons, being defined in an infinitely dimen-
sional discrete Hilbert space, offers a promising resource for high-dimensional
quantum information protocols in quantum optics. Here, we introduce and test
experimentally a series of optical schemes for the coherent transfer of quantum
information from the polarization to the orbital angular momentum of single
photons and vice versa [1]. All our schemes exploit a newly developed opti-
cal device, the so-called ‘q-plate’, a suitably patterned non-uniform birefringent
plate, which enables the manipulation of the photon orbital angular momentum
driven by the polarization degree of freedom [2]. By stacking several q-plates in
a suitable sequence, one can also access to higher-order angular momentum sub-
spaces. Our experiments prove that these schemes are reliable, efficient and have
a high fidelity. The optical ‘spin-orbit’ coupling occurring in the‘q-plate’ also
allows entangling the polarization of a single photon with its orbital angular mo-
mentum (OAM) [3]. Moreover, we show that two-photon quantum correlations
such as those resulting from coalescence interference, in the Hong-Ou-Mandel
effect, can be successfully transferred into the OAM degree of freedom [3]. Fi-
nally we discuss the generation of hyper-entangled states of polarization and
orbital angular momentum and their applications for quantum information pro-
cessing and for non-locality tests.

[1] L. Marrucci, et al., Phys. Rev. Lett. 96, 163905 (2006).
[2] E. Nagali, F. Sciarrino, F. De Martini, B. Piccirillo, E. Karimi, L. Marrucci
and E. Santamato, arXiv:0902.0740.

[3] E. Nagali, F. Sciarrino, F. De Martini, L. Marrucci, B. Piccirillo, E. Karimi
and E. Santamato, arXiv:0810.2417.
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Propagation of quantum light through the turbulent
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Implementations of quantum cryptography in atmospheric channels between
Earth-based stations and between satellites and Earth-based stations require a
special knowledge about the propagation of quantum light through turbulent
media. In this contribution we propose to consider the atmosphere as a linear
attenuating system with a fluctuating transmission coefficient. In the context
of such an approach, the probability distribution of the transmission coefficient
is the main characteristics of turbulence properties of the atmosphere. We
show that this function can be measured by homodyne detection. Moreover,
we demonstrate that nonclassical properties of quantum light, such as a sub-
Poissonian photocounting statistics, or more generally, the non-positivity of the
Glauber-Sudarshan P function, are more robust for weak rather than intense
light fields.
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The quantum theory of the Early Universe and
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National Center of Particles and High Energy Physics, Republic of

Belarus
e-mail: a.shalyt@mail.ru

(poster)

Two different approaches (generalized uncertainty principle and density matrix
deformation) to the quantum mechanics of Early Universe (Planck scales) and
various consequences from them for physics of black holes, information paradox
and dark energy problems solution, some other questions are discussed
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What is an observable? According to von Neumann, the observable is defined
as the self-adjoint operator. Is there another representation of the measurement
outcome? The answer may be the weak values. The weak value of an observable
is experimentally accessible by weak measurements as theoretically analyzed by
Aharonov et al. and recently experimentally demonstrated. Furthermore, the
weak values help reconsidering the Born probabilistic interpretation. The aim
of our work is to construct the quantum measurement for the weak values. We
introduce a weak operator associated with the weak values and give a general
framework of quantum operations to the weak operator in parallel with the
Kraus representation of the completely positive map for the density operator.
The decoherence effect is also investigated in terms of the weak measurement
by a shift of a probe wave function of continuous variable. As an application,
we demonstrate how the geometric phase is affected by the bit flip noise. In our
presentation, we talk about the motivation considering the weak values from
the view of quantum foundations and show the nice property of the probability
space independent of the observable via weak values. We construct the quantum
measurement theory for the weak values. To conclude, the weak value is a useful
tool in quantum information and quantum foundations despite its naming.
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Theoretical analysis is presented on quantum state evolution of polarization
light waves at frequencies ωo and ωe in a periodically poled nonlinear crystal
(PPNC). It is shown that the variances of all the four Stokes parameters can be
squeezed.
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Charles University, Prague, Czech Republic
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Two uncertainty relations, one related to the probability density current and
the other one related to the probability density, are derived and discussed. Both
relations are stronger than the Heisenberg uncertainty relations. Their general-
ization to the multidimensional case and to the mixed states is also discussed.
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Intensity-field correlation of single-atom resonance
fluorescence
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We report measurements of an intensity-field correlation function of the reso-
nance fluorescence of a single trapped Ba+ ion. An Ba+ ion is loaded into a
linear Paul trap and is continuously laser-cooled. Detection of a photon prepares
the atom in its ground state and we observe its evolution under interaction with
a laser field of well defined phase. We record the regression of the resonance
fluorescence source field. This provides a direct measurement of the field of the
radiating dipole of a single atom and exhibits a strong non-classical behavior. In
the setup an interference measurement is conditioned on a fluorescence photon
detection. Thus, the recorded third-order correlation function demonstrates an
aspect of wave-particle duality at the single-atom, single-photon level.
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Identification of continuous variable entanglement
and optimized quasi-probabilities

J. Sperling
Universitaet Rostock, Institut fuer Physik, Universitaetsplatz 3, 18051

Rostock, Germany
e-mail: jan.sperling2@uni-rostock.de

(poster)

One important concept of the quantumness of nature are nonclassical correla-
tions between the subsystems of a compound system. This quantum property is
called entanglement. Physical systems are often described by continuous vari-
ables. Thus entanglement in these systems depends on a continuous number of
degrees of freedom. In general a truncation to finite systems cause fake non-
classicalities. Despite this fact, we showed that the phenomenon entanglement
can always be identified in finite systems [1]. Thus entanglement is a property
which needs to be studied in finite systems only. Negative quasi-probability
distributions are another concept of nonclassicality. The most prominent ex-
ample is the Glauber-Sudarshan P function. This function is unique for every
quantum state. Thus negativities in the P function are necessary and sufficient
for nonclassical states. Quasi-distributions can be introduced for entanglement
as well. But in general they are not unique – negativities are only necessary but
not sufficient for entanglement. We introduce an optimization procedure for
quasi-probability distributions which leads to an optimized quasi-distribution
for entanglement [2]. Negativities in this optimized quasi-probabilities are suf-
ficient for entanglement.

[1] J. Sperling and W. Vogel, Verifying continuous-variable entanglement in fi-
nite spaces, arXiv:0809.3197[quant-ph].
[2] J. Sperling and W. Vogel, Representation of entanglement by negative quasi-
probabilities, arXiv:0811.4527[quant-ph].
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Families of bipartite states classifiable through PPT
criterion and LOCC

F. E. S. Steinhoff and M. C. de Oliveira
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(poster)

We construct a novel family of states for bipartite discrete Hilbert spaces whose
negativity can be directly evaluated without full state reconstruction and using
LOCC only. For some subfamilies, PPT criterion is necessary and sufficient,
making detection of entanglement a simple task. States not belonging to these
subfamilies will thus exhibit bound entanglement.
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Single-photon single-ion interaction in free space
configuration in front of a parabollic mirror

M. Stobinska1,2, R. Alicki1 and G. Leuchs1
1Erlangen-Nuremberg University, Max-Planck Institute for the Science

of Light, Germany, 2University of Gdansk, Poland
e-mail: magda.stobinska@mpl.mpg.de

(oral, section: E)

We theoretically investigate conditions for an experimental setup consisting of
a single two-level ion trapped at the focus of a parabolic metallic mirror, under
which the assumption about a free space mode structure of radiation field in
vicinity of the atom is justified. We seek for the changes in the spontaneous
emission rate of the atom resulting from the presence of the parabolic boundary
conditions, within the vectorial model of light by including the polarization
degree of freedom. We assume single-photon single-atom interaction. Depending
on the characteristic parameters of the setup it provides us with either free space
configuration or a tailored electromagnetic reservoir near the atom.
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Continuous variable quantum key distribution based
on Einstein-Podolsky-Rosen entangled states

X. Su, W. Wang, Y. Wang, X. Jia, C. Xie and K. Peng
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Devices, Institute of Opto-electronics, Shanxi University, Taiyuan,
030006, People’s Republic of China

e-mail: suxl@sxu.edu.cn
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We will present two experimental results on quantum key distribution with con-
tinuous variables (CV QKD) based on exploiting the Einstein-Podolsky-Rosen
(EPR) entangled optical beams: One is the dense coding CV QKD scheme
and an other one is the CV QKD without signal modulation. In the dense
coding CV QKD scheme, the source of the entangled beams is placed inside
the receiving station, where one (signal beam) of the EPR entangled beams
is transmitted with round trip and the other one is retained by the receiver
(Bob). After the sender (Alice) receives the signal beam she modulates two
sets of random signals on the amplitude and phase quadratures of the signal
beam respectively and then sends the modulated signal beam back to Bob. The
amplitude and phase signals modulated on the signal beam are simultaneously
extracted by Bob with the scheme of the dense-coding correlation measurement
for continuous quantum variables [1, 2]. In this way, the channel capacity can
be improved. In the experiment of CV QKD without signal modulation, a pair
of EPR entangled beams are shared by Alice and Bob and the non-local quan-
tum correlations between the quadratures of the entangled modes provide the
physical mechanism for constructing secret key. By means of the instantaneous
measurements of the quantum fluctuations of optical modes respectively dis-
tributed at Alice and Bob, the random bits of secret key are obtained without
the need for signal modulation. We theoretically proved that the secret key
can be extracted with the post-selection technique in both cases of collective
attack and individual attack even at a transmission line with high losses above
3 dB. After the communication is accomplished, the final secret key is distilled
by means of post-selection, reconciliation and privacy amplification techniques.
The final secure key rates of 84 kbits/s and 3 kbits/s are completed under the
collective attack for the transmission efficiency of 80 % and 40 %, respectively.

[1] X. Li, Q. Pan, J. Jing, J. Zhang, Ch. Xie and K. Peng, Phys. Rev. Lett.
88, 047904 (2002).
[2] X. Su, J. Jing, Q. Pan and Ch. Xie, Phys. Rev. A 74, 062305 (2006).

186



Generation of entangled photon pairs in chirped
periodically-poled nonlinear crystals
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Joint Laboratory of Optics of Palacky University and Institute of

Physics of Academy of Sciences of the Czech Republic, 17. listopadu
50A, 772 07 Olomouc, Czech Republic

e-mail: svozilik@optics.upol.cz

(poster)

Using a rigorous quantum model a comprehensive study of physical properties
of entangled photon pairs generated in spontaneous parametric down-conversion
in chirped periodically-poled crystals is presented. Spectral, temporal, as well
as spatial characteristics of photon pairs are analyzed. Spectral bandwidths,
photon-pair flux, and entanglement area can be effectively controlled by chirp-
ing. Quantification of entanglement between photons in a pair is given. Splitting
of entanglement area in the transverse plane accompanied by spectral splitting
has been revealed. Using the model temperature dependencies of the experi-
mental intensity profiles reported in literature have been explained. Attention
is also paid to poled structures with randomly distributed boundaries.
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Practical coherent state quantum key distribution
with multi-letter alphabets

D. Sych and G. Leuchs
Max Planck Institute for the Science of Light, Germany
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Quantum key distribution (QKD) is a procedure of information exchange be-
tween two parties, the sender Alice and the receiver Bob, which allows to dis-
tribute absolutely secure data between them. The distinctive part of QKD with
respect to classical communication is use of a quantum information channel. In
this case secrecy is based on the fundamental laws of quantum mechanics. Math-
ematically, carriers of informational can be classified as discrete variable (DV)
and continuous variable (CV), although physically they can be of various kind:
single photons, weak coherent pulses, squeezed states and other systems where
a signal possesses essentially quantum properties. In the case of DV QKD, it
has been shown that some extensions of the standard four-letter BB84 protocol
to higher number of letters in the quantum alphabet can improve performance
of QKD in terms of higher critical error rate. In this talk we discuss our new
protocol for CV QKD, which is also based on multi-letter alphabets [1]. We
present security analysis of the protocol and show how the key rate depends on
the number of letters. Additionally, we take into account imperfections of the
practical realization of QKD (realistic non-perfect error correction, fluctuations
of parameters of the experimental setup, biased random number generator, etc)
an show how they affect the key rate.

[1] arXiv:0902.1895.
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Quantum uniqueness
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It is well known, that the quantum world can demonstrate fascinating phe-
nomena which do not exist classically. In the area of quantum information
the prominent examples are entangled states, violation of Bell inequality, no-
cloning principle, etc. Initially they appeared as purely theoretical work, but
later found important applications, e.g. in cryptography and computations. In
this work we would like to highlight another interesting quantum feature which
also has no classical analog: uniqueness of quantum systems. The no-cloning
principle says that a perfect copy of an arbitrary a priori unknown quantum
system cannot be created. The question we would like to discuss is in a certain
sense complementary to it: if the perfect copy exist at all? Following everyday
experience, we say that systems A and B are perfect copies of each other if
there is no way to distinguish between them, i.e. the systems have absolutely
the same properties and show absolutely the same manifestations. Otherwise, if
for a given system A one cannot find such a perfect copy B, then we say that the
system A is unique. In classical world existence of the perfect copy is possible
in principle, and therefore no classical system is unique. As we show in this
talk, the perfect copy of any quantum system doesn’t exist even in principle,
and thus all quantum systems are unique. It is important to note, that we do
not mean uniqueness of a quantum state. Nothing restricts us from producing
identical states in general, e.g. if one a priori knows the state, then it is possible
to create an arbitrary number of its clones. Speaking about uniqueness, we refer
to the external characteristics which can be objectively observed, or measured.
In other words, we address a question if it is possible that two quantum systems
always show exactly the same measurement outcomes.
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Distillation of continuous variable entanglement
from Gaussian states

H. Takahashi, J. S. Neergaard-Nielsen, M. Takeoka, K. Hayasaka, A.
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Entanglement is an essential resource for various quantum communication pro-
tocols. While most quantum communication protocols rely on the usage of
highly entangled states, in practice one meets less entangled or noisy mixed
states due to imperfections or decoherence. For such a situation entanglement
distillation was devised as a protocol to recover entanglement from distributed
noisy entangled states by using local operations and classical communication.
So far in the continuous variable setting no experimental demonstrations achiev-
ing the distillation of entanglement from Gaussian states have been reported.
This is because of the no-go theorem of entanglement distillation with Gaussian
means: It has been shown that it is not possible to distill entanglement from
Gaussian states by using local Gaussian operations and classical communica-
tion. Hence for that purpose we need some non-Gaussian operations, which are
in general experimentally more demanding. Some experiments distilling entan-
glement from non-Gaussian states by Gaussian operations have already been
reported. However due to the importance of Gaussian states in continuous vari-
able quantum information the demonstration of entanglement distillation from
Gaussian states has been a significant experimental milestone to be achieved.
Here we experimentally demonstrate the distillation of continuous variable en-
tanglement from Gaussian states. We generated a squeezed vacuum by using
an optical parametric oscillator and split it on a 50/50 beam splitter to make
a two-mode entangled Gaussian state. As the local non-Gaussian operation
for distillation we tapped a small part of one of the modes to be detected by
an avalanche photo diode (APD). Conditioned on the photon detection by the
APD the two-mode state was brought into some non-Gaussian state. We re-
constructed the two-mode states generated in this way by means of homodyne
tomography and evaluated their entanglement in terms of the negativity of en-
tanglement. As a result we observed a clear increase of entanglement compared
to the original Gaussian states.
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An approximate beamsplitter interaction between
light and matter

R. Tatham, D. Menzies and N. Korolkova
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Beamsplitters play vital roles in quantum optics and quantum information for
their simplicity and multiple potential uses, such as creating two-mode squeezed
states of light, adding/subtracting photons and many others. Although many
quantum information protocols require an interaction between light and matter,
a similar atom-light beamsplitter transformation has not been realised so far.
Here we explore the possibility of achieving a lossless beamsplitter interaction
between an incident light field mode and a macroscopic atomic spin ensemble
via two QND interactions. In the case of the atoms, the quadratures repre-
sent the re-scaled collective spin operators. The multi-pass QND protocols were
studied in [1] for their use in light-state retrieval. Merely two independent sub-
sequent light passes are required in our scheme to generate a beamsplitter-like
interaction between light and matter, without any need of interference between
the modes. We explore the conditions on the interaction coupling constant and
the quadrature distributions which best approximate this interaction to that of
a beamsplitter. We then test for which states this approximation holds. Finally
we consider possible applications of this effective beamsplitter interaction. If the
coupling constant is small, it may be possible to use this scheme to increase the
entanglement between two entangled atomic ensembles. This could possibly be
done by performing beamsplitter interactions on both ensembles, combining the
emerging light beams on a real beamsplitter and taking a measurement of one
of the light modes. Alternatively, if the fidelity of the interaction remains high
as the coupling strength tends to 1/2 then this interaction approaches a 50:50
beamsplitter, which has many potential applications in the world of quantum
optics.

[1] K. Hammerer, A. Sorensen and E. Polzik, arXiv:0807.3358.
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Multi-photon and entangled-photon imaging and
lithography

M. C. Teich
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Nonlinear optics, which governs the interaction of light with various media, of-
fers a whole raft of useful applications in photonics, including multiphoton mi-
croscopy and multiphoton lithography. It also provides the physicist with a re-
markable range of opportunities for generating light with interesting, novel, and
useful properties. As a particular example, entangled-photon beams generated
via spontaneous optical parametric down-conversion exhibit unique quantum-
correlation features, and coherence properties, that are of interest in a number
of contexts, including imaging. Photons are emitted in pairs in an entangled
quantum state, forming twin beams. Such light has found use, for example, in
quantum optical coherence tomography, an imaging technique that permits an
object to be examined in section. Quantum entanglement endows this approach
with the remarkable property that it is insensitive to the even-order dispersion
inherent in the object, thereby permitting sectioning to be achieved at higher
resolution, and greater depths, than can otherwise be achieved. Although based
on an esoteric feature of quantum mechanics, this technique is expected to have
useful applications in biology and medicine. We discuss a number of techniques
in which multiphoton and entangled-photon interactions offer advantages.
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How can we control the frequency and spatial
properties of multiphoton quantum states?
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One important aspect of the successful implementation of most quantum optics
applications is the ability to shape all the relevant properties of the quantum
states involved, i.e., frequency, spatial shape and polarization and the interplay
among all of them. Importantly, we should be able to generate the desired
quantum states in any frequency band of interest and with the most efficient
nonlinear crystals available. Here we demonstrate several techniques that en-
able tunable and full control of the bandwidth (from a few gigahertz to hundreds
of nanometers), the frequency correlations of paired photons (anti-correlated,
correlated and even uncorrelated), the coherence properties (control of the first
order coherence of a light beam in a tunable way) and the spatial shape (from
multimode entanglement to spatial separability) of single photon and multipho-
ton states. We also discuss how the light generated using these techniques can
enlarge the potential applications in areas as diverse as Multidimensional Quan-
tum Optics, Remote Sensing with quantum illumination or Optical Coherence
Tomography.
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Generation of macroscopic singlet states in atomic
ensembles

G. Toth and M. W. Mitchell
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We study squeezing of the spin uncertainties by quantum non-demolition (QND)
measurement in non-polarized spin ensembles. The QND measurement is based
on atom-light interaction and subsequent measurement of light. Unlike in the
case of polarized ensembles, the QND measurements can be performed with
negligible back-action and produce squeezing even in the limit of strong mea-
surement. Together these allow for the detection of large scale entanglement
with a generalized spin squeezing criterion described in [1]. It is an important
point that the scheme works for particles with a spin larger than 1/2, such that
all jz eigenstates within the atoms are populated. The entanglement criterion
detects entanglement between the particles, and it is insensitive to the entangle-
ment of the elementary spin-1/2 particles within the spin-1 or spin-2 atoms. The
generated spin states approach many-body singlet states, and contain a macro-
scopic number of entangled particles, even when individual spin is large. We
estimate the achievable spin squeezing for achievable experimental parameters
for cold atomic ensembles. We introduce the Gaussian treatment of unpolarized
spin states, which makes it possible to model large quantum systems for which
direct quantum mechanical modeling is not possible. For the lossless case, we
confirm our finding with comparison to the exact model.

[1] G. Toth et al., Phys. Rev. Lett. 99, 250405 (2007).
[2] G. Tóth and M. W. Mitchell, Generation of macroscopic singlet states in
atomic ensembles, arxiv:0901.4110.
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The Heisenberg’s Uncertainty Relations (HUR) reflect the probabilistic descrip-
tion of particles, i.e. the essence of the quantum mechanics. Mathematically
those relations are equivalent to Fourier Uncertainty Relation that connects the
spreading of the signal and it’s spectrum [1,2]. Regrettably, the quantum me-
chanics textbooks usually omit the calculation and interpretation of HUR even
in the case of simple quantum well tasks. Furthermore, the signal processing
community has nearly totally forgotten the Fourier Uncertainty. The present
study tries to correct those shortcomings. We explain why the Heisenberg-
Fourier type uncertainty has not found noticeable application in signal process-
ing. We offer a different formulation for uncertainty relation that may be used in
signal processing and in quantum mechanics. In contrast to Heisenberg-Fourier
type inequality this formulation specifies the limit for the uncertainty product
if the number of signal pulses or wavefunction oscillations is increased. Addi-
tionally we show that in the parabolic quantum well the coordinate-momentum
uncertainty product behaves as a quantised variable.

[1] C. L.Tang, Fundamentals of quantum mechanics. Cambridge Univ. Press,
2005.
[2]. A. Udal, V. Kukk, E. Velmre and M. Klopov, Quantum mechanical trans-
forms between x- and k-space as a signal processing problem. Proc. of Int. Baltic
Electronics Conf. BEC2008, p. 71 (available in IEEE Xplore).
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We present a novel optical device that enables the collection into eight single
mode fibers of two photons entangled in many optical paths. The photons are
generated by a spontaneous parametric down conversion (SPDC) emission of
a Type I phase-matched nonlinear crystal operating under the excitation of a
continuous wave laser. The collecting device is based on an integrated system of
eight graded-index lenses glued onto single mode optical fibers. By this device
four pairs of correlated k-modes have been selected to generate a two qudits
(with d=4) entangled state encoded in the longitudinal momentum degree of
freedom of the two photons. The multi-path entangled state has been char-
acterized by a chained system of interferometers creating a complete indistin-
guishability between the four modes on which each photon can be emitted. The
multi-path photon entanglement device realized in this experiment is expected
to find important applications in modern quantum information technology. For
instance, multiqubit states, entangled in the path of the photons, can be gener-
ated by using this system together with an integrated optical waveguide circuit.
Furthermore, the same device represents a viable solution for the realization of
a ‘quasi-deterministic’ source of heralded single photons emitted along one half
of the SPDC modes and triggered by the photons emitted along the other half
of correlated modes. The same device, allowing the maximization of the photon
pair emission of for a given value of the pump power, can be also used to effi-
ciently transmit, to many pairs of users and over long fiber distances, time-bin
entanglement, which is not affected by thermal or mechanical fiber instabilities.
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In this work [1] we extend current perspectives in engineering reservoirs by
producing a time-dependent master equation leading to a nonstationary su-
perposition equilibrium state that can be nonadiabatically controlled by the
system-reservoir parameters. Working with an atom trapped inside a nonin-
deal cavity we first engineer effective interactions, which allow us to achieve
two classes of decoherence-free evolution of superpositions of the ground and
excited atomic levels: those with time-dependent azimuthal or polar angle. As
an application, we generalise the purpose of an earlier study [2], showing how
to observe the geometric phases acquired by the protected nonstationary states
even under a nonadiabatic evolution.

[1] Phys. Rev. Lett. 102, 073008.
[2] Phys. Rev. Lett. 96, 150403 (2006).
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In the field of Quantum Optics the discussion of nonclassical effects of radia-
tion is usually based on the occurrence of negativities in the quasi-probability
distribution or P function of Glauber and Sudarshan. Recently we could di-
rectly reconstruct such a nonclassical distribution, based on experiments with
single-photon added thermal states [1]. In cases of a singular P function, when
the reconstruction is impossible, the inspection of the characteristic function is
a powerful method to demonstrate the corresponding nonclassicality [2]. More
generally, nonclassical effects have also been studied from the viewpoint of quan-
tum field theory [3]. Whereas the consideration of continuous-variable (CV)
systems is natural for dealing with nonclassicality, entanglement is often stud-
ied in finite dimensional systems or for Gaussian quantum states. A general
approach to identify entanglement of non-Gaussian CV quantum states could
be developed, which applies to states showing negativities in the partial trans-
position [4]. Making use of the general structure of entanglement witnesses,
general and optimized entanglement conditions have been derived [5], which
also identify bound entanglement. The importance of quasi-probabilities for
the characterization of nonclassical effects leads to the question whether such
methods are relevant in the context of entanglement. The P function of en-
tangled states necessarily exhibits negativities. However, these negativities are
insufficient to demonstrate entanglement. Here we consider quasi-probabilities
whose positivity is sufficient to demonstrate the separability of quantum states.
After performing an optimization procedure, the positivity and the existence of
negativities of the optimized quasi-probabilities strictly identifies both separa-
bility and entanglement, respectively.

[1] T. Kiesel, W. Vogel, V. Parigi, A. Zavatta and M. Bellini, Phys. Rev. A 78,
021804(R) (2008).
[2] T. Kiesel, W. Vogel, B. Hage, J. DiGuglielmo, A. Samblowski and R. Schn-
abel, Phys. Rev. A 79, 022122 (2009).
[3] W. Vogel, Phys. Rev. Lett. 100, 013605 (2008).
[4] E. Shchukin and W. Vogel, Phys. Rev. Lett. 95, 230502 (2005).
[5] J. Sperling and W. Vogel, Phys. Rev. A 79, 022318 (2009).
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Quantum systems with finite Hilbert space
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A quantum system where the position and momentum take values in Z(p) (the
integers modulo p) is considered. Displacements and Wigner and Weyl func-
tions in this context, are discussed. A quantum system where the position and
momentum take values in the Galois field GF (pn), is also considered. The
Heisenberg-Weyl group of displacements and the group Sp(2, GF (pn)) of sym-
plectic transformations, are studied. Frobenius symmetries is a unique feature
of these systems, which has no analogue in the harmonic oscillator formalism.
Quantum engineering of these systems from a chain of n spins (with j=(p-1)/2)
which are coupled in a special way, is discussed.
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We will describe how to achieve universal continuous variable quantum com-
putation in the One-Atom Maser (OAM). The OAM is a defining experiment
of cavity QED and displays fundamental concepts of quantum mechanics. We
first begin by describing what a computation is in physical terms. We then look
at what a continuous variable is and what separates it from a discrete variable.
Having looked at the classical case, we move on to the quantum analogue and
how we can encode such a variable in the physical system we are using as our
computer. We describe the OAM and indicate how we can encode our vari-
ables in this system. We then explore Universal computation in two different
encodings and pick one encoding after looking at the states we have available
to us. We then describe the operations required for universality and how we
can achieve them in the laboratory. We will then have outlined what contin-
uous variables are in quantum computation and how we can achieve Universal
computation in the OAM.

201



The photon and the vacuum cleaner
I. A. Walmsley

University of Oxford, Clarendon Laboratory, Parks Rd Oxford OX1
3PU, United Kingdom

e-mail: walmsley@physics.ox.ac.uk

(oral, section: D, invited )

Photonic quantum technologies are largely based on the effects of quantum in-
terference coupled with the nonlinearities that can be induced by measurements.
This means that attention must be paid to the character of the individual light
particles that are used to build up large-scale entanglement. In turn, this re-
quires the development of sources and detectors that can verify the quantum
state of the light field in all its degrees of freedom. I shall discuss how ‘vacuum
engineering’ can be used to prepare pure-state single photon wavepacketsus-
ing nonlinear optics and conditional detection. The efficiecy of such methods
of preparation is predicated on the ability to understand what it is that the
detector is measuring, and I shall illustrate a procedure for fully characteriz-
ing a quantum detector using tomography, thereby verifying the measurement
operations for the device.
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Based on our work of trapping single cesium atoms in a strong-magnetic-gradient
vapor-cell magneto-optical trap (MOT), a remarkable improvement in the signal-
to-noise ratio (SNR) has been made. Also a far-off-resonance optical dipole trap
(FORT) formed by a strongly-focused 1064nm single frequency Nd:YVO/4 laser
beam is introduced. One cesium atom is prepared in the MOT, and then the
atom can be transferred successfully between the MOT and the FORT which
is overlapped with the MOT. Utilizing the effective transferring, the lifetime of
trapped single atoms in the FORT is measured as 6.9 s ± 0.3 s. It provides a
system allowing us to manipulate the atomic qubit coherently.
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Recently many technologies of controlling and transferring quantum states have
developed. However no process of them can operate without the quantum states
are disturbed by the environment. These noise from environment cause serious
effect on quantum information processing. Then the quantum estimation on
noisy quantum states is important. However optimal method for getting infor-
mation from noisy quantum states is not fully understood. In this research, we
show that what measurement is optimal for estimating the original quantum
states from the noisy states. We use the Fisher information as measure of the
optimality. We consider the quantum systems are the Hilbert spaces of arbitrary
finite dimension and noise are implemented as CPTP map. For arbitrary CPTP
map, we derive the optimal measurement for getting the information about the
input state from the output state and calculate the Fisher information by the
optimal measurement.
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Multiphoton entanglement - tools and toys
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Multiphoton entanglement is the mandatory resource for multi-party quantum
communication. However, so far, experimental demonstrations usually suffer
from low photon count rates and the lack of flexible experimental setups. More-
over, with the increasing complexity of the implemented quantum states their
analysis becomes more and more difficult. Here we give an overview of our re-
cent developments, aiming to cure some of the drawbacks of current approaches.
We were able to observe a multitude of important quantum states with the same
setup, thus, adding flexibility to multiphoton state observation. Furthermore,
we achieved a speed-up in the state analysis by employing tailored operators,
which exploit particular properties of entangled quantum states. Finally, we
could perform six-photon experiments with reasonable count rates by intro-
ducing resonant enhancement of the UV-pump pulses needed for spontaneous
parametric down conversion. These methods add to a powerful toolbox for
future multi-photon entanglement studies.
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The interferometric measurement of an optical phase is an indispensable tool in
metrology, used in length measurement, optical characterization and a myriad
of other applications. The most fundamental quantum limit to such a mea-
surement is the Heisenberg-limit: the uncertainty or standard error δ(φ) from a
single measurement of phase is bounded below by (1/2)(1/δ(n)), where n is the
number of photons passing through the phase shift. If we denote N the maxi-
mum number of photons that pass through the phase shift, the achievable bound
is π/N . It has generally been assumed that achieving this limit requires large-
N multiphoton entangled states like NOON states. However, because photons
are identical and indistinguishable, the crucial resource is actually the number
of photon-passes — we can pass the same photon more than once through the
phase shift as long as we count each pass as contributing to the total. The num-
ber of passes cannot however be kept fixed, as that would result in an ambiguous
phase estimate, just as occurs from a NOON state. Rather, it must change over
the course of a single measurement. We have used this idea to experimentally
demonstrate Heisenberg-limited-scaling interferometry for the first time [1], us-
ing an adaptive measurement scheme inspired by the quantum phase estimation
algorithm. Now we have shown, theoretically and experimentally, that by care-
ful distribution of resources, it is possible to attain Heisenberg-limited-scaling
even without adaptive measurements. Our algorithms are equally applicable
to NOON states as they are to single-photons with multiple passes. For N
exponentially large, the former have the disadvantage of requiring exponential
energy, the latter of requiring exponential time.

[1] Higgins et al, Nature 450, 393 (2007).
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Optimal discrimination of non-orthogonal quantum states is one of the fun-
damental tasks in quantum detection theory. For weak coherent states, the
standard detection schemes, namely homodyne detection and the Kennedy re-
ceiver, are not able to achieve error free sensitivity in principle. Both schemes
do not even reach the optimal bound for the minimum average error. We pro-
pose and experimentally realize a novel detection strategy for the discrimination
of two optical coherent states. We present the experimental comparison of the
new strategy with standard detection schemes and demonstrate, that the new
receiver surpasses both standard approaches for any signal amplitude. [1] An in-
teresting extension is the discrimination of a coherent state alphabet consisting
of four phase covariant coherent states equally separated in phase by π/2. This
modulation pattern, known as quadrature phase-shift keying, is commonly used
for high speed classical communication as well as relevant for quantum key dis-
tribution. We propose a hybrid system composed of a homodyne detector and a
modified Kennedy detector where the latter one is controlled by the outcome of
the former one: The measurement outcome of the homodyne detector reduces
the alphabet from four states to two states which are then discriminated with
the adapted Kennedy detector. We show that in theory this hybrid receiver out-
performs the heterodyne receiver for signal states with average photon numbers
larger than about 1.5.

[1] C. Wittmann et al., Phys. Rev. Lett. 101, 210501 (2008).
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We report on our recent experiments with nonlinear Faraday effect (NLFE)
in a sample of cold atoms. NLFE is the optical nonlinear phenomenon based
on quantum coherences between magnetic (Zeeman) sublevels. When these
sublevels are associated with long-lived atomic ground state coherences, the
effect manifests itself with very narrow resonances leading to ultra-sensitive
optical magnetometry and also to quantum information storage and processing.
Previous work on NLFE has been mostly devoted to room temperature atomic
vapors in paraffin coated or buffer-gas-filled glass cells. However, cold atoms may
have even slower relaxation rate and therefore offer a promising alternative for
NLFE. Yet, there has been comparatively limited work in this area of research.
We demonstrate NLFE in a sample of cold 85Rb atoms cooled in a magneto-
optical trap to about 100 µK. By working with ground-state coherences, we are
able to create nonlinear magneto-optical response with extremely weak light
and magnetic fields (µW and mG ranges), and yet we achieve magneto-optical
rotation in excess of 5 degrees. Moreover, the magneto-optical rotation reveals
a time dependence of the ground state coherences, which gives information as to
their formation and evolution in time. This may find applications for studying
time evolution of such quantum superpositions. Furthermore the same technique
can be used as a diagnostic tool by mapping in time the transient magnetic fields
resulting from the decaying trap field within the volume of the cold atom sample.

[1] D. Budker, W. Gawlik, D. F. Kimball, S. M. Rochester, A. Weis and V. V.
Yashchuk, Rev. Mod. Phys. 74, 1153 (2002).
[2] S. Pustelny, A. Wojciechowski, M. Gring, M. Kotyrba, J. Zachorowski and
W. Gawlik, J. Appl. Phys. 103, 063108 (2008).
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Measurements incompatible in Quantum Theory
cannot be measured jointly in any other local theory
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It is well known that jointly measurable observables cannot lead to a violation
of any Bell inequality - independent of the state and themeasurements chosen at
the other site. In this letter we prove the converse: every pair of incompatible
quantum observables enables theviolation of a Bell inequality and therefore must
remain incompatible within any other no-signaling theory. While in the case of
von Neumannmeasurements it is sufficient to use the same pair of observables
at both sites, general measurements can require different choices. Themain
result is obtained by showing that for arbitrary dimension the CHSH inequality
provides the Lagrangian dual of the characterizationof joint measurability. This
leads to a simple criterion for joint measurability beyond the known qubit case.
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Many proposed applications of quantum communication and quantum metrol-
ogy rely on the availability of entangled photon pairs. While photon pairs
generated in spontaneous parametric down-conversion (SPDC) do not fulfill the
spectral requirements for efficient interaction with atomic systems, the rate of
photons resonant to an atomic transition can be greatly enhanced when the
SPDC source is operated inside an optical cavity. This design not only implies
the advantage of enhanced down-conversion into the cavity modes that are spec-
trally narrow enough to be compatible to atomic resonances. Furthermore the
cavity also defines the spatial mode of the photon pairs that can therefore be
coupled into single-mode fibers with high efficiency. Our setup [1] consists of a
bow-tie cavity with a periodically poled KTP crystal as nonlinear medium. It
is phase-matched for parametric down-conversion in order to generate photon
pairs at the D1 transition of atomic rubidium at 795 nm. At a low pump power
of 0.2 mW a coincidence rate of 34 000 pairs/s is detected making this setup
one of the brightest sources of pairs of indistinguishable photons. In order to
quantify the degree of distinguishability of the two photons of a pair a Hong-
Ou-Mandel interference experiment was performed showing a visibility of 96 %.
After filtering the longitudinal mode at the rubidium transition frequency using
either filter cavities or atomic filters, the created photon state will be exploited
to measure phase shifts in a hot rubidium vapor. In such a phase estimation it
is in principle possible to reach the Heisenberg limit when N00N states, like the
generated photon-pair state, are used as input.

[1] F. Wolfgramm et al., Opt. Express 16, 18145 (2008).
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Protection of continuous variable entanglement via
passive operations
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To date most work on entanglement has concerned finite dimensional quantum
systems. The research reported here is a part of a program to improve our
understanding of entanglement and decoherence in continuous variables systems.
We are considering general Gaussian dissipative channels (encompassing the
description of thermalisation by contact with a reservoir) acting on Gaussian
states of many modes. In an initial attack on the problem we are considering
two mode squeezed states created either by directly using a non-degenerate
parametric process or by superposing a single mode squeezed state at a beam
splitter. In the former case, thermal noise and losses act on the entangled two
mode squeezed state. In the latter case, they act on the separable product of
initial single mode squeezed states. Given a fixed amount of noise, we then
compare decoherence produced in the two cases in terms of final entanglement
and purity. Hence we will identify optimized strategies to create entanglement
depending on the noise and system’s parameters.
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Long-distance quantum entanglement experiments
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Experiments using the quantum link between the Canary Islands of Tenerife
and La Palma allow detailed tests of entanglement. Most recently, both photons
of an entangled state could be transmitted with high fidelity despite the high
attenuation of about 70 dB. Another experiment for the first time closed a
loophole in Bell experiments related to Bell’s requirement that the choice of
measurement must be free and random, i.e. uninfluenced by the photon emission
at the source. This is achieved by ensuring space-like separation of the decisions
what will be measured from the emission event. In another series of experiments
a number of nonlocal delayed choice type experiments were performed. There
one of two entangled photons was send through an interferometer. The other
photon was nonlocally subjected to a measurement which either projected the
other photon into a superposition of both paths or into a definite path. Finally,
I will also report a related two-photon interference experiment.
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Generation of entangled photon pairs at the cesium
D2 line from an OPO
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We report the experimental generation of nonclassical entangled photon pairs
at the Cesium D2 line of about 852 nm by an optical parametric oscillator
(OPO). The OPO operates far below the threshold. A temperature controlled
periodically-polled KTP (PPKTP) crystal is used for the OPO. The second
order degree of coherence g(2) of the generated photon pairs are measured. The
detected g(2) at zero time delay is as high as 20. Such nonclassical entangled
photon pairs which can couple photonic and atomic system, is very significant
for quantum optics and quantum information processing. It can be utilized
either for non-classical excitation of Cesium atoms, quantum entanglement of
atoms or storage and retrieval of narrow-band photons in atoms.
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Squeezed states have great potential in high-precision quantum measurements
and continuous variable quantum information. For fiber-optic-based long-distance
quantum communication, squeezed states at telecommunication wavelength are
particularly useful. Using a 2 W cw single frequency laser at 1.5 µm by a diode
laser seeded Er doped fiber power amplifier (MOPA)as pump source, 700 mW
cw single frequency 780 nm laser was achieved via an external cavity enhanced
SHG. When the MOPA was optical locked using an external confocal F-P cav-
ity, the intensity and phase noises of the MOPA were suppressed by 10 dB and
12 dB, respectively. The intensity and phase noises of the SH output were sup-
pressed by 11 dB and 13 dB, respectively. Although the noises of laser system
were still above the shot noise limit (SNL), the 780 nm laser was utilized to
pump the OPO which consists of a PPLN crystal and two planoconcave spher-
ical mirrors. Under pump power of 50 mW which is below the OPO oscillation
threshold, the squeezed vacuum of 2.4±0.1dB below the SNL at 1.5 µm was
observed. It has been shown that the noise of pump laser should reach the SNL
for the generation of bright squeezed state and quantum entanglement from an
above threshold optical parametric amplifier. For this purpose, all-solid-state
continous-wave (cw) single frequency lasers at 1.5 µm were explored. First, a
cw 1.5 µm pump-enhanced single resonant optical parametric oscillator based
on PPLN has been implemented which is pumped by a home-made all-solid-
state cw single frequency Nd:YVO4 laser, the signal output at 1.5 µm of 1 W
was obtained at pump power of 10 W. Second, an efficient and high output
power laser has been realized for an Er:Yb:YAl3(BO3)4 crystal end pumped by
a 976 nm diode laser, under the pump power of 15 W, quasi-continuous-wave
output power of 1.5 W at 1.5 µm was obtained. The all-solid-state cw sin-
gle frequency lasers at 1.5 µm are going to be used as pump laser to generate
the bright squeezed state and quantum entanglement at a telecommunication
wavelength by an above threshold optical parametric amplifier.
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We shall introduce the mathematical framework for the description of mea-
surements of quantum processes. Using this framework the process estimation
problems can be treated in the similar way as the state estimation problems,
only replacing the concept of positive operator valued measure (POVM) by
the concept of process POVM (PPOVM). In particular, we will show that any
measurement of qudit channels can be described by a collection of effects (pos-
itive operators) defined on two-qudit system. However, the effects forming a
PPOVM are not normalized in the usual sense. We will briefly demonstrate the
usage of this formalism on three particular examples: 1) equivalence of perfect
channel discrimination with specific unambiguous state discrimination 2) unam-
biguous comparison of unitary channels 3) MaxEnt for process estimation from
incomplete data In conclusion, we shall discuss the limitations of the PPOVM
framework.
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Aćın A., 15, 35, 61
Adam P., 16
Adiga V., 17
Afzelius M., 132
Aggarwal V., 72
Aiello A., 18
Al-Awfi S., 29
Alicki R., 185
Allevi A., 21, 148
Almeida N. G. de, 197
AlMosallami A. K., 19
Andersen U. L., 37, 65, 66, 102, 121,

207
Andreoni A., 21, 148
Aniello P., 22
Aolita L., 35
Arndt M., 83
Ashmead J., 23
Aspachs M., 136
Aubin S., 47

Bagan E., 136
Bai Y., 67
Banaszek K., 24
Barbosa F. A. S., 139
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