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FIG. 1: Part of the experimental setup for phase-covariant
quantum cloning thermally isolated in a polystyren box.

Our experiments are focused on optical implementa-
tions of various procedures from the field of quantum
information processing. Depending on the character of
each experiment we utilize an attenuated signal from a
pulse laser as a source of coherent states or entangled
photon pairs generated by type-I parametric process in a
nonlinear crystal. In this subproject experimental real-
izations are based on optical fibers and fiber components.

In the first half of the year we finished measurements
with the setup realizing optimal 1 → 2 phase-covariant
cloning of photonic qubits. Qubit states are represented
by single photons that can propagate through two differ-
ent fibers. Copying of the state of signal qubit requires
an ancilla qubit which is tightly time correlated with
the signal qubit. Therefore photon pairs produced by
down-conversion process in a nonlinear crystal are used
for preparation of qubit states. We have realized sym-
metric and asymmetric phase-covariant cloning of qubit

states lying on the equator of the Bloch sphere [1, 4]. Re-
sults measured for the symmetric cloning were compared
with other implementations of quantum cloners realized
in our laboratory [2, 5, 6].

During the last half year the setup was modified for
measurement of unambiguous discrimination of weak co-
herent states. We have experimentally realized the basic
implementation of discrimination protocol where an un-
known coherent state can equal to two different states.
The principle of operation lies in the interference of an
unknown state with two program states. Implemented
operation of state identification is probabilistic and the
obtained values of probabilities of correct identification
are in accordance with their theoretical predictions [3].
Experimental setup can be easily extended to higher
numbers of program states and such a device can be used
for quantum database search.

FIG. 2: Scheme of the setup for unambiguous discrimination
of coherent states.
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FIG. 1: Scheme of the partial-SWAP quantum gate.

This part of laboratory of quantum information pro-
cessing encode quantum information into the polarization
states of single photons, that is why the bulk optics is
used. Pairs of time-correlated photons are generated by
type-I parametric down-conversion. Polarization states
are set by means of wave plates, polarization analysis is
made by wave plates and polarization beam-splitters.

In the spring we closed the field of the phase covari-
ant cloning of an unknown quantum state. We ended up
with the measurement of the symmetric and asymmetric
quantum cloning machine based on a state filtration. The
results of all schemes of symmetric cloning were summa-
rized in Ref. [1]. Oral overview on this topic was pre-
sented as several conference contributions. Finally, last
data measured with the asymmetric cloners will be pre-
sented in a paper which is in progress.

After that we started to build a new experiment on an
empty table. Our work continued with the construction
of the optical quantum gates. As the first subject we

FIG. 2: Picture of the key part of the partial-SWAP quantum
gate.

built a linear-optical implementation of a class of two-
qubit partial-SWAP gates for polarization states of pho-
tons, see the scheme in Fig. 1. Different gate operations,
including the SWAP and entangling

√
SWAP , can be ob-

tained by changing a classical control parameter - namely
the phase difference in the interferometer. Reconstruc-
tion of output states, full process tomography and eval-
uation of entanglement of formation proved very good
performance of the gates [2].

Figure 2 shows the layout of the bulk components on
the optical table. This scheme can be modified to ensure
operation of the partial symmetrization gate, which we
will be implementing next year.
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Gaussian localizable entanglement
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FIG. 1: Decomposition of a pure three-mode Gaussian
state. |λ〉AC-two-mode squeezed vacuum; |0〉B-vacuum state,
UAB , UC-unitary transformations governing in Heisenberg
picture linear canonical transformations of quadrature oper-
ators.
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FIG. 2: (a) Scheme for preparation of a three-mode Gaus-
sian state. (b) Maximum logarithmic negativity EL,G (solid
curve) for optimal Gaussian measurement on mode C and
average entropy of entanglement EL,NG (dashed curve) for
measurement of photon number on mode C versus squeezing
parameter λ.

Multipartite entanglement is a resource for one-way
quantum computing [1] and quantum teleportation net-
work [2]. For applications in quantum communication
it is imperative to know how much entanglement can be
localized between two parts A and B of the multipartite
entangled state by local measurements on the remaining
parts C and classical communication of the measurement
outcomes to A and B. This the so called localizable en-

tanglement was originally studied in the context of two-
dimensional quantum systems [3].

We investigated the problem of localizable entan-
glement for Gaussian states of quantum systems with
infinitely-dimensional Hilbert spaces [4]. First, we con-
sidered pure states of three modes A, B and C and we
used entropy of entanglement to quantify the amount
of entanglement localized between modes A and B by
Gaussian measurement on mode C. Decomposition of
the state depicted in Fig. 1 has led to the finding that
maximum entanglement is localized by homodyne detec-
tion on mode C. Based on this result we further showed
that also for N -mode pure Gaussian states homodyne de-
tection on N − 2 modes Ck, k = 1, . . . , N − 2 maximizes
entanglement between the remaining modes A and B.

Next we studied localizable entanglement for mixed
N -mode Gaussian states which are invariant under ar-
bitrary permutation of mode and we employed the loga-
rithmic negativity as an entanglement measure. Reduc-
ing the problem to the three-mode problem by express-
ing the state as an interference of a two-mode state and
N − 2 single-mode states on an array of beam splitters
we proved that the logarithmic negativity is again maxi-
mized by homodyne detections on modes C.

Finally we have shown on a particular example in Fig. 2
that if we allow a non-Gaussian measurement we can lo-
calize more entanglement than we can localize by optimal
Gaussian measurement.
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Path-phase duality with intraparticle translational-internal entanglement

Michal Kolář1, Tomáš Opatrný1, Nir Bar-Gill2, Noam Erez2, and Gershon Kurizki2
Department of Optics, Palacky University, 17. listopadu 50, 772 00 Olomouc, Czech Republic

2 Weizmann Institute of Science, 76100 Rehovot, Israel.

The aim of the research is to revisit the implications
of complementarity when particles with internal struc-
ture prepared in special translational-internal entangled
(TIE) states are sent into a Mach Zehnder interferome-
ter (MZI). We show that such a TIE state permits us to
find the phase shift in the MZI along with almost per-
fect path distinguishability, beyond the constraints im-
posed by complementarity on simultaneous which-way
and which-phase measurements.

The quantum mechanics puts fundamental constraints
on simultaneous knowledge of the path the interfering
particle takes in the MZI and the contrast of the inter-
ference pattern. Our best possible knowledge of the path
is quantified by the distinguishability of the ways D. For
D = 0 we cannot say anything about the path at all,
whereas for D = 1 we know the particle’s path with cer-
tainty. The quality of the interference is described by the
visibility (the contrast of the interference pattern) V . If
we find V = 0 the pattern is totally flat (no phase de-
pendence), and V = 1 means the sinusoidal pattern is
fully modulated. The quantitative complementarity re-
lation between D and V , answering the question “how
large could be V for a given D?”, that holds for non-TIE
states, reads [1, 2]

D2 + V 2 ≤ 1. (1)

In our paper [3] we have reformulated the above men-
tioned question to “how well can we distinguish between
two close phases present in MZI for a given D?”. The
distinguishability of the phases is quantified by the sensi-
tivity S [3], proportional to the phase derivative of the in-
terference pattern. The S-D relation for non-TIE states
is closely related to the V -D relation (see [3]), namely

D2 + S2 ≤ 1, (2)

whereas for TIE states is modified to

D2 +

(
S − N−1

2N

)2(
N+1
2N

)2 ≤ 1. (3)

Here N is a parameter specifying whether the relevant
input state is the TIE state or not. For N = 1 we have
standard state (no TIE) and for N 6= 1 we have TIE
state. From (2), (3) and Fig. (1) we see, that TIE states,
N 6= 1, allow for much better trade-off between S and D,
hence better simultaneous which-way and which-phase
distinguishability.

In the forthcoming year we plan to explore possible and
feasible experimental realization of TIE states, different
to that proposed in [3].
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FIG. 1: The S-D relation (3) for various values of the pa-
rameter N , and a special case of N = −1, not captured by
(3).
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Generation of the different types of the frequency correlations of entangled photon
pairs

M. Hendrych1, M. Mičuda1,2,3 and J. P. Torres1,2

ICFO-Institut de Ciències Fotòniques1 and Department of Signal Theory,
Communications2, Universitat Politècnica de Catalunya,

Castelldefels, 08860 Barcelona, Spain and Department of Optics3,
Palacky University, 17. listopadu 50, 772 00 Olomouc, Czech Republic.

The main goal of this project was to experimentally
verify that the pulse-front tilt (PFT) technique can con-
trol the type of frequency correlations and the band-
width of entangled photon pairs generated by sponta-
neous parametric downconversion (SPDC) in a nonlin-
ear crystal pumped by femtosecond laser pulses. It al-
lows us to produce frequency-correlated, anticorrelated
and uncorrelated entangled photon pairs at will. The
PFT technique is based on appropriate engineering of
the group velocities of all interacting fields in a nonlinear
medium [1, 2]. The experimental verification of theo-
retical prediction is done in paper [3] and experimental
setup is shown in figure 1. The Ti:Sapphire femtosecond

M2G1C&C

D1

IF1

P1

C

G2

D2 IF2 P2 BS DL M1

FIG. 1: The experimental setup.

laser emits light pulses at 810 nm wavelength with a 3.6
nm (FWHM) bandwidth which pass through a SHG unit
where the pump beam is generated. The pump beam hits
the first grating that applies appropriate pulse-front tilt.
Diffracted pulses enter a 2mm thick BBO crystal where
degenerate collinear type-II SPCD occurs and the second
grating removes the angular dispersion of downconverted
beam. The creation of highly frequency-correlated or an-
ticorrelated entangled photons additionally restores the
polarization entanglement of downconverted photons and

therefore frequency correlations are measured in a Hong-
Ou-Mandel (HOM) interferometer. The theoretical and
experimental results can be seen in figure 2.

The main advantage of the PFT technique is that it
can be used in any nonlinear material and at frequency
bandwidths where standard solutions cannot be applied.

This work has been supported by: Czech Ministry
of Education (Center of Modern Optics, LCO6007),
EC (QAP, IST directorate, No. 015848), Gov. of
Spain (Consolider Ingenio 2010 QOIT CSD2006-00019,
FIS2004-03556).
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FIG. 2: The normalized number of coincidences and singles as
a function of the time delay τ in a HOM interferometer. Black
dot - no pulse-front tilt, red triangle - frequency-correlated
photons, blue box - frequency-anticorrelated photons, black
box - single counts, solid lines - theoretical prediction.
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Experimental realization of advanced vortex information channel

R. Čelechovský, Z. Bouchal
Department of Optics, Palacký University, 17. listopadu 50, 772 00 Olomouc, Czech Republic

Our research activity in the project is mainly focused on
theoretical and experimental methods of optical commu-
nications enabling increasing information density by infor-
mation encoding into the spatial structure of the composed
vortex beams. In standard optical communications, the
information code is created as a sequence of pulses repre-
senting two states (0 or 1). The mixed vortex states stud-
ied in the project enable insertion of additional informa-
tion into the spatial structure of each pulse [1]. The basic
principle of the vortex information encoding was proposed
and examined during preceeding years. For the experimen-
tal verification of the method the spatial light modulators
(SLMs) were used. This experiment approved functional-
ity of the method but it is not directly applicable because
of the expensiveness and relatively low repetition rate of
the SLMs. During last year, an advanced method of the

FIG. 1: Principle of the information encoding (a) and decoding
(b).

vortex information transfer was developed and examined.
The activity resulted into the design of the vortex informa-
tion channel enabling verification of the free-space vortex
information transfer in laboratory conditions [2]. The prin-
ciple of the advanced method of the information encoding
and decoding is illustrated in Fig. 1. Information encod-
ing is performed by means of the photolitographically pre-
pared phase mask replacing the SLM used in the original
set up [3]. The required dynamical regime is achieved by
standard switching of beams illuminating the mask. The

phase mask transforms the directionally separated beams
to the pure vortex beams and deflects them into the same
direction. The topological charges of the created vortex
modes are distributed in dependence on the propagation
directions of the beams impinging on the mask. The am-
plitude of the vortex modes are controlled by switching
of the illuminating beams. By this way, the dynamically
modulated mixed vortex beam carrying an actual informa-
tion code is created. Information decoding is performed by
means of the phase mask identical with that one used for
the encoding process. By its action, the separate pure
vortex modes splits into different directions and simulta-
neously the topology of their wavefront is changed. Am-
plitudes of the pure vortex modes carrying information are
obtained after optically realized Fourier transform by di-
rect intensity measurement of the detected signal. In the

FIG. 2: Snapshot of the set up for vortex information transfer.

experiment (Fig. 2), the source illuminating the encoding
mask was assembled by 4 switched laser diodes (635 nm, 5
mW). The phase masks used for information encoding and
decoding were prepared photolitographically. They were
realized as 8 level masks with 1500 × 1500 pixels at the
area of 3 × 3mm2. The transfer of information was real-
ized with 4-dimensional base of vortices and demonstrated
for free-space propagation on the distance of 6 meters [2].

This work was supported by the Research Project
of the Czech Ministry of Education ”Measurement and
Information in Optics” MSM 6198959213 and Grant
202/06/0307 of Czech Grant Agency.
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We have interpreted experimental data for mesoscopic
twin beams from parametric down-conversion in terms
of joint photon-number and integrated-intensity distri-
butions [1] showing classical and quantum regimes, sub-
Poisson behavior of conditional distributions and sub-
shot-noise behavior of difference-number distribution.
This description was extended for multimode processes
to stimulated parametric down-conversion with similar
illustrations [2]. Combination of optical parametric am-
plification with two-mode nonlinear Kerr effect can be an
effective source of squeezed light [3]. Four-mode optical
parametric process as a suitable combination of optical
parametric amplification and frequency conversion is a
source of light with reduced quantum amplitude and in-
tensity fluctuations in various single and compound mo-
des [4]. In future the results will be applied to available

experimental data for their interpretation from the first
principles.

The possibility of generating counter-propagating en-
tangled photons by means of waveguide with the perio-
dic nonlinearity has been studied [5]. Inspired by quan-
tum mechanics, we have investigated several miscellane-
ous problems of mathematical physics [6–8].

In the future research we will elaborate several current
topics of quantum optics: perturbation method for de-
scription of down-conversion in a waveguides, the theory
of the recently proposed quantum degree of polarization
and quantization of light in a lossless medium.

This work was supported by the Research Project of
the Czech Ministry of Education ”Measurement and In-
formation in Optics” MSM 6198959213.
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The investigation of tomographic methods and quan-
tum estimation was continued. Several important results
were achieved and published in Refs. [1–4]. The current
research is focused on the following main subjects:

• The development of new efficient algorithms for
quantum-state reconstruction [1].

• The tomography of high-dimensional systems [2].

• The quantification of reconstruction errors [3].

• The application of these ideas to experimental char-
acterization of complex systems [4].

As a major achievement of this group in 2007, the pic-
ture of self-consistent “objective tomography” was com-
pleted in publications [2, 3], see below.

The research on the formal aspects of quantum to-
mography delivered results in the formulation of new
reconstruction algorithms and also in the interpreta-
tion of reconstruction results. An iterative likelihood-
maximization procedure for quantum tomography was
proposed [1], which is applicable when the standard iter-
ation did not monotonically increase the likelihood. The
new algorithm was tested on two sets of experimental
data measured on photons and ions.

The formulation of quantum tomography as an objec-
tive technique that was started in [2] was completed in
[3] and successfully applied to diagnostics of quantum ob-
jects. A simple and operational recipe for placing error
bars on any quantity inferred from a tomography mea-
surement was given. The new resolution measure was ap-
plied to quantum-optical homodyne tomography. Some
non-classical aspects of quantum states, such as the nega-
tivity of the Wigner function at the origin were shown to

be hardly detectable with the present technology unless a
lot of prior information on the measured system is avail-
able. In the next step our measure will be adopted for
designing optimized tomography schemes with resolution
tuned to a particular purpose.

In the field of experimental quantum tomography we
focused on a detailed investigations of the conjugated
pair of angle and angular momentum observables [4]. At-
tention was paid to improved experimental determination
of uncertainty relations. Rigorous uncertainty relations
for angle and angular momentum were formulated based
on dispersion as a correct statistical measure of angular
error. Fundamental Mathieu states were identified as “in-
telligent” states minimizing the uncertainty product for
angle and angular momentum. In this sense, the Math-
ieu states were shown to provide the optimal distribution
of information between the two observables with possible
applications in information processing. An optical test of
the derived uncertainty relations was performed by using
and improved optical setup utilizing spatial light modu-
lators both for the beam preparation and analysis.

In the next year, the research will be continued by find-
ing a suitable phase-space representation of vortex beams
and developing alternative experimental schemes for pre-
cise measurements of the angular and angular momentum
observables. They will be utilized in a full experimental
characterization of multi-dimensional quantum states of
photons with the help of objective tomography.

This work was supported by projects of the Czech
Ministry of Education ”Measurement and Information in
Optics” MSM 6198959213 and ”Center of Modern Op-
tics” LC06007, EU project COVAQIAL FP6- 511004,
and project of the Czech Grant Agency No. 202/06/307.
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A further improvement of experimental setups for the
measurement of spatial correlations and correlations in
the number of photons has resulted in better signal-to-
noise ratios. A source of second-harmonic field has been
constructed and used for the generation of fields with
even photon numbers with a Poissonian envelope [1] using
collinear geometry and spontaneous parametric down-
conversion. Mandel parameter has been measured and
super-Poissonian photon-number distribution recognized
experimentally. The obtained value of Mandel parame-
ter has been in agreement with a low overall detection
efficiency of the setup.

Photon-number statistics of optical fields composed of
tens of photon pairs per mode have been measured and
analyzed in collaboration with the group of Prof. Andre-
oni from University of Insubria in Como, Italy [2]. Phase-
space quasi-distributions have been determined with the
help of a microscopic quantum theory. Negative values
and typical oscillations in quasi-distributions of integra-
ted intensities have been observed. Sub-Poissonian con-
ditional photon-number distributions and sub-shot-noise
correlations in the difference of photon numbers have
been derived as well.

New sources of photon pairs have been investigated.
The generation of entangled photon pairs from nonli-
near multilayers based on GaN/AlN has been experi-
mentally investigated in collaboration with Prof. Sibi-
lia from University La Sapienza in Rome, Italy [3]. A

structure providing entangled photon-pairs with an anti-
symmetric two-photon spectral amplitude has been ana-
lyzed theoretically [4]. Photons comprising such photon
pair are perfectly anti-correlated when impinging simul-
taneously at a beam-splitter and moreover they are tem-
porally anti-bunched. These states are prospective for
future information protocols. Also waveguiding geome-
try with counter-propagating signal and idler fields and
nearly perpendicular pumping as a source of photon pairs
has been studied in detail [5]. This geometry has a wide
range of tuning possibilities. It has been shown that both
strongly entangled as well as separable two-photon sta-
tes can be obtained from this source of photon pairs.
Entanglement in photon pairs has been quantified using
Schmidt decomposition of spectral two-photon amplitu-
des.

An eight-channel photon-number resolving detector
based on single-mode fibers has been innovated and op-
timized [6]. Also a multimode variant of this detector
has been built and tested. However, the multimode con-
struction is accompanied by many difficulties like acci-
dental interference that outweight its advantage of the
lower level of losses.

This work was supported by research projects of the
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AVOZ10100522, and IAA100100713 by Grant Agency of
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Recent knowledge of physics enables one to develop
noninvasive methods of velocity measurements. These
methods can be classified mainly into two categories:
methods using sound waves and optical methods. In the
field of optics the utilization of a speckle pattern correla-
tion method for detection of an object’s in-plane veloc-
ity in a tangent direction of the diffusely reflective sur-
face under investigation is presented [1]. This research
work gains from knowledge obtained during measurement
of the translation component [2] of the small deforma-
tion tensor. Numerical correlations of speckle patterns
recorded periodically by a linear Complementary Metal
Oxide Semiconductor (CMOS) detector during motion of
the object under investigation give information used to
evaluate object in-plane translations between each two
consecutive records of the speckle patterns in different
time instants. Knowledge of acquisition rate and the ob-
ject in-plane translations is used to evaluate the object’s
velocity and then reconstruct its velocity profile. De-
signed experimental arrangement enables one to detect
the velocity within the interval (10 − 150)µm · s−1.

Next the research into the speckle correlation method
running up to now resulted in design of device for non-
contact detection and quantitative evaluation of move-
ment of the human eyeball [3]. This device is useful for

general physical objects, too.
Research into modification of properties of a speckled

speckle generated by diffractal is under way [4]. The
presented results show possibility to influence properties
of the resulting speckle field. The future research into
the area will concentrate on study of modified correlation
properties of the speckle pattern.

White-light interferometry when measuring on opti-
cally rough surface do not resolve the lateral structure
of the surface. It means that there are height differences
within one resolution cell that exceed one fourth of the
wavelength of the used light. Thus the following ques-
tions arise: What height is then measured by white-light
interferometry? How affects the surface roughness the
measurement uncertainty? These questions form the ba-
sis of our research. We try to find the answers by means
of numerical simulations. However before the above-
mentioned questions can be answered, the distribution
of the intensity of individual speckles and the influence
of roughness and of the spectral width of the used light
source on the decorrelation of white-light correlogram are
discussed [5].
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