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Experimental quantum information processing
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In 2011 we have successfully finished four experiments on
quantum information processing in our new quantum optics
laboratory and we participated in one experiment performed
at ICFO in Spain.

We have used fast electronic feed-forward to increase the
success probability of a linear-optical programmable phase
gate from 25% to its theoretical limit of 50% [1]. The feed-
forward applies a conditional unitary operation which corrects
the output states of the data qubit. The gate itself rotates
an arbitrary quantum state of the data qubit around the z-
axis of the Bloch sphere with the angle of rotation being fully
determined by the state of the program qubit. The gate im-
plementation is based on fiber optics components. We have
verified the increase of the probability of success and charac-
terized the gate by means of quantum process tomography.
We have demonstrated that the use of feed-forward affects
neither the process fidelity nor the output-state fidelities.

Further we dealt with the optimal strategy for the
minimum-energy unambiguous quantum reading of optical
memories where the information is stored as the reflectivity of
the memory cells [2]. To demonstrate the experimental feasi-
bility of quantum reading we have built a laboratory setup for
perfect discrimination of two beam splitters with different re-
flectivities. It consists of a Mach-Zehnder interferometer with
an additional beam splitter in its upper arm. This additional
beam splitter has a variable splitting ratio and it serves as a
device to be discriminated. It is a superposition of a single
photon and vacuum what is entering this device, so the device
is exposed only to a fraction of the energy of a single photon
on average.

We have verified experimentally quantum non-Gaussian
character of single-photon-like states with positive Wigner

functions generated by our heralded photon source [3]. Le.,
we have demonstrated that these states cannot be expressed
as mixtures of Gaussian states. We have also investigated the
influence of background noise on the properties of the output
states. Sufficient information to witness the quantum non-
Gaussian character can be obtained from a standard photon
anti-correlation measurement. In comparison to the witness
based on negativity of the Wigner function, this criterion can
identify non-classicality of a much wider class of single-photon
sources, while avoiding the need for estimation of complete
photon-number distribution.

‘We have experimentally demonstrated a protocol for condi-
tional noiseless suppression of losses in quantum optical chan-
nels using quantum filters at the input and output of the
channel [4]. In particular, we used the process called noise-
less attenuation in combination with noiseless amplification,
which enables the conditional suppression of losses to an ar-
bitrary extent without adding noise, hence keeping quantum
coherence. An interesting feature of this scheme is that the
closer to vacuum the encoded state sent through the channel
is the more precisely the original state is reconstructed at the
output.

A concept of dimension witnesses allows bounding the di-
mension of an unknown quantum system only from measure-
ment statistics. We have participated in the experiment in
Barcelona which has experimentally demonstrated the use of
a dimension witnesses in a prepare and measure scenario [5].
It employed photon pairs entangled in polarization and orbital
angular momentum to generate quantum states of dimensions
up to four. The dimension witness was then used to certify
their dimensionality.
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Spiral incoherent correlation microscopy operating in 3D vortex reconstruction mode
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One of the research activities of the project is the correla-
tion imaging, which combines principles of optical and dig-
ital holography with phase modulation implemented by a
spatial light modulator (SLM). This is an original method
that allows to realize holographic correlation recordings
of the object in a one-way interferometer using quasi-
monochromatic spatially incoherent light.

Our latest experimental results are based on previously
proposed computational model [1] and represent a signifi-
cant contribution to development of the method in terms of
both new principles and applications. Correlation record-
ings of the object and their subsequent numerical recon-
struction provide some specific features not available in
common optical imaging. One of them is the image re-
construction with a resolution of details that exceeds the
diffraction limit of collimating optics used in the exper-
iment. This effect was studied theoretically and subse-
quently verified experimentally. In a good agreement with
prediction, the image reconstruction with resolution that
exceeds /2 times the diffraction limit of used optics was
demonstrated.

FIG. 1: Negative USAF test reconstructed by standard and
spiral techniques from correlation records acquired with inco-
herent light. Middle part: standard and spiral recordings of
a point source - vortex imaging is indicated by annular image
spots.

Significant results were also obtained when studying an
influence of the partial temporal coherence of light on the
quality of reconstructed image. Due to the specific prop-
erties of the SLM and a variability of computer generated
holograms that control its operation, experimental condi-
tions were found in which the correlation recordings can
be made even if the light with an extreme banwidth of
the spectrum is used. In the optimal geometry, the op-
tical path difference of interfering waves was minimized
to a few micrometers and the specimen recorded in white

light emitted by a halogen lamp was successfully recon-
structed. This experiment is promissing for applications
of the method in fluorescence microscopy.

As the main result of our research, a new principle of
vortex image reconstruction was proposed and experimen-
tally verified [2]. A switching to vortex imaging mode was
achieved by modifying the configuration of the experiment,
in which the correlation records were implemented using
helical reference waves. The vortex imaging can also be
done using standard records when a spiral phase filtering
is applied during reconstruction. As a result, the selective
edge contrast enhancement is achieved (see Fig. 1), which
is analogous to the optical spiral phase contrast imaging
demonstrated in coherent light. Our experiment represents
the first method that allows edge enhancement with inco-
herent light. The originality of the method is also in a
possibility of creating the 3D images reconstructed numer-
ically.

FIG. 2: Optical imaging and correlation reconstruction of a
pinhole and a fly wing. Top row from left to right: direct op-
tical imaging, isotropic spiral reconstruction, anisotropic spiral
reconstruction with the selection of preferred directions. Bot-
tom row: (a) direct optical image, (b) standard reconstruction
and (c) isotropic spiral reconstruction.

In addition to the digital incoherent image reconstruc-
tion, the coherent optical spiral imaging was also exam-
ined. As the main result, a quantization of the spiral phase
was studied as an effective tool for generation of fields with
the nonzero orbital angular momentum. In imaging this
effect results in a defocusing induced rotation of the point
spread function (PSF), which can be utilized for an accu-
rate localization of molecules in microscopy [3].

This work was supported by the Research Project of the
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Non-classicality, information extraction and decoherence of single photon states
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We investigated a novel criterion of higher-order non-
classicality of single photon non-Gaussian states of light
[1], presented a novel analysis of decoherence and infor-
mation accumulation for quantum compatible measure-
ments [2] and studied a basic decoherence effect caused
by a single photon [3].

We proposed a criterion giving a sufficient condition
for quantum states of a harmonic oscillator not to be ex-
pressible as a convex mixture of Gaussian states. This
nontrivial property is inherent to, e.g., a single-photon
state and the criterion thus allows one to reveal a signa-
ture of the state even in quantum states with a positive
Wigner function. The criterion relies on directly measur-
able photon number probabilities and enables detection
of this manifestation of a single-photon state in quantum
states produced by solid-state single-photon sources in
a weak coupling regime. This theoretical analysis was
a basement for experimental demonstration of such the
higher-order non-classicality by our experimental group
at the Department of Optics.

We compared a trade-off between knowledge and deco-
herence for the incoherent and coherent partial sequential
compatible measurements on single-qubit systems. The
individual partial measurement nondestructively moni-
tors basis states of the system by single-qubit meter. For
the same decoherence caused by this unbiased measure-
ment, the individual coherent measurement gives more
knowledge than the incoherent one. For identical sequen-
tial coherent measurements, knowledge accumulated not
additively increases more slowly than for the incoherent
measurements. The overall knowledge can be accumu-
lated using an adaptive measurement strategy on the
meters if the single-qubit coherence of meters is kept.
On the other hand, preservation of the mutual qubit co-
herence between the meters necessary for the collective
measurement strategy is not required. Since the decoher-
ence caused by the measurement process is a quadratic
function of knowledge extracted by the individual mea-
surement, Zeno-like behavior can be observed for repet-
itive weak compatible measurements. In a collabora-
tion with our group, these theoretical predictions have
been recently experimentally investigated by a group at
Sapienza University, Roma (Italy).

We investigated how the distinguishability of a noise

particle degrades interference of the signal particle. The
signal, represented by an equatorial state of a photonic
qubit, is mixed with noise, represented by another pho-
tonic qubit, via linear coupling on a beam splitter. We
reported on the degradation of the signal photon inter-
ference depending on the degree of indistinguishability
between the signal and noise photons. When the pho-
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FIG. 1: Experiment to test a decoherence by single photon.

tons are completely distinguishable in principle but tech-
nically indistinguishable, the visibility drops to the value
%. As the photons become more indistinguishable, the
maximal visibility increases and reaches the unit value
for completely indistinguishable photons. We examined
this effect experimentally using a setup with a fiber-optics
two-photon Mach-Zehnder interferometer in a collabora-
tion with the experimental groups at the Department of
Optics and Laboratory of Science in Olomouc.
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Applications of continuous-variable non-classical states of light
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We investigated a novel applications of squeezed Gaus-
sian states for a construction of optimal quantum ampli-
fier [1], for quantum key distribution with limited recon-
ciliation efficiency [2] and proposed a scheme to generate
squeezed three photon state as a key resource of weak
quantum cubic interaction [3].

In a collaboration with the Tokyo University, we ex-
perimentally demonstrated phase-insensitive linear am-
plification of a continuous variable system in the opti-
cal regime, preserving the ancilla system at the output.
Since our amplification operation is unitary up to small
excess noise, it is reversible beyond the classical limit. In
addition, combining this amplifier with a beamsplitter,
we also demonstrated approximate cloning of coherent
states where an anticlone is present. We investigated the
reversibility by reconstructing the initial state from the
output correlations, and the results are slightly beyond
the cloning limit. Our amplifier is based on linear optics,
offline-prepared additional ancillas in nonclassical states,
and homodyne measurements followed by feedforward.
Squeezed states are used as the additional ancillas, and
nonlinear optical effects are exploited only for their gen-
eration.

We proposed a deterministic implementation of weak
cubic nonlinearity, which is a basic building block of
a full-scale continuous-variable quantum computation.
Our proposal relies on preparation of a specific ancil-
lary state and transferring its nonlinear properties onto
the desired target by means of deterministic Gaussian
operations and feed forward. We show that, despite the
imperfections arising from the deterministic nature of the
operation, the weak quantum nonlinearity can be imple-
mented and verified with the current level of technology.
A key resource is a designed superposition of Fock states
of light up to three photons, which brings highly non-
classical behaviour necessary for the deterministic cubic
interaction. This proposal has been recently experimen-
tally verified by a group at the Tokyo University.

We addressed the security of continuous-variable quan-
tum key distribution with squeezed states upon the real-
istic conditions of noisy and lossy environment and lim-
ited reconciliation efficiency. Considering the generalized

preparation scheme and clearly distinguishing between
classical and quantum resources, we investigated the ef-
fect of finite squeezing on the tolerance of the protocol to
untrusted channel noise. For a long-distance strongly at-
tenuating channel and the consequent low reconciliation
efficiency, we showed that feasible limited squeezing is
surprisingly sufficient to provide the security of Gaussian
quantum key distribution in the presence of untrusted
noise. We explained the effect by the behaviour of the
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FIG. 1: Experimental implementation of complete scheme for
optimal quantum amplification.

Holevo quantity, which describes the information leakage
and is effectively minimized by the squeezed states. Re-
cently, this proposal has been experimentally tested by a
group at the Technical University of Denmark.
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High-fidelity noiseless amplification and entanglement concentration
via photon addition and subtraction

Jaromir Fiurdsek,! Alessandro Zavatta,®3 and Marco Bellini% 3

! Department of Optics, Palacky University, 17. listopadu 12, 77146 Olomouc, Czech Republic
?Istituto Nazionale di Ottica (INO-CNR), L.go E. Fermi 6, 50125 Florence, Italy
SLENS and Department of Physics, University of Firenze, 50019 Sesto Fiorentino, Florence, Italy

The quantum noise associated to linear phase-
insensitive amplifiers can only be avoided by relaxing the
requirement of a deterministic operation. We have exper-
imentally realized a probabilistic noiseless linear ampli-
fier that is able to amplify coherent states at the highest
level of effective gain and final state fidelity ever reached
[1]. Based on a sequence of photon addition and subtrac-
tion [2, 3], and characterized by a significant amplifica-
tion and low distortions, this high-fidelity amplification
scheme may become an essential tool for quantum com-
munications and metrology.

The implemented conditional noiseless amplifier has
nominal gain ¢ = 2 and is mathematically described by
an operator G = aa’ = f+1. Here a (a') denotes annihi-
lation (creation) operator and 7 is the photon number op-
erator. The noiseless amplification thus operates by mod-
ulating the amplitudes of Fock states, G|n) = (n+1)[n).

The experimental setup is shown in Fig. 1. The
addition of a single photon to an arbitrary light state
is obtained by conditional stimulated parametric down-
conversion in a nonlinear crystal. The photon addition
in the output signal mode is heralded by the detection
(by an on/off photodetector Da) of a single photon in
the idler down-conversion channel. Single-photon sub-
traction is implemented by conditionally attenuating a
state by detecting (by an on/off photodetector Ds) a
single photon reflected from a high-transmissivity beam-
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FIG. 1: High-fidelity noiseless amplification of light.

FIG. 2: Entanglement concentration by local displacements
and photon subtractions.

splitter. Noiseless amplification is heralded by coincident
detections from Da and Ds. The low parametric gain and
the low reflectivity of beam-splitter (set to about 5%)
guarantee that the experimental scheme is a very faith-
ful implementation of the ideal operator sequence Ga'.

Quality of experimental noiseless amplification of weak
coherent states |a) with amplitude |a| < 1 was quanti-
fied by determining the effective gain and added noise of
the amplifier. The measurements confirmed that the am-
plifier adds only very little noise while achieving a gain
substantially higher than 1 for the whole range of con-
sidered amplitudes a.

As a second application of the photon subtraction
we have investigated the entanglement concentration of
continuous-variable Gaussian states and we have shown
that the performance of the protocol can be significantly
improved if the local single-photon subtractions are com-
bined with local coherent displacements [4], see Fig. 2.
This procedure allows to conditionally extract one e-bit
of entanglement even from a very weakly squeezed two-
mode squeezed vacuum state. This is due to a destruc-
tive quantum interference that eliminates the otherwise
dominant separable vacuum term.

This work was supported by the Research Projects
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Knowledge, ignorance and uncertainties in quantum tomogrpahy
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The team at Palacky University was involved in the
broad international collaboration focussing at several re-
search topics. In the collaboration with the colleagues
from Singapore reconstruction with tomographically in-
complete data was considered as the so called MaxLik
MaxEnt (MLME) reconstruction. In these cases Max-
Lik tomography itself will not typically yield a unique
result. In Ref. [1] we have derived a novel reconstruc-
tion scheme, where both the likelihood and von Neumann
entropy functionals are maximized in order to systemat-
ically select the most-likely estimator with the highest
entropy. Such a solution is the least-biased one based
on a given set of measurement data. This is equivalent
to a non-trivial utilization of partial knowledge and ig-
norance about the reconstructed state. The algorithm
is robust and free of artifact associated with the cut-off
in the parameters space. The method was illustrated
on the numerical simulation with homodyne detection
where the reconstruction on smaller space may lead to
faked non-classical behavior wheres the MLME will tend
to the correct value of the Wigner function at the origin
of the phase space. This scheme was further extended
for adaptive schemes and reconstruction of processes [2].
A detailed and comprehensive account of quantum state
estimation by joint maximization of the likelihood and
the entropy was published in [4]. After establishing the
algorithms for both perfect and imperfect measurements,
we applied the procedure to data from simulated and ac-
tual experiments from quantum information and optics

including Shack-Hartmann detection of the wave-front.

The ongoing research on quantization of angular mo-
mentum continued and the results related to phase space
representation of angular momentum states was pub-
lished in Ref. [3]. A comprehensive theory of the Weyl-
Wigner formalism for the canonical pair angle-angular
momentum was presented here. Special attention is
paid to the problems linked to rotational periodicity and
angular-momentum discreteness.

The collaborating members of the working group have
met on two important meetings: The Heraus Summer
School Modern Statistical Methods in Quantum Infor-
mation Processing Bad Honnef, Germany (August 2011)
and the Workshop on Quantum Tomography 2011, Sin-
gapore in (December 2011). These events have trig-
gered further extensive collaboration on the topic related
to quantum tomography. Continuation of the series of
the quantum tomography workshops is scheduled on the
year 2013 ( will be held preliminarily in Fields Insti-
tute, Toronto, Canada) with significant contribution of
teh team from Palacky University. Besides this several
contribution are prepared for the special issue of New
Journal of Physics devoted to the problems of quantum
tomography, see the Ref. [5] and other contributions.

This work was supported by the Research Project
of the Czech Ministry of Education ”Measurement
and Information in Optics” MSM 6198959213 and EU
project COVAQIAL FP6- 511004.

[1] Teo Y.S., Zhu H., Englert B.-G., Rehacek, J., Hradil,
Z., Quantum-State Reconstruction by Maximizing Likeli-
hood and Entropy, PHYSICAL REVIEW LETTERS 107,
020404 (2011).

[2] Teo Y.S., Englert B.-G., Rehacek, J., Hradil, Z., Adap-
tive schemes for incomplete quantum process tomography,
Phys. Rev A 84, 062125 (2011).

[3] Rigas I., Sanchez-Soto L.L., Klimov A.B., Rehacek J.,
Hradil Z., Orbital angular momentum in phase space, AN-
NALS OF PHYSICS 326, 426 (2011).

[4] Teo Yong Siah; Stoklasa Bohumil; Englert Berthold-
Georg; Rehacek, J., Hradil, Z Incomplete quantum state
estimation: A comprehensive study, Phys. Rev A 85,
042317 (2012).

[5] Ch Mueller, B. Stoklasa, A B Klimov, Ch. Gabriel, Ch.
Peuntinger, J. Rehacek, Z. Hradil, L.L.Sanchez-Soto, Ch.
Marquardt and G Leuchs, Quantum polarization tomogra-
phy of bright squeezed light, New J. Phys. 2012, accepted
for publication.



Non-classical correlations for continuous variables
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Correlated states of composite quantum systems may
exhibit non-classical features even if they are separa-
ble. They can possess, e.g., a nonzero quantum discord
[1] being a difference of quantum generalizations of two
classically equivalent expressions for mutual information.
Quantum discord is endowed with operational interpre-
tation [2] and it can also play the role of a resource of
speed up in some mixed-state models of quantum com-
puting [3]. Its evaluation, however, requires nontrivial
optimization of a mean von Neumann entropy over all
local measurements performed on one subsystem of a bi-
partite system. Although a closed analytical formula is
missing even for two qubits one can get it for two-mode
Gaussian states and Gaussian measurements [4].

In Ref. [5] we complemented the analysis of Ref. [4]
by investigating for Gaussian states another quanti-
fier of non-classical correlations known as measurement-
induced disturbance (MID) and its ameliorated version
(AMID) [6], which is an upper bound on discord. For
a quantum state pap MID is defined as the difference
of a quantum mutual information and a classical mutual
information of the joint probability distribution of out-
comes of measurements 14 and IIp in local eigenbases
of pap. AMID is an optimized version of MID, where
the latter quantity is maximized over all local measure-
ments 114 and IIg. We have shown [5] that restricting
to Gaussian states and measurements AMID can be de-
termined analytically for pure states, squeezed thermal
states and symmetrical states, whereas we have to resort
to numerics in other cases. We also numerically eval-
uated the non-optimized MID for non-Gaussian photon
counting which was found mostly to be a loose upper
bound on the actual amount of non-classical correlations
contained in the state. However, there is a finite set
of two-mode Gaussian states encompassing pure states
for which the non-Gaussian MID is strictly lower than
Gaussian AMID. In the next step, we investigated non-
classical correlations for a special class of non-Gaussian
continuous-variable (CV) Werner states [7]. Remarkably,

for a one-parametric subclass of the states comprised
by mixtures of two-mode squeezed vacuum with vacuum
both discord and AMID can be computed analytically
and they coincide. Besides, Gaussian discord for such
states is strictly larger than discord (see Fig. 1) which is
achieved by photon counting.

Non-classical correlations of the state thus can be ex-

tracted optimally only by means of the non-Gaussian
measurement with infinite number of components and

FIG. 1: Logarithmic plot of quantum discord D (solid curve)
and Gaussian quantum discord D¢ (dashed curve) versus the
probability p of the two-mode squeezed vacuum state char-
acterized by the parameter A = tanhr (r is the squeezing
parameter) in the Werner state.

the state is thus a carrier of genuine CV non-Gaussian
non-classical correlations.  Our results thus demon-
strate the necessity of non-Gaussian processing to cor-
rectly quantify non-classical correlations even in Gaus-
sian states and pave the road toward this programme.

The research has been supported by the research
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