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Noise in quantum communication and information processing

Radim Filip, Miroslav Gavenda
Department of Optics, Palacky University, 17. listopadu 50, 772 00 Olomouc, Czech Republic

In 2008 year, the research in this direction focused on
following projects:

CV QKD with noisy states. It was an important
break through when pure coherent laser light was found
to be a sufficient resource to generate a secret key, even
through an arbitrarily lossy channel. In our work, a secu-
rity of the continuous-variable quantum key distribution
with noisy coherent states is discussed [1]. If the pre-
pared states are directly transmitted through the lossy
channel, an excess noise in the state preparation can pre-
vent the secure key distribution. As we have shown, an
arbitrary excess noise can be sufficiently reduced by a
Gaussian purification after the state preparation. As a
result of the purification, the key secure against both the
individual and collective attacks can be always generated
through arbitrarily lossy channel. A plan for 2009 year is
more deeply investigate a role of noise in the encoding of
realistic protocol and extend this to the protocol based
on entangled states.

CV QKD through amplifying channel. It has
been proved that the security of coherent-state key distri-
bution against the collective attacks is preserved through
any purely lossy channel if the reverse reconciliation is ap-
plied. A break of the security can occur only if an excess
noise is presented in the channel. As a further progress,
the coherent-state key distribution through Gaussian
phase-insensitive amplifying channel is analyzed [2]. The
amplification in the channel can occur, for example, from
quantum erasing in the channel performed by third party
or another quantum processing of transmitted key. The
security is investigated under rather general assumption
of any collective attack. The analysis says that for any
noise-less amplification in the channel, the security is pre-
served if the direct reconciliation protocol is applied, at
opposite to the purely lossy channel. A plan for 2009
year is to apply this analysis to quantum erasing error
correction scheme.

Upload to noisy CV quantum memory. In this
project, the noise excess free version of deterministic
record of unknown quantum state into the quantum
memory is described and the probabilistic upload of
highly non-classical states (single-photon state, super-
position of coherent states) approaching lossless light-
atomic transfer is proposed [3]. It is shown that the orig-

inal set-up of continuous-variable can be directly used to
reach the noise excess free deterministic record (up to
the squeezing) of any quantum state of light. It can be
achieved for an arbitrary weak quantum non-demolition
coupling and without any noise pre-squeezing of the state
of atomic memory. Unfortunately, the application of the
deterministic squeezing post-correction is always at a cost
of an additional attenuation. Therefore, a probabilistic
upload is proposed based on a post-selection of the mea-
surement results from the homodyne detector placed in
this memory set-up. It is proved that the single photon
can be probabilistically uploaded into the memory with
arbitrary small loss and with an arbitrary high fidelity.
The superposition of coherent states can be probabilisti-
cally uploaded with a reduced amplitude, but with the
purity approaching unity. A plan for 2009 year is to in-
vestigate an application of quantum memory in the pro-
duction and transmission of the entanglement. Further,
noiseless non-local quantum operations on two distant
memories will be investigated.

Quantum adaptation of noisy qubit channels.
In this project, the adaptation of quantum channels is
proposed to prevent the break of entanglement [4]. The
probabilistic adaptation differs from the single-copy en-
tanglement distillation and purification. In the adapta-
tion, even in the case that the entanglement could not be
increased by single-copy distillation after first channel,
still the entangled state can be better prepared to the
subsequent channel to preserve entanglement. As will
be demonstrated, it can help to stop the sudden death
of entanglement when the single-copy distillation is inef-
ficient. A plan for 2009 year is to investigate quantum
adaptation for the elementary single qubit noisy channels
and novel method how to stop the break of entanglement
using partial quantum control of quantum channel.

This work was supported by the Research Project
of the Czech Ministry of Education ”Measurement
and Information in Optics” MSM 6198959213 and No.
LC06007 of the Czech Ministry of Education and project
No. 202/07/J040 and 202/08/0224 of GACR. R.F. also
acknowledges a support by the Alexander von Hum-
boldt Foundation and EU grant FP7 212008 - COMPAS..

[1] R. Filip, Phys. Rev. A 77, 022310 (2008).
[2] R. Filip, Phys. Rev. A 77, 032347 (2008).
[3] R. Filip, Phys. Rev. A 78, 012329 (2008).

[4] M. Gavenda and R. Filip, Phys. Rev. A 78, 052322 (2008).
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Quantum information experiments based on fiber optics

Lucie Bart̊ušková,1 Antońın Černoch,2, Jan Soubusta,2, Miroslav
Gavenda,1 Radim Filip,1 Jaromı́r Fiurášek,1 Miloslav Dušek 1
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FIG. 1: Scheme of the setup for unambiguous discrimination
of coherent states.

In this subproject we are focused on optical-fiber im-
plementations of various procedures from the field of
quantum information processing. It means that exper-
imental setups are mainly built using optical fibers and
fiber components.

FIG. 2: Part of the experimental setup for post-selection re-
duction of noise thermally isolated in a polystyren box.

At the beginning of the year we finished experiment
realizing an unambiguous discrimination of weak coher-
ent states. Coherent states were prepared by attenuating
a signal from a pulse laser by several orders. We investi-

gated the basic implementation of a discrimination pro-
tocol where an unknown coherent state can equal to two
different states, program states. The unknown state in-
terferes with the two program states. According to clicks
of two output detectors we can unambiguously conclude
to which of these program states the unknown state is
equal. Since the operation is probabilistic we have mea-
sured probabilities of correct identification for number of
combinations of program states [1, 2].

FIG. 3: Scheme of the setup for post-selection reduction of
noise.

During the year we built a new setup implementing
post-selection reduction of noise. In this experiment the
source of entangled photon pairs generated by type-I
parametric process was utilized. One photon, signal pho-
ton, from each pair interferes in Mach-Zehnder (MZ) in-
terferometer. The other photon, noise photon, is added
to one arm of this interferometer as a noise, more or less
correlated with the signal. We investigate the influence
of the noise on the visibility of interference at outputs of
MZ interferometer. Moreover we investigate a possibility
of increasing of this visibility by an additional postselec-
tion measurement.

[1] L. Bart̊ušková, A. Černoch, J. Soubusta, M. Dušek, Pro-
grammable discriminator of coherent states: Experimental
realization, Phys. Rev. A 77, 034306 (2008).

[2] L. Bart̊ušková et al., Experimental realization of pro-
grammable discriminator of coherent states (poster), 5th
Central European Quantum Information Processing Work-
shop (CEQIP 2008), Telč, Czech Republic, Jun 5-8, 2008.

[3] L. Bart̊ušková et al., Several experimental realizations
of phase-covariant quantum cloning machines (poster),
Solvay Workshop “Bits, Quanta, and Complex Systems:
modern approaches to photonic information processing”,
Brussels, Belgium, 29.4. - 3.5. 2008.
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Experimental realization of programmable quantum gate

Michal Mičuda, Miroslav Ježek, Miloslav Dušek, and Jaromı́r Fiurášek
Department of Optics, Palacký University, 17. listopadu 50, 77200 Olomouc, Czech Republic

We experimentally demonstrate a programmable
single-qubit quantum gate. This quantum processor ap-
plies 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. This is a striking feature of
demonstrated programmable quantum gate because in-
formation on φ is faithfully encoded into a single quan-
tum bit. Note that an exact specification of the phase
shift φ would require infinitely many classical bits. The
theoretical success probability of the protocol for our ex-
perimental realization is 25%.

Our linear optical implementation is based on the en-
coding of qubits into polarization states of single pho-
tons, two-poton interference on a polarizing beam split-
ter, and measurement on the output program qubit. The

FIG. 1: Scheme of the experimental setup.

experimental setup and picture of setup are shown in
Fig. 1. The correlated photons generated in the process
of spontaneous parametric down-conversion serve as the
program and data qubit. After being prepared in proper
polarization states the photons interfere on the polariz-
ing beam splitter (PBS). The detection stage consists of
polarization analysis, single-photon detectors (D), coin-
cidence logics and counting module (C&C). For polariza-
tion setting and analysis the fiber polarization controllers
(PC), half-wave plates (λ

2
), quarter-wave plates (λ

4
), po-

larizers (P), Glan polarizer (GP), and polarization beam
splitter (PBSM) are used. According to simple theoreti-
cal model, taking into account imperfections of the PBS,
the achievable average process fidelity is 97.7%.

We have characterized the programmable gate by full
quantum process tomography. The achieved average
quantum process fidelity exceeding 97% illustrates very
good performance of the gate for all values of the encoded
phase shift see Fig. 2. We also have estimated fixed phase
offset δφ imposed by PBS and show that by using a dif-
ferent set of program states the device can operate as
a programmable partial polarization filter with attained
fidelity over 97%. More details about this experimental
realization of programmable quantum gate can be found
in work [1].
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FIG. 2: Quantum process fidelity of the programmable gate
is plotted as a function of the encoded phase shift φ. The
fidelities before (•) and after (N) compensation of the constant
phase offset δφ are shown. The dashed line represents the best
constant fit to the compensated fidelity data with the value
of 97.1%.

[1] M. Mičuda, M. Ježek, M. Dušek and J. Fiurášek,
Phys. Rev. A 78, 062311 (2008).
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Quantum information experiments based on bulk optics

Antonín Černoch,1 Lucie Bartůšková,2 Jan Soubusta,1 Jaromír Fiurášek,2 Miloslav Dušek,2
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17. listopadu 50A, 772 00 Olomouc, Czech Republic and
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Obrázek 1: Picture of the key part of the universal quantum
filter.

Experimental activities of this part of the project deal
with quantum information processing, where the infor-
mation content is encoded into polarization states of sin-
gle photons. For this purpose bulk optics is used, which
is more convenient than fibers. Pairs of time-correlated
photons used in the experiments are generated by type-I
parametric down-conversion. Polarization states are set
by means of wave plates and polarization analysis is per-
formed using pairs of wave plates, polarization beam-
splitters and single-photon detection.

This year we finished works in the field of the phase-
covariant cloning of the unknown quantum state. The
very last results of all experiments with asymmetric clo-

ning were summarized in Ref. [1].
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Obrázek 2: Scheme of the universal quantum filter.

We continued with construction of linear-optical two-
photon quantum gates and quantum filters. As a first
subject we implemented a partial SWAP gate [2]. Diffe-
rent gate operations, including the SWAP and entangling
√

SWAP , can be obtained by changing a classical control
parameter - namely the phase difference in the interfero-
meter.

After these measurements we rebuilt the setup accor-
ding to Figs. 1 and 2. We added variable neutral density
filters to both interferometer arms. This modification
allows operation of the gate as a partial symmetrization
or anti-symmetrization filter. Reconstruction of output
states and full process tomography proved very good per-
formance of the filters [3]. Our recent results were pre-
sented at several conferences as posters [4, 5], and talks
[6].

[1] J. Soubusta, L. Bartůšková, A. Černoch, M. Dušek, J. Fiu-
rášek, Experimental asymmetric phase-covariant quantum
cloning of polarization qubits, Phys. Rev. A 78, 052323
(2008).

[2] A. Černoch, J. Soubusta, L. Bartůšková, M. Dušek, J. Fiu-
rášek, Experimental Realization of Linear-Optical Partial
SWAP Gates, Phys. Rev. Lett. 100, 180501 (2008).

[3] A. Černoch, J. Soubusta, L. Bartůšková, M. Dušek, J. Fiu-
rášek, Experimental implementation of partial symmetri-
zation and anti-symmetrization of two-qubit states, New
J. Phys. 11, 023005 (2009).

[4] A. Černoch, et al., Experimental realization of linear-
optical partial SWAP gates (poster), 4th International
Workshop ad memoriam of Carlo Novero “Advances in

Foundation of Quantum Mechanics and Quantum Infor-

mation with atoms and photons”, Torino, Italy May 18 -
24, 2008.

[5] A. Černoch, et al., Experimental realization of linear-
optical partial SWAP gates (poster), 5th Central Euro-
pean Quantum Information Processing Workshop (CEQIP
2008), Telč, Czech Republic, Jun 5-8, 2008.

[6] A. Černoch, et al., Experimental realization of linear-
optical partial SWAP gates, Proceedings of the 16th
Polish-Slovak-Czech Optical Conference on Wave and
Quantum Aspects of Contemporary Optics, Polanica, Po-
land, Sep 8-12, 2008.
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Path and phase determination for interfering photon with orbital angular momentum

Michal Kolář1, Tomáš Opatrný1, and Gershon Kurizki2
1Department of Optics, Palacký University, 17. listopadu 50, 77200 Olomouc, Czech Republic

2Weizmann Institute of Science, 76100 Rehovot, Israel

In our research summarized in [1] we deal with a pos-
sible optical realization of Translational-Internal Entan-
gled (TIE) states [2] based on polarized photons with
well-defined orbital angular momenta (OAM).

In [2] we have shown that under some restrictions on
the evolution of a two-level system (evolution realized by
TIE states therein) inside a Mach-Zehnder interferometer
(MZI) the fundamental duality relation D2 + V 2 ≤ 1
[3, 4], is modified to [2]

D2 +

(
S − N−1

2N

)2(
N+1
2N

)2 ≤ 1, (1)

where S, D quantifies our which-phase and which-way
knowledge, respectively. A natural question arises on
a feasible experimental proposal to test the theoretical
predictions.

In [1], we have proposed an all-optical realization using
polarized photons with well defined OAM [5]. The TIE
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FIG. 1: Schematic plot of the interferometer proposed in [1].
An input state |Ψin〉 = c1|l〉|s = −1〉+c2|l〉|s = +1〉 is injected
into the MZI, formed by two 50%-50% (non-polarizing) beam
splitters BS1 and BS2 and two mirrors. After passing the
rotated Dove prism and wave plate, the linear polarization
is rotated by a different angle in each arm, depending on
the angle of rotation α, according to (3). This resembles the
desired evolution (2), and allows for which-way information by
measuring the resulting photon polarization in certain basis
by detectors (c) and (d) after BS2.

states (representing the Which-Way detector [4]) basi-
cally undergo a unitary evolution

|1〉 → exp (iφ)|1〉, |N〉 → exp (iNφ)|N〉 (2)

inside each arm, with φ being the interferometric phase.
We propose how to obtain similar evolution inside the
optical MZI (see Fig. 1).

In our case the interferometric phase between the arms
is changed not by means of changing the arm-lengths as
usually (in contrast, we require the arm-length difference
to be fixed) but by joint on-axes rotation of the Dove
prism (DP) and wave plate (WP) inside each arm. This
affects the phase of the interfering photon.

By rotating the Dove prism by an angle α (Fig. 1),
the state of the photon with OAM L = lh̄, denoted
as |l〉, evolves to |l〉 → exp [i2lα]|−l〉. By rotating
the WP by α, the spin (polarization) state S = sh̄
(s = ±1), denoted as |s〉, of the photon evolves to
|s〉 → exp [i2α]|−s〉. Hence, the overall evolution of
the photonic total angular-momentum state, in one arm,
reads

|l〉|s〉 → exp [i2(l + s)α]|−l〉|−s〉, (3)

resembling the desired evolution (2) for two orthogonal
circular polarizations (s = ±1), up to an unimportant
swap of the basis states. The ratio of the phases acquired
by the orthogonal circular polarizations (spin states) is
N ≡ (l + 1)/(l − 1). By choosing various l, we can vary
N and obtain an analogy of (2), hence recover results
derived in [2].

The work was supported by GAČR (GA202/05/0486),
MŠMT (LC 06007), MSM (6198959213).

[1] M. Kolář, T. Opatrný, and G. Kurizki, Opt. Lett., 33,
67-69 (2008).

[2] M. Kolář, T. Opatrný, N. Bar-Gill, N. Erez, and G. Kur-
izki, NJP 9, 129 (2007).

[3] R.J. Glauber, Amplifiers, attenuators, and Schroedinger’s
cat, New Techniques and Ideas in Quantum Measurement
Theory, Vol. 480, Annals of the New York Academy of Sci-

ences, Blackwell Publishing, New York, 1986, pages 336-
372.

[4] B.G. Englert, Phys. Rev. Lett. 77, 2154 (1996).
[5] L. Allen, M.W. Beijersbergen, R.J.C. Spreeuw, and J.P.

Woerdman, Phys. Rev. A 45, 8185 (1992).
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Dynamical shaping of light for optical manipulation

Z. Bouchal, R. Čelechovský, V. Kollárová and T. Medř́ık
Department of Optics, Palacký University, 17. listopadu 50, 772 00 Olomouc, Czech Republic

Our research activity in the project was mainly focused
on theoretical and experimental methods enabling the real-
time spatial shaping of coherent light. Subsequently, the
mechanical effects of the dynamically shaped beams were
studied and their application to optical manipulation was
examined. We have developed and experimentally verified
two different methods of the laser beam shaping based on
the phase modulation of its complex amplitude and the
spatial spectrum, respectively.

FIG. 1: Snapshot of the holographical laser tweezer.

In the former method, the coherent beam generated by
the laser Verdi V2 (532 nm, 2W) was transformed by the
Spatial Light Modulator (SLM) Boulder Nonlinear Sys-
tems (512× 512 pixels) and directed to the optical tweezer
realized as an inverted microscope. The experiment en-
abled design and realization of the holographical laser
tweezer in which a capture and relocation of mechanical
objects was controlled by an interactive software. In the
tweezer, the multiple optical traps can be created and the
captured particles transported along trajectories defined in
real-time by the mouse dragging.

FIG. 2: Illustration of the required relocation of the particles
in a multiple optical trap.

The later method of the dynamical laser beam shaping
was based on the phase modulation of the spatial spectrum
of the nondiffracting beam [1]. In the proposed and real-
ized set-up, an axicon and optically addressed SLM were
used to create multiple parallel Bessel beams and precisely
control their positions in three dimensions. Experiment
was realized at St. Andrews University. In the exper-
iment, a possibility to utilize multiple Bessel beams for
3D positional control of trapped particles, active sorting
of micro-objects or photoporation of living cells was ap-
proved. The proposed concept of experiment represents
biophotonics workstation where users may trap and sort
specimen using multiple optical Bessel modes.

FIG. 3: Illustration of the beam shaping based on modulation of
the spatial spectrum. (a) without modulation, (b) and (c) linear
phase modulation (transverse relocation of the beam spot), (d)
and (e) quadratic phase modulation (longitudinal relocation of
the beam trail), (f) binary phase modulation (splitting of the
input beam).

The method of spatial modulation of the Fourier spec-
trum of the Bessel beam was also employed in design and
realization of the compact laser convertor [2]. The con-
vertor was manufactured in Meopta Přerov and utilized
for conversion of the diode laser beam or the fiber mode
to the extremely narrow Bessel beam whose spot can be
relocated across the plane perpendicular to the beam prop-
agation direction. In performed experiments it was verified
that the laser convertor is applicable to optical manipula-
tion and enables transport of captured micro-objects along
a desired trajectory [3].

This work was supported by the Research Project
of the Czech Ministry of Education ”Measurement and
Information in Optics” MSM 6198959213.

[1] T. Čižmár, V. Kollárová, X. Tsampoula, F. Gunn-Moore,
W. Sibbett, Z. Bouchal, K. Dholakia, Generation of multiple
Bessel beams for a biophotonic workstation, Optics Express
16, 14024 (2008).

[2] V. Kollárová, T. Medř́ık, R. Čelechovský, V. Chlup, Z.
Bouchal, A. Pochylý, M. Kalman, T. Kubina, Optically ad-
justable light filaments generated by a compact laser con-

vertor, Optics Express 17, 494 (2009).
[3] V. Kollárová, Z. Bouchal, R. Čelechovský, T. Medř́ık, V.

Chlup, A. Pochylý, M. Kalman, T. Kubina, Optical system
for generation of nondiffracting beams with adjustable axis,
JMO 1, 5 (2009) (in Czech).
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Tomographic methods for quantum information processing

J. Řeháček,1 Z. Hradil,1 Z. Bouchal,1 R. Čelechovský,1 D. Mogilevtsev,2

L. L. Sánchez-Soto,3 M. G. A. Paris,4 and S. Solimeno5

1Department of Optics, Palacky University, 17. listopadu 50, 772 00 Olomouc, Czech Republic
2Institute of Physics, Belarus National Academy of Sciences, F.Skarina Ave. 68, Minsk 220072 Belarus

3Departamento de Óptica, Facultad de F́ısica, Universidad Complutense, 28040 Madrid, Spain
4Dipartimento di Fisica dell’Università di Milano, I-20133, Italia

5Dipartimento di Scienze Fisiche Università ”Federico II”,
Complesso Universitario Monte Sant’Angelo, 80126 Napoli, Italy

The investigation of tomographic methods and quan-
tum estimation was continued. Several important results
were achieved and published in Refs. [1–5]. The current
research is focused on the following main subjects:

• Quantification of reconstruction errors [1].

• Reconstruction of a quantum state of an unknown
mode of light [2].

• Reconstruction of Gaussian states from homodyne
data [3].

• Full reconstruction of vortex states [4].

• Experimental verification of uncertainty relations
for vortex beams [5].

The research on the formal aspects of quantum tomog-
raphy was continued by introducing a novel resolution
measure for quantum tomography [1]. This measure was
applied to quantum-optical homodyne tomography and
it was shown that some non-classical aspects of quantum
states, such as the negativity of the Wigner function at
the origin might be undetectable with the present tech-
nology.

New tomography scheme was proposed capable of re-
constructing the quantum state of an unknown mode of
light [2]. It was shown that the complex mode struc-
ture of the investigated field could be expressed by a sin-
gle number – the mismatch between the probe and sig-
nal. Simulations based on binary detection distinguishing
only on/off signal proved that this procedure robust with
respect to imperfections in the mismatch estimation. The
proposed method opens new ways for reconstructions uti-
lizing interference between independent sources.

In 2008 particular attention was payed to characteri-
zation of Gaussian states, which are building blocks of
quantum information processing with continuous vari-
ables. Exploiting the formal analogies between the de-
scription of Gaussian states and that of finite-dimensional
quantum states, a simple and efficient method for the re-
construction of Gaussian states was proposed and demon-
strated [3]. The method was tested numerically and ap-
plied to the reconstruction of the quantum state of the
signal generated by an optical parametric oscillator.

In the field of experimental quantum tomography we
carried out a full program for the reconstruction of
generic vortex states, including a complete phase-space
description in terms a bona fide Wigner function [4]. The
scheme determines the angular probability distribution of
the state at different times under free evolution. To rep-
resent the quantum state we introduced a Wigner func-
tion defined on the discrete cylinder, which is the natural
phase space for the pair angle-angular momentum. Un-
certainty relations for this pair of conjugated variables
were experimentally studied and verified in an exper-
iment that employed computer-controlled spatial light
modulators both at the state preparation and analyzing
stages [5].

Results achieved in 2008 open the way for a full exper-
imental characterization of multi-dimensional quantum
states of photons in the next year.

This work was supported by projects of the Czech Min-
istry of Education ”Measurement and Information in Op-
tics” MSM 6198959213 and ”Center of Modern Optics”
LC06007 and project of the Czech Grant Agency No.
202/06/307.

[1] J. Řeháček, D. Mogilevtsev, Z. Hradil, Tomography for
quantum diagnostics, New Journal of Physics 10, 043022
(2008).

[2] D. Mogilevtsev, J. Řeháček, Z. Hradil, Relative tomogra-
phy of an unknown quantum state, Phys. Rev. A (2009)
in print.

[3] J. Řeháček, S. Olivares, D. Mogilevtsev, Z. Hradil, M.G.A.
Paris, S. Fornaro, V. DAuria, A. Porzio, S. Solimeno, An
effective method to estimate multidimensional Gaussian

states, Phys. Rev. A (2009) in print.
[4] I. Rigas, L.L. Sanchez-Soto, A.B. Klimov, J. Řeháček,

Z. Hradil, Full quantum reconstruction of vortex states,
Phys. Rev. A, 78, 060101R (2008).

[5] J. Řeháček, Z. Bouchal, R. Čelechovský, Z. Hradil, L.L.
Snchez-Soto, Experimental test of uncertainty relations for
quantum mechanics on a circle, Phys. Rev. A, 77, 032110
(2008).
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Time-multiplexed photon-number resolving detection

Michal Mičuda, Ondřej Haderka, and Miroslav Ježek
Department of Optics and Joint Laboratory of Optics,

Palacký University, 17. listopadu 50, 77900 Olomouc, Czech Republic

Photon-number resolving detectors are capable to dis-
tinguish the number of photons in an incident light mode.
Detection with photon-number resolution represents a
crucial technique for many quantum optics applications,
especially in the field of quantum information processing.
Unfortunately, common on-off photodetectors such as
avalanche photodiodes and photomultiplier tubes are not
able to distinguish among photon-number states, even
approximatelly in a limited range of photon numbers. Us-
ing several on-off detectors without photon-number reso-
lution the photon-number resolving detector can be emu-
lated. After dividing an incident light signal uniformly to
several spatial modes they can be detected by an array of
on-off detectors [1]. The number of used on-off detectors
can be reduced by means of time multiplexing instead of
the spatial one [2, 3].

FIG. 1: Scheme of the eight-port photon-number resolving
detector based on optical-fiber time-multipled device and a
pair of on-off photodetectors with single-photon sensitivity.
The basic element of the design is a fused 2×2 single-mode
fiber splitter that divides an incident optical signal into two
parts with approximately the same energy. After being di-
vided the signal is delayed in one channel by time delay τ .
The first output port of the splitter is directly connected to
the next splitting stage while an optical fiber with a proper
length is inserted at the output of the second port. The next
splitting stage is constructed in the same way but with the
time delay 2τ . Repeating the splitting stage three times the
eight equidistant channels separated by time τ occur at the
output, one half at the first output port of the last splitter and
one half at the second one. The signals at the output ports
are detected by two avalanche photodiodes (APDs), summed,
and time-of-flight analyzed.

The goal of our work [4] is twofold. First the eight-
port photon-number resolving detector is optimized for

as small differences among relative probabilities of pho-
ton detection in individual output channels as possible.
Non-ideal fiber splitters and other fiber components are
used in a specific order and orientation which consider-
ably improves the uniformity and makes the whole de-
tector almost perfectly balanced. The measured relative
detection probabilities of the detector channels yield the
entropy S = 0.9991±0.0045 and the maximum deviation
δp = 1.25% from the uniform distribution.

Further, the total detection efficiency of the detector
is optimized by improving the transmittance T of the
optical-fiber time-multiplexed device. The transmittance
(92.85±0.02)% measured in our experiment can be com-
pared to transmittance of 56% reached previously [3].
Using carefuly selected avalanche photodiodes the total
detection efficiency of the detector reaches 65% and the
detector can be directly used to generate and measure
highly nonclassical states of light.
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FIG. 2: Measured response function of the developed detector
to weak coherent light pulses with Poissonian statistics with
mean photon number of one photon per pulse at the input
port of the detector. The eight distinct well-separated detec-
tion channels (light gray) are apparent in time-of-flight data.
The detection probabilities of the particular channel span sev-
eral 5 ns time-bins (green) due to the time uncertainty of the
time-of-flight spectrometer and the source-detector jitter.
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et. al., Phys. Rev. A 67, 061801(R) (2003); O. Haderka et
al., Eur. Phys. J. D 28, 149 (2004).

[3] D. Achilles et al., Opt. Lett. 28, 2387 (2003); M. J. Fitch
et al., Phys. Rev. A 68, 043814 (2003); D. Achilles et al.,
Phys. Rev. Lett. 97, 043602 (2006).
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Three methods of processing data obtained from an
iCCD camera have been elaborated and improved, na-
mely one-threshold method, two-thresholds method, and
method using statistical description of a detection event
[1]. These methods serve for isolating noise in experi-
mental data and giving the best information about real
detection events [2]. A new iCCD camera detecting at
560 nm has been tested [3]; it provides about 3 times
higher quantum detection efficiency compared to the ol-
der one. Software for processing raw experimental data
from the camera has been designed. In parallel, measure-
ment of absolute detection quantum efficiency based on
pairwise character of the signal and idler fields has begun.
Two schemes for obtaining absolute detection efficiency
have been suggested and are going to be implemented
experimentally and subsequently compared. A new va-
riant of fiber-loop photon-number-resolving detector has
been built and characterized [4]. It will be exploited in
photon-number measurements during the next year.

Photon-number statistics in parametric down-
conversion [5] as well as in a more complex process
involving two χ(2) processes have been measured and
analyzed [6, 7]. Both iCCD cameras and ultra-sensitive

photodiodes have been used. Experimental data have
been analyzed along the model of multi-mode genera-
lized superposition of signal and noise. Sub-shot-noise
reduction in the difference of photon numbers has been
demonstrated. Also quasi-distributions of integrated
intensities have been derived and their behavior has been
found to be non-classical [8, 9]. Especially, oscillations
and negative values in these quasi-distributions have
been revealed. The possibility of generating states
entangled in photon numbers using post-selection from a
three-mode state has been discussed and experimentally
tested [6].

Model for the determination of an entanglement area
has been developed [10]; it also includes pump-field pa-
rameters including waist width. Improvement in experi-
mental setup that resulted in serious noise reduction has
enabled to obtain high-quality data giving entanglement
areas under different conditions. A good agreement be-
tween experiment and theory has been found [11].
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Progress in the field of new sources of entangled photon
pairs has also been reached. A detailed analysis of proper-
ties of photon pairs generated from a nonlinear wavegu-
ide with perpendicular pumping and counter-propagating
signal and idler fields has been done [1]. Nonlinear laye-
red structures with randomly positioned boundaries have
been analyzed. Very narrow signal and idler field emission
spectra represent their most striking feature. Because of
spectral narrowness, signal and idler photons are nearly
un-entangled. However, photon pairs generated at diffe-
rent emission angles can be superposed and new states
interesting, e.g., for quantum computation, can be obta-
ined [2]. Also nonlinear surface effects at boundaries of
two dielectrics have been studied using a new method for
the description of spontaneous down-conversion [3]. It has
been shown that nonlinear effects at boundaries enhance

photon-pair generation rates under conditions that have
been defined. These conditions are met in usual layered
structures where enhancement by factor of 2 can be ob-
served.

In theory, quantum statistical properties of a superpo-
sition of displaced two-mode vacuum and single-photon
states have been obtained. Also superposition of squee-
zed displaced two-mode vacuum states and single-photon
states have been studied determining intensity correlati-
ons, Cauchy-Schwarz inequality, quadrature squeezing,
and quasi-distributions [4].
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White-light interferometry measuring optically rough
surface shows an error caused by surface roughness [1, 2].
This error has a statistical character and is nonzero even
if the determination of the contrast maximum of the in-
terferogram were completely accurate. The amplitude of
light reflected from an optically rough surface consists of
many contributions originating from the scattering cen-
ters within the optical resolution cell. That is why the
image of the surface is speckled. The different heights
of scattering centers provide that the individual contri-
butions experience different optical paths. The different
optical paths together with the different amplitudes give
rise to the measurement error of the surface location.

The distribution of the error caused by surface rough-
ness tends to the normal distribution with zero mean.
The standard deviation of this distribution is the mea-
surement uncertainty.

If the spectral width of the light source or the surface
roughness exceeds a certain limit, the speckle pattern be-
comes decorrelated. The result of a decorrelated speckle
pattern is a distorted interferogram.

In the case of undistorted interferograms, the measure-
ment uncertainty is given by a known realation which has
been determined analytically for quasi-monochromatic
light. It shows up that this relation is valid even for
large spectral widths. In the case of distorted interfer-
ograms, the measurement uncertainty can surprisingly
assume smaller values than in the case of undistorted
interferograms if the center of gravity is taken as the po-
sition of the interferogram. In this case the measurement
uncertainty decreases with the increasing spectral width
of the light source.

Modern physics or more precisely optics already allows
to measure quantitative parameters of object with resolu-
tion smaller than one micrometer. In the area of speckle

metrology a way [3] how to modify original speckle pat-
tern correlation measurement method is designed. The
way increases a sensitivity of detection of translation of
speckle field up to the orders of the wavelength of used
light. Hence the proposed modification of the method
increases a sensitivity of measurement of components of
a small-deformation tensor that describe the deformation
state of the elementary area of object’s surface under in-
vestigation.

Research in the area of fractal optics shows ways how
to influence spatial distribution of a light beam at the
required distance from a transparent filter by means of
suitable choice of regular or random fractal transparent
filter [4]. It is proved that a negative or spatial light mod-
ulator is possible to use as equivalent of the transparent
filter and achieved diffraction patterns demonstrate again
fractal properties.

When a diffractal encounters diffusely reflective ob-
ject’s surface a field with fractal properties arises [4]. Ac-
cording to [4] the random diffractals generated by fractals
of different dimensions produce fractal speckles. As pre-
sented in [5] these fractal speckles have the same the first
order statistics as an order speckle pattern. This result is
important for another way of modification of the speckle
pattern correlation measurement method from the point
of view of change of its measurement resolution by fractal
speckle.

Finally the research into the speckle correlation
method running up to now also resulted in design of de-
vice for non-contact detection and quantitative evalua-
tion of movement of the human eyeball [6]. This device
is useful for general physical objects, too.
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[2] P. Pavĺıček, “Influence of surface roughness on the mea-
surement uncertainty of white-light interferometry,” in
16th Polish - Slovak - Czech Conference on Wave and

Quantum Aspects of Contemporary Optics, Proc. of SPIE
(in print).
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ison of the first order statistics of fractal and order speckle
pattern,” Optik (Under Review).
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