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WORKSHOP ON CURRENT PROBLEMS IN PHYSICS
(Lviv, 25�27 October 2021)

On 25�27 October 2021, the Physics Faculty of the Ivan Franko National University of Lviv hosted the
Workshop on Current Problems in Physics. Representatives from scienti�c institutions of Ukraine and
Poland participated in the Workshop, which was the thirteenth meeting of this series. The talks covered
quantum mechanics, condensed matter physics, statistical physics, astrophysics, and some other subjects.
The abstracts of the presentations are given below.

OPERATOR EXPANSIONS, LAYER SUSCEPTIBILITY AND TWO-POINT FUNCTIONS

M. A. Shpot
Institute for Condensed Matter Physics, Lviv, Ukraine,

e-mail: shpot.mykola@gmail.com

It appears that in boundary conformal �eld theories in general d dimensions (BCFTd), there exists a
one-to-one correspondence between the boundary operator expansion of the two-point correlation function
G(x, x′) in terms of boundary conformal blocks and a series expansion of the layer susceptibility χ(z, z′)
in powers of the variable ζ = z/z′. This general property allows direct identi�cation of the boundary-
operator spectrum and expansion coe�cients from the layer susceptibility. Moreover, it opens a new way
for e�cient calculations of two-point correlators in BCFTs.
As an example, an explicit expression is derived for the correlation function G(x, x′) = ⟨ϕi(x)ϕi(x′)⟩

of the O(N) model at the extraordinary transition in d = 4 − ε dimensional semi-in�nite space to order
O(ε). Through the bootstrap equation, the bulk operator product expansion of G(x, x′) gives access to
the spectrum of the bulk CFT. Thus, the averaged anomalous dimensions of scalar composite operators of
the O(N) model are obtained, to order O(ε2). They agree with the known results both in ε and large-N
expansions.

SPECTRAL SINGULARITIES IN ROTATION-TIME-SYMMETRIC AND PASSIVE
PARITY-TIME-SYMMETRIC SYSTEMS

G. Chimczak
Institute of Spintronics and Quantum Information, Faculty of Physics,

Adam Mickiewicz University, Pozna�n, Poland
e-mail: chimczak@amu.edu.pl

There is increasing interest in investigating non-Hermitian systems, which can display spectral singulari-
ties known as exceptional points (EP). Typically, researchers investigate quantum systems exhibiting
parity-time (PT) symmetry, which have balanced loss and gain terms, to �nd EPs. However, incoherent
gain terms are not easy to implement experimentally, and therefore, PT-symmetric systems are not perfect
for �nding and investigating EPs. On the other hand, the emergence of EPs is not limited to PT-symmetric
systems.
In this talk, I am going to discuss how to �nd passive quantum systems which are described by Hami-

ltonians involving only loss terms. I am going to show that the frame in which the eigenstates scale with
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time, which we call Equilibrium Frame, is very useful in this task [1]. I am also going to introduce Rotation-
Time symmetry, which is a generalization of PT symmetry [2], to broaden the class of Hamiltonians, in
which one can easily expect the emergence of EPs.

[1] G. Chimczak, A. Kowalewska-Kud laszyk, E. Lange, K. Bartkiewicz, preprint arXiv:2008.06532 (2020).
[2] E. Lange, G. Chimczak, A. Kowalewska-Kud laszyk, K. Bartkiewicz, Sci. Rep. 10, 19906 (2020).

ESTIMATION OF ENERGY LEVELS OF SPIN SYSTEMS ON IBM'S QUANTUM COMPUTER
THROUGH THE STUDIES OF MEAN VALUE EVOLUTION

Kh. P. Gnatenko1,2, H. P. Laba3, V. M. Tkachuk1
1Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine
2SoftServe Inc., Austin, TX, USA,

3Department of Applied Physics and Nanomaterials Science,
Lviv Polytechnic National University, Lviv, Ukraine

e-mail: khrystyna.gnatenko@gmail.com

The method for estimation of the energy levels of spin systems on a quantum computer based on the
studies of evolution of mean value is proposed [1,2]. On the basis of the obtained result, the energy levels
of spin systems (a spin in the magnetic �eld, a spin chain in the magnetic �eld, Ising model on squared
lattice) have been detected on IBM's quantum computers [3]. The method opens a possibility to achieve
quantum supremacy in solving the eigenvalue problem for many-spin systems with the development of
multi-qubit quantum computers.

[1] Kh. P. Gnatenko, H. P. Laba, V. M. Tkachuk, preprint arXiv:2108.08873 (2021).
[2] Kh. P. Gnatenko, H. P. Laba, V. M. Tkachuk, preprint arXiv:2109.11400 (2021).
[3] IBM Quantum; https://quantum-computing.ibm.com.

EFFECT OF SILVER CO-DOPING ON ENHANCEMENT OF THE Pr3+ LUMINESCENCE IN
Li2B4O7 GLASS

I. I. Kindrat1, B. V. Padlyak1,2, R. Lisiecki3, A. Drzewiecki1, V. T. Adamiv2, I. M. Teslyuk2
1University of Zielona G�ora, Institute of Physics,

Division of Spectroscopy of Functional Materials, Zielona G�ora, Poland,
2Vlokh Institute of Physical Optics, Department of Optical Materials, Lviv, Ukraine,

3Institute of Low Temperature and Structure Research of the Polish Academy of Sciences,
Division of Optical Spectroscopy, Wroc law, Poland

Spectroscopic and luminescent properties of the Pr-doped and Pr-Ag co-doped borate glasses of
Li2B4O7 (Li2O�2B2O3) composition are studied and discussed [1] using electron paramagnetic resonance
(EPR), optical absorption, luminescence (emission, excitation, decay kinetics) spectroscopy, and Judd-
Ofelt analysis. Optical absorption spectra of the investigated glasses reveal several 4f �4f absorption
bands of the Pr3+ (4f2, 3H4) ions. Silver co-doping leads to a signi�cant increase in optical absorption in
the visible and partly NIR regions due to e�ects of light scattering and surface plasmon resonance (SPR)
absorption induced by silver nanoparticles.
The orange-red Pr3+ emission band with a maximum at 601 nm (1D2 → 3H4 transition) and lifetime 22

µs dominates in the luminescence spectra. An increase in the intensity of the Pr3+ luminescence by 40 %
and 3�4 times was observed in the Li2B4O7:Pr,Ag glass upon excitation respectively at 445 nm (3H4 →
3P2 transition) and di�erent photoexcitation in the UV region. Based on the obtained experimental
results and the Judd�Ofelt theory we calculated experimental and theoretical oscillator strengths (fexp
and ftheor), phenomenological parameters (Ω2, Ω4, and Ω6), radiative properties (Arad, β, τrad), and
quantum e�ciencies (η) of the Pr3+ luminescence.
Presence of the isolated Ag+ (4d10, 1S0) ions, small non-plasmonic Ag aggregates (Agn+m nanoclusters),

and plasmonic Ag metallic nanoparticles in the Li2B4O7:Pr,Ag glass was proposed based on the detailed
analysis of optical absorption, luminescence spectra and decay curves. The observed enhancement of
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luminescence intensity and the increase in the stimulated emission cross-section and quantum e�ciency
of luminescence in the Li2B4O7:Pr,Ag glass are explained by the energy transfer from single Ag+ ions
and Ag aggregates to the Pr3+ ions as well as the local-�eld e�ect induced by Ag metallic nanoparticles.
Silver co-doping is a promising approach to improving luminescent properties of the Pr3+ ions in borate
glasses.

[1] I. I. Kindrat, B. V. Padlyak, R. Lisiecki, A. Drzewiecki, V. T. Adamiv, J. Lumin. 241, 118468 (2022).

LASER-INDUCED SELF-ORGANIZATION IN AMORPHOUS-NANOCRYSTALLINE MATERIALS

S. I. Mudry, Y. S. Nykyruy
Department for Metal Physics, Ivan Franko National University of Lviv, Ukraine

In condensed matter physics, an amorphous material is a solid that lacks the long-range order.
Amorphous metals can be produced though extremely rapid cooling (in the order of 106 K/s). The rapid
cooling is too fast for crystals to form, resulting in disordered atomic-scale structure. The amorphous state
is metastable and the processes of self-organization of the structure occur under external in�uences. The
metastable con�guration of the atoms gives the material the possibility to choose one pathways among
many to change its free energy when, by providing some energy, the system is pushed to modify the
quasi-equilibrium states in one of the multiple states of higher/lower energy. The self-organization leads
to a new structure of the non-crystalline materials, the so-called nanostructure. Self-organization such
as nanocrystallization or, in some cases, formation of laser-induced periodic surface structures (LIPSS),
takes place in nonequilibrium conditions under laser irradiation.
Our research is devoted to the impact of laser irradiation (wavelength 1060 nm) on the structure

evolution of amorphous FeNbCuSiB, CoFeMnMoBSi, and AlNiSi alloys [1, 2, 3]. In irradiated zones and
surroundings, di�erent structural transformations occurred depending on the laser parameters. Structure
and phase transitions have been studied using X-ray di�raction, AFM and SEM methods.
LIPSS is a phenomenon of self-organized formation by linearly polarized ultrashort laser pulses with

the duration about pico- or femtoseconds. LIPSS were observed on the surfaces of numerous materials
including amorphous metal alloys [4]. LIPSS have gained an increasing attention since these structures
allow surface nanostructuring and functionalization of optical, mechanical, and chemical surface properties.

[1] S. I. Mudry, Y. S. Nykyruy, Mater. Sci. Poland 32, 28 (2014).
[2] S. I. Mudry, Y. S. Nykyruy, M. Lapinski, Mater. Sci. Poland 38, 526 (2020).
[3] Y. S. Nykyruy, S. I. Mudry, Y. O. Kulyk, S. V. Zhovneruk, Lasers Manuf. Mater. Process. 5 31 (2018).
[4] Y. Nykyruy, S. Mudry, I. Shtablavyi, I. Gnilitskyi, Appl Nanosci. (2021); https://doi.org/10.1007/s13204

-021-01866-9.

PHOTOIONIZATION MODELLING OF NEBULAR OBJECTS WITH DETAILED CALCULATION
OF THE DIFFUSE IONIZING RADIATION TRANSFER

O. Buhajenko, B. Melekh
Department for Astrophysics, Ivan Franko National University of Lviv, Ukraine

e-mail: bohdan.melekh@lnu.edu.ua

We have developed the code Di�RaY-3D [1] for solving the radiation transfer equation in nebular
plasmas along any direction during further integration over a 3D volume. In present investigations, we
coupled Di�Ray 3D with popular photoionization code Cloudy [2]. The approach was tested on the photoi-
onization modeling (PhM) of �simple� planetary nebulae as well as HII regions with homogeneous density
distribution and spherical-symmetry assumption. The obtained ionization structure of these objects was
compared with the one calculated on the basis of the usually used Outward Only approximation [3]. The
impact of the selected method for di�use ionizing radiation treatment on the ionization structure and
output emission lines spectra was investigated. Important conclusions regarding the e�ciency of approxi-
mate methods for di�use ionizing radiation (DIR) calculation in the case of homogeneous models were
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done. The same analysis of the impact of the selected method of DIR calculation on photoionization
modeling results was performed for the models of planetary nebulae with inhomogeneous structure [4].
Based on the results, conclusions about the necessity for a detailed approach for DIR calculation in the
case of objects with inhomogeneous density distribution were made. A detailed method of calculating di-
�use ionizing radiation was also used for PhM of optimal models of symbiotic novae shells. It is shown that
Outward Only approximation can be used in the case of such compact objects in spite of the inhomogeneity
of radial density distribution.
Also, a new approach to investigating the nebular components of dwarf galaxies with the active star

formation was introduced. The approach is based on multicomponent photoionization modeling (MPhM)
[5�6] using the results of chemo-dynamical simulations [7] as input parameters for the determination of
electron density and temperature distributions in the superwind region as well as chemical abundance
distribution. As a result of the MPhM calculation using the detailed method of DIR calculation, spatial
maps of emissivities and opacities were obtained. These maps were used to obtain synthetic emission
lines spectra for di�erent aperture positions. The obtained spectra were analyzed and compared to the
corresponding observation results.
The reliability of the �classic� Te-method [8�9] as well as popular calibration approaches (P, N2, O3N2,

R3D, S3D, R2D, S2D) [10�17] to determine the oxygen abundance in these objects was estimated in
the following way. The emission line spectra for various positions of the synthetic aperture obtained as
results of both MPhM methods were used to determine the oxygen abundance by various mentioned above
diagnostic methods. The obtained values were compared with those adopted during MPhM from ChDS
results, averaged over volume and weighted by emissivity as well as mass. In such way we evaluated the
reliability of each of the abovementioned diagnostic methods to determine the oxygen abundance in the
nebular environment of the star-forming dwarf galaxies.

[1] O. S. Buhajenko, B. Ya. Melekh, Adv. Astron. Space Phys. 8, 3 (2018).
[2] G. J. Ferland, Hazy, a Brief Introduction to Cloudy (University of Kentucky, Physics Department Internal

Report 200, 2005), http://www.nublado.org.
[3] C. B. Tarter, Ph. D. Thesis (Cornell University, 1967).
[4] V. V. Golovatyi, Y. F. Mal'kov, Sov. Astron. 36, 599 (1992).
[5] B. Melekh, S. Recchi, G. Hensler, O. Buhajenko, Mon. Not. R. Astron. Soc. 450, 111 (2015).
[6] B. Melekh, S. Recchi, G. Hensler, O. Buhajenko, Mon. Not. R. Astron. Soc. 502, 1048 (2021).
[7] S. Recchi, G. Hensler, Astron. Astrophys. 551, A41 (2013).
[8] B. E. J. Pagel, E. A. Simonson, R. J. Terlevich, M. G. Edmunds, Mon. Not. R. Astron. Soc. 255, 325 (1992).
[9] L. S. Pilyugin, J. M. V��lchez, T. X. Thuan, Mon. Not. R. Astron. Soc. 370, 1928 (2006).
[10] M. G. Edmunds, B. E. J. Pagel, Mon. Not. R. Astron. Soc. 211, 507 (1984).
[11] S. S. McGaugh, Astrophys. J. 380, 140 (1991).
[12] H. A. Kobulnicky, R. C. Kennicutt, Jr., J. Pizagno, Astrophys. J. 514, 544 (1999).
[13] L. S. Pilyugin, Astron. Astrophys. 362, 325 (2000).
[14] L. S. Pilyugin, Astron. Astrophys. 369, 594 (2001).
[15] G. Denicolo, R. Terlevich, E. Terlevich, Mon. Not. R. Astron. Soc. 330, 69 (2002).
[16] M. Pettini, B. E. J. Pagel, Mon. Not. R. Astron. Soc. 340, L59 (2004).
[17] L. S. Pilyugin, E. K. Grebel, Mon. Not. R. Astron. Soc. 457, 3678 (2016).

DIRAC δ-FUNCTION POTENTIAL IN QUASIPOSITION REPRESENTATION OF DEFORMED
SPACE WITH MINIMAL LENGTH

M. I. Samar, V. M. Tkachuk
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine

We consider the Dirac δ-function potential problem in the general case of deformed Heisenberg algebra
leading to the minimal length. In quasiposition representation we present an exact bound solution of
the problem. We obtain the condition for the energy spectrum, which similarly to the undeformed case,
consists of one energy level. We solve exactly the scattering problem for δ potential and derive expressions
for the re�ection and transition coe�cients. We �nd that for some resonance energy the incident wave is
completely re�ected. We conclude that this e�ect is very sensitive to the choice of deformation function.
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PREPARATION OF UNIFORM MAGNETIC NANOPARTICLE FILM USING THE SESSILE
DROPLET EVAPORATION METHOD

M. Mar�c, A. Drzewi�nski, W. Wolak, M. R. Dudek
Institute of Physics, University of Zielona G�ora, Poland

Processes of obtaining thin uniform �lms of nanoparticles are extremely important in manufacturing
�elds including protecting layers and functional materials. Sessile drop evaporation is one of the well-
known methods of nanoparticles deposition. During the evaporation of a pinned sessile droplet, an outward
capillary �ow appears. This phenomenon is induced by the higher rate of evaporation near the edge of the
sessile droplet and the fast loss of liquid there. Nanoparticles present in suspension are transported towards
the edge of the droplet, leading to the formation of a ring-like pattern, usually called the co�ee-ring e�ect
[1, 2]. In the present research, a stabile suspension of magnetic iron oxide nanoparticles was tested for
pattern formation during evaporation as a sessile droplet. The impact of the electric and magnetic �elds
on suppressing undesired ring-like deposit at the edge of droplet was investigated.

[1] A. Ren, F. Crivoi, F. Duan, Langmuir 36, 15064 (2020).
[2] R. D. Deegan et al., Nature 389, 827 (1997).

POTTS MODEL WITH INVISIBLE STATES ON A SCALE-FREE NETWORK

M. Krasnytska, P. Sarkanych
Institute for Condensed Matter Physics of NAS of Ukraine, Lviv, Ukraine,

L4 Collaboration & Doctoral College for the Statistical Physics of Complex Systems,
Leipzig�Lorraine�Lviv�Coventry, Europe

We investigate a critical behaviour of q-state Potts model with invisible states on an annealed scale-free
network (where the probability of a randomly chosen vertex having a degree k is governed by the power-
law P (k) ∝ k−λ). This model introduces r invisible states such that if spin lies in one of them, it does not
interact with the rest of the system (to describe the competition between the energy and the entropy) [1].
We con�rm the previously obtained results and conclusions, namely that the number of invisible states

can change the universality class of models on graphs, in particular, on a complete graph [2] or even on a
scale-free network [3], when the degree distribution decay exponent plays an important role.
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Figure. Phase diagrams for q-state Potts model in r-λ plane. In the lower (blue) region � only 2nd order phase
transition (PT) occurs; in the region in-between � 1st and 2nd order PT; in the upper region (yellow) only 1st

order PT [4].

[1] R. Tamura, S. Tanaka, N. Kawashima, Prog. Theor. Phys. 124, 381 (2010); preprint arXiv:1111.6509 (2011).
[2] M. Krasnytska, P. Sarkanych, B. Berche, Yu. Holovatch, R. Kenna, J. Phys. A: Math. Theor. 49, 255001 (2016).
[3] P. Sarkanych, M. Krasnytska, Phys. Lett. A 27, 125844 (2019).
[4] P. Sarkanych, M. Krasnytska, Potts model with invisible states: critical behaviour on a scale-free network

(under preparation).
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RELATION OF ENTANGLEMENT OF MULTI-QUBIT GRAPH STATES WITH A VERTEX
DEGREE AND ITS DETECTION ON A QUANTUM COMPUTER

N. A. Susulovska1,2
1Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine
2 SoftServe Inc.

Being an inherent feature of quantum mechanics, entanglement is widely exploited as a resource in a
range of quantum information schemes. Graph states have become a focus of many recent studies due
to their high degree and persistence of entanglement [1]. They �nd a variety of applications in quantum
computing, for instance in quantum error correction, quantum cryptography and quantum machine learni-
ng.
In the present study, we consider graph states obtained as a result of the action of controlled phase

shift operators on a separable multi-qubit state, in which all of the qubits are in arbitrary identical states
[2]. By using the de�nition of the geometric measure of entanglement to quantify the entanglement of
such states, we can easily evaluate this quantity on a quantum device [3], [4]. We derive an analytical
expression for the geometric measure of entanglement of an arbitrary qubit l with other qubits in a graph
state described by an arbitrary graph, which take the form

El =
1

2
− 1

2

√
sin2 θ

(
cos2

ϕ

2
+ sin2 ϕ

2
cos2 θ

)nl

+ cos2 θ.

Here nl denotes a degree of the corresponding graph vertex, ϕ is a parameter of the phase shift operator,
and θ is a parameter of the initial multi-qubit state this operator is acting on. Note, that the geometric
measure of entanglement depends on the absolute values of ϕ and θ. In order to demonstrate the
dependence of this quantity on the vertex degree [5], we examine graph states corresponding to graphs
of di�erent structure, namely the chain, the claw, and the complete graphs. According to the proposed
quantum protocols, these states are prepared on the IBM's quantum processor ibmq_athens [6], and the
geometric measure of entanglement of qubits corresponding to vertices of degrees 1, 2, 3, 4 with the rest
of the system is detected. The results of the quantum computations are in agreement with our theoretical
predictions. Deviation of experimental results from the analytical ones in the case of graph states with
the structure going beyond the architecture of the quantum device is caused by the accumulation of error
on an increasing number of quantum gates in the transpiled circuit.

[1] Wang Yuanhao, Li Ying, Yin Zhang-qi, Zeng Bei, npj Quant. Inf. 4, 46 (2018).
[2] Kh. P. Gnatenko, N. A. Susulovska, preprint arXiv:2106.10688v1 (2021).
[3] A. M. Frydryszak, M. I. Samar, V. M. Tkachuk, Eur. Phys. J. D 71, 233 (2017).
[4] A. R. Kuzmak, V. M. Tkachuk, Phys. Lett. A 384, 126579 (2020).
[5] Kh. P. Gnatenko, V. M. Tkachuk, Phys. Lett. A 396, 127248 (2021).
[6] IBM Q Experience; https://quantum-computing.ibm.com.

STUDY OF PHOTOLUMINESCENCE IN MONOCRYSTALS Gd3−xSmxGa5O12

U. Mostovoy1, T. Hrechukh1, M. Rudco1, O. Bilyi2
1Faculty of Physics, Ivan Franko National University of Lviv, Ukraine,

2Faculty of Electronics and Computer Technologies, Ivan Franko National University of Lviv, Ukraine

In recent years, oxide crystals activated by ions of three valence rare-earth ions have attracted attention
as materials for the creation of LEDs with a white spectrum of radiation. Typically, the white emission
color is achieved by combining in one matrix of phosphors that glow in the ultraviolet or near ultraviolet
with phosphors that glow in red, green and blue. At the same time, it is problematic to search for highly
e�cient phosphors with emission in the red region of the spectrum, which are chemically stable and have
strong absorption in the ultraviolet region. One such ion that meets these requirements is Sm3+, and
the matrix crystal, where the Sm3+ ions are placed, is an oxide crystal of the garnet-type structure,
which belongs to the hexagonal class of cubic syngony with the space group O10

h �Ia3d containing eight
A3B2C3O12 formula units per unit cell.
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We have studied the photoluminescence spectra in Gd3−xSmxGa5O12 single crystals with concentrations
of Sm3+ at 1.08×1021 and 2.2×1021 ions/cm3, which corresponded to the values of x = 0.25 and x = 0.5.
Luminescence spectra were recorded in the temperature range of 5�300 K in the spectral range of 500�
1100 nm. The energy structure of the Sm3+ Stark components in the studied spectral interval is presented.
The obtained data were compared with the data from [1] for Sm3Ga5O12 single crystals, and data [2] for
Gd3−xSmxGa5O12 crystals with concentrations of Sm3+ equal to 8.6×1019 and 4.3×1020 ions/cm3, which
corresponded to x = 0.02 and x = 0.1.

[1] A. I. Bilyi, A. E. Nosenko, V. M. Lukyantes, V. I. Litvinenko, J. Appl. Spectrosc. 41, 763 (1984).
[2] R. Lisiecki, W. Ryba-Romanowski, P. Solarz, M. Berkowski, Alloys Compd. 582, 208 (2014).

RADIAL DISTRIBUTION OF CHEMICAL ELEMENTS IN THE MILKY WAY GALAXY
OBTAINED USING PLANETARY NEBULAE ABUNDANCES

M. Kasheba1, B. Melekh2

Department for Astrophysics, Ivan Franko National University of Lviv, Ukraine,
1e-mail: myroslav.kasheba@lnu.edu.ua, 2e-mail: bohdan.melekh@lnu.edu.ua

We present the radial chemical abundance gradients of He/H, N/H, O/H, Ne/H, S/H, and Ar/H for
the Milky Way Galaxy obtained on the basis of planetary nebulae chemical compositions (PNe). These
compositions were calculated using emission line spectra of 164 galactic PNe. Emission line spectra of
observed PNe envelopes were taken from Karen Kwitter [1]. Also, we used distances to them from GAIA
DR2 [2]. The nebular diagnostic of these spectra was performed using PyNeb code [3]. We calculated these
models along the evolutionary tracks of PNe nuclei for two types of dust grains (carbonates and silicates)
as well as for various masses of progenitor stars using Gary Ferland's code Cloudy 17.01 [4]. We applied
three di�erent types of density distribution (Golovatyi-Mal'kov semi-empirical law [5], hydrodynamical
(private communication), and homogeneous). To take into account the unobservable ionization stages in
the PNe envelopes, the ionization-correction factors were obtained using photoionization modelling of
these objects. All models before usage were checked for reproduction of the observed spectra.

[1] R. B. C. Henry et al., Astrophys. J. 724, 748 (2010).
[2] S. Kimeswenger, D. Barria, Astron. Astrophys. 616, L2 (2018).
[3] V. Luridiana, C. Morisset, R. A. Shaw, Astron. Astrophys. 573, A42 (2015).
[4] G. J. Ferland et al., preprint arXiv:1705.10877v2 (2017).
[5] V. V. Golovatyi, Yu. F. Mal'kov, Astron. Zh. 69, 1166 (1992).

DOPPLEROGRAPHY OF THE TYCHO SUPERNOVA REMNANT

M. Patrii1, O. Petruk2
1Department for Astrophysics, Ivan Franko National University of Lviv, Ukraine,

2Pidstryhach Institute for Applied Problems of Mechanics and Mathematics, Lviv, Ukraine,
e-mail: maryana.patrii@gmail.com

Supernovae and their remnants play an important role in modern cosmology, neutrino astrophysics
and high-energy astrophysics. In the present study, the observational data of the Tycho Brahe supernova
remnant (SN 1572) obtained by the Chandra Space Observatory are analyzed. Using a special software
package for data analysis CIAO-4.12, images of the remnant have been produced for a number of photon
energy ranges, namely, for the two brightest lines of Silicon and Sulfur. The spectra of thermal and
synchrotron radiation from small regions over the whole SNR surface were extracted and analyzed. Using
respective spectral models � xsbremss and gauss1d � the spectra were �tted and main characteristics of
the lines were obtained. Based on the results of the research, and taking into account the Doppler e�ect,
a 2D distribution of the velocity along the line of sight of Si (1.6�2.1 keV) and S (2.3�2.6 keV) in stellar
ejecta was obtained. The constructed maps show a signi�cant asymmetry of the supernova explosion.
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PHOTOVOLTAIC EFFECT IN FERROELECTRIC [(Mg1/3Nb2/3)0.68Ti0.32]O3 CRYSTAL

U. Mostovoy1, B. Kundys2, V. Kapustianyk1, Yu. Eliyashevskyy1
1Faculty of Physics, Ivan Franko National University of Lviv, Ukraine,

2Institute de Physique et de Chemie des Matériaux de Strasbourg, France

Nowadays photovoltaic industry, which is based on semiconductor materials, faces the fundamental limit
of their e�ciency. The search for a new, completely di�erent approach to the conversion of solar energy into
electricity is a task that is very important for a signi�cant increase in the e�ciency of solar cells. Under such
circumstances, it is necessary to look for other pathways to perform charge separation in materials to make
the next generation of photovoltaics possible. One of them is investigation of new photovoltaic materials
for solar energy transformation based on the ferroelectric crystals. Existence of spontaneous polarization
in the ferroelectric crystals creates an electric �eld in the domains which can separate photogenerated
free charge carriers. Moreover, ferroelectric materials can achieve extremely high open circuit voltages
in comparison to the conventional semiconductor solar cells, since the maximum voltage that can be
produced by these devices is equal to the semiconductor electronic bandgap. Lead magnesium niobate
lead titanate (PMN-PT) family ferroelectric crystals with the general formula Pb[(Mg1/3Nb2/3)xTi1−x]O3

would be considered promising basic materials for the high voltage solar cells. These crystals possess large
photovoltaic e�ect[1,2].
The studied [(Mg1/3Nb2/3)0.68Ti0.32]O3 ferroelectric crystal of (001) orientation was supplied by

Crystal-Gmbh (Germany) in a rectangular shape with the edges along [010] and [100] directions. The
silver paste electrodes were deposited in the directions parallel and perpendicular to [001]. The dielectric
hysteresis loop was obtained at room temperature using an external electric �eld of an ultralow frequency.
The samples were illuminated using a 365 nm light emission diode produced by Thorlabs Inc. The
ferroelectric loops, time current, and time voltage measurements were performed using Keithley 6517A
electrometer.
We observed a signi�cant in�uence of the UV light on the ferroelectric properties of

[(Mg1/3Nb2/3)0.68Ti0.32]O3 crystal, which can be explained by the dynamics of the light generated
photocarriers in the internal electric �eld. Investigations of the ferroelectric loops under the in�uence
of light and in darkness demonstrated widening of the FE loops for [(Mg1/3Nb2/3)0.68Ti0.32]O3 crystal
under the UV illumination. The data obtained for parallel and perpendicular geometry of the UV light
illumination allowed us to understand the origin of the photovoltaic e�ect in this material. The time
dependence of a photovoltage reveals large photovoltaic response of the investigated sample with a jump-
like increase in the signal under the UV illumination of the sample.

Acknowledgment: This work was supported by the Ministry of Education and Science of Ukraine.

[1] A. S. Makhort, F. Chevrier, D. Kundys, B. Doudin, B. Kundys, Phys. Rev. Mater. 2, 012401 (2018).
[2] A. Makhort, G. Schmerber, B. Kundys, Mat. Res. Express 6, 066313 (2019).

INVESTIGATION OF HEISENBERG SPIN SYSTEMS ON AN IBM'S QUANTUM COMPUTER

S. Tymyk
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine
e-mail: xsvtsx@gmail.com

The Heisenberg spin system is studied. Namely, an expression that describes the evolution of this
system over time is obtained. An analytical expression was obtained for the geometric measure of the
entanglement of the spin system, and the corresponding graphs of the entanglement dependence were
built. A quantitative estimate for the geometric measure of entanglement is carried out by implementing a
scheme of the evolution operator using quantum logic elements. The mean value of the spin is measured on
a quantum computer. The results obtained for the geometric measure of the entanglement on a quantum
computer are in agreement with the theoretical ones.
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FILTRATION OF NANOPARTICLE AGGLOMERATES IN AQUEOUS COLLOIDAL SUSPENSIONS
EXPOSED TO AN EXTERNAL RADIO-FREQUENCY MAGNETIC FIELD

M. Mar�c, A. Drzewi�nski, W. Wolak, L. Najder-Kozdrowska, M. R. Dudek
Institute of Physics, University of Zielona G�ora, Poland

The study investigated the phenomenon of fast aggregation of single-domain magnetic iron oxide
nanoparticles in stable aqueous colloidal suspensions due to the presence of a radio-frequency (RF)
magnetic �eld. Single-domain nanoparticles have speci�c magnetic properties, especially the unique
property of absorbing the energy of such a �eld and releasing it in the form of heat. The localized heating
causes the colloid to become unstable, leading to faster agglomeration of nanoparticles and, consequently,
to rapid sedimentation. It has been shown that the destabilization of a stable magnetic nanoparticle
colloid by the RF magnetic �eld can be used for the controlled �ltration of larger agglomerates of the
colloid solution [1]. Two particular cases of stable colloidal suspensions were considered, a suspension of
the bare nanoparticles in an alkaline solution and the silica-stabilized nanoparticles in a neutral solution.
The obtained results are important primarily for biomedical applications and wastewater treatment.

[1] M. Mar�c, A. Drzewi�nski, W. Wolak, L. Najder-Kozdrowska, M. R. Dudek, Nanomaterials 11, 1737 (2021).

ON THE POSSIBILITY OF DETECTION OF MOLECULAR EMISSION FROM THE FIRST
BILLION YEAR UNIVERSE

B. S. Novosyadlyj
Ivan Franko National University of Lviv

After the cosmological recombination and before the birth of the �rst stars, during about a billion years,
the Universe was dark and cold. Is it possible to detect some signal from there? Yes, recently EDGES has
detected an absorbtion line in the redshifted hyper�ne hydrogen 21-cm line. But, is it possible to detect
molecular emission from the �rst billion year Universe? To answer this question, we study the creation
and destruction of �rst molecules in the �rst billion year Universe life (redshift range 100 < z < 10) and
the emission of protogalaxy halos in the cosmic microwave background. We estimate the upper limits of
the energy density of the �rst light for four models of thermal light evolution in the Cosmic Dawn using
the observational constraints on the re-ionization of the intergalactic medium. We estimate its impact on
the creation/destruction of �rst molecules as well as on the brightness temperature of protogalaxy halos
in the ro-vibrational transitions (microwave range of wavelength) of the most abundant molecules H2,
HD and HeH+. The results show that molecules H2 and HD are destroyed by photodissociation processes
long before the full re-ionization in the interhalo medium, in the medium of both types of halos, and for
all models of the �rst light. Meanwhile, the number density of HeH+ molecules illustrates an essentialy
more complicated dependence on the kinetic temperature of halos and the model of the �rst light. The
time-dependence of the di�erential brightness temperature of protogalaxy halos mainly follows the number
density of molecules and the kinetic temperature of baryonic matter. Therefore, the observations of the
Dark Ages and Cosmic Dawn halos in the lines of the �rst molecules may be an informative probe into
physical processes at the beginning of the �rst stars and galaxy formation in the �rst billion year Universe.

UNIVERSAL CAUSAL SEPARABILITY CRITERION

G. Skorobagatko
Institute for Condensed Matter Physics of National Academy of Sciences of Ukraine, Lviv

e-mail: gleb.a.skor@gmail.com

The search of the most universal and physically transparent forms of separability tests for arbitrary
density matrices represents one of the most fundamental challenging problems in modern quantum
entanglement theory [1]. Especially, the applicability of the most famous Peres�Horodecki criterion of
separability is restricted by two-qubits density matrices only [2,3], while its general physical background
has not been yet clari�ed. However, recently a general solution of this common separability problem has
been proposed by the author in Ref. 4. Here, the general physical background of the Peres�Horodecki
positive partial transpose (PPT-) separability criterion has been revealed [4] for the �rst time. Especially,
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the general physical sense of partial transpose operation was shown to be equivalent to what one could call
the �local causality reversal� (LCR-) procedure for all separable quantum systems, or to the demonstration
of a global time arrow direction uncertainty in all entangled cases [4]. Using these two universal causal
considerations, two brand new fundamental universal probabilistic relations which encode a new heuristic
causal separability criterion have been proposed for density matrices of arbitrary (even in�nite) dimensi-
onality DN , describing arbitrary ensembles of N quantum systems of D eigenstates each [4]. Resulting
general formulas have been then analyzed for the widest special type of one-parametric density matrices of
arbitrary dimensionality, those modelling number N of equivalent quantum subsystems of dimensionality
D in each subsystem's Hilbert subspace, being all equally connected (EC-) with each other to an arbitrary
degree by means of a single entanglement parameter p (see Ref. 4). As the result, a number of remarkable
features of the entanglement thresholds pth(D,N) for such EC-density matrices have been described for
the �rst time in Ref. 4. All novel results obtained for the family of arbitrary EC-density matrices are shown
to be applicable to a wide range of both interacting and non-interacting (at the moment of measurement)
multi-partite quantum systems, such as arrays of qubits, spin chains, ensembles of quantum oscillators,
strongly correlated quantum many-body systems, etc. (see Ref. 4 for details).

[1] R. Horodecki, P. Horodecki, M. Horodecki, K. Horodecki, Rev. Mod. Phys. 81, 865 (2009).
[2] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).
[3] M. Horodecki, P. Horodecki, R. Horodecki, Phys. Lett. A 223, 1 (1996).
[4] G. Skorobagatko, Sci. Rep. 11, 15866 (2021).

MODELING AND MEASUREMENT OF SPIN-1 ON A QUANTUM COMPUTER

A. R. Kuzmak
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine
e-mail: andrijkuzmak@gmail.com

The register of quantum computers consists of a set of two-level quantum systems (qubits). To simulate
one spin-1 on a quantum computer, two qubits have to be used. We propose protocols which allow one
to measure the mean value of spin-1 and to measure the correlations between two certain spins. On the
IBM quantum computer, we prepare the evolution of spin-1 in the magnetic �eld and measure its mean
value. Also we prepare a system of two interaction spins and measure the correlations between them.

TWO-SPECIES REACTION-DIFFUSION SYSTEM WITH L�EVY FLIGHTS

D. Shapoval1, V. Blavatska, M. Dudka
Institute for Condensed Matter Physics of National Academy of Sciences of Ukraine, Lviv, Ukraine

L4 Collaboration & Doctoral College for the Statistical Physics of Complex Systems,
Leipzig�Lorraine�Lviv�Coventry,
1e-mail: shapoval@icmp.lviv.ua

We analyze a two-species reaction-di�usion system with reactions A+A → (0, A) and A+B → A, where
both species are performing L�evy �ights. The L�evy �ight is a random walk in which the step-lengths obey
a L�evy distribution P (r) = r−d−σ (a heavy-tailed probability distribution), with the control parameter
0 < σ < 2. Previous studies of the ordinary di�using Brownian particles have shown that for such reaction-
di�usion system both the B particle density [1] and the correlation function BB [2] are characterized by
nontrivial universal exponents that include an anomalous dimension for d ≤ dc (�uctuation-dominated
kinetics). Applying the renormalization group formalism [3], we calculate the decay exponents of the B
particle decay and the correlation function BB below the critical dimension in the case of the L�evy �ights.
As in previous studies with the short-range di�usion hops, the two-species reaction-di�usion system with
L�evy �ights also exhibits an anomalous dimension in the B particle density and the BB correlation
function resulting from the renormalization of the �eld associated with the B particles and the square of
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the �eld, respectively. The numerical simulations of the process are performed as well, and the quantitative
estimates of the decay exponents obtained are in good agreement with our analytical results [4].

[1] R. Rajesh, O. Zaboronski, Phys. Rev. E 70, 036111 (2004).
[2] B. Vollmayr-Lee, J. Hanson, R. S. McIsaac, J. D. Hellerick, J. Phys. A: Math. Theor. 51, 034002 (2018); ibid.

53, 179501 (2020).
[3] U. C. T�auber, Critical Dynamics: A Field Theory Approach to Equilibrium and Non-Equilibrium Scaling Behavi-

or (Cambridge University Press, Cambridge, 2014).
[4] D. Shapoval, V. Blavatska, M. Dudka, in preparation (2021).

FINDING EIGENENERGIES AND EIGENFUNCTIONS OF A QUANTUM MECHANICAL
SYSTEM OF BARRIERS AND WELLS IN THE QUANTUM MECHANICAL IMPEDANCE

APPROACH

O. Hryhorchak
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine

It was shown how the relation between Green's function and a quantum wave impedance function can
be applied for �nding eigenenergies and eigenfunctions of a quantum mechanical system of barriers and
wells. As the illustration, three di�erent approaches, namely a classical approach based on a direct solving
of the Schr�odinger equation, a transfer matrix method, and a quantum wave impedance technique are
used for the calculation of eigenenergies and eigenfunctions of a nonsymmetric single well. A comparison
of these approaches gives the possibility to clarify advantages and drawbacks of each method.

OPTICAL PROPERTIES OF DOPED LiNH4SO4 CRYSTALS IN β-MODIFICATION

O. Kostetskyi1, R. Brezvin1,V. Stadnyk1, M. Rudysh1,2,3,4, P. Shchepanskyi1,2,4
1Faculty of Physics, Ivan Franko National University of Lviv, Ukraine

2Department of Theoretical Physics, Jan D lugosz University in Cze�stochowa, Poland,
3Lesya Ukrainka Volyn National University, Lutsk, Ukraine

4General Physics Department, Lviv Polytechnic National University, Ukraine

The aim of this study was to elucidate the mechanism of the Mn ion impurity e�ect on the
optoelectronic parameters of β-modi�cation LiNH4SO4 (LAS) crystals and to establish the dependence of
the temperature-spectral behavior of the refractive index and birefringence on the impurity concentration.
The impurity lithium ammonium sulfate crystals in β-modi�cation were obtained by growth from

the aqueous solution through slow evaporation of the solvent at a constant temperature of 318 K. The
dispersion of refractive indices ni was studied using the immersion and spectroscopic Obreimov methods.
Temperature-spectral changes of birefringence ∆ni were studied using the spectroscopic method, which
allows one to study the dispersion simultaneously in a wide spectral and temperature ranges. Studies of
the refractive indices dispersion dependences of β-LAS with manganese impurity at room temperature
showed that in the 300�700 nm spectral range the dispersion ni(λ) is normal (dn/dλ < 0) for three
light polarizations E ||X, E ||Y and E ||Z and increases sharply as it approaches the absorption edge. The
introduction of the impurity does not change the speci�cs of the spectral changes of the refractive indices
for the three polarizations, but leads to an increase in their absolute values. Since the introduction of the
Mn impurity increases the refractive indices in di�erent directions unequally, it leads to an increase in the
anisotropy of the optical indicatrix. This is con�rmed by the increase in the An�1 coe�cient (to 19 · 10�3),
which characterizes the anisotropy of the electronic subsystem. Temperature changes of birefringence of
β-LAS:Mn showed that it is quite sensitive to temperature changes in all directions

Acknowledgments: The study was performed within the framework of the project 2020.02/0211 of
the National Research Foundation of Ukraine �Experimental and theoretical study and prediction of the
photoelastic properties of crystalline materials for devices of electromagnetic radiation control�.
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INFLUENCE OF HYDROSTATIC PRESSURE ON STRUCTURE AND PROPERTIES
OF AgAlS2 CRYSTAL

M. Ya. Rudysh1,2,3,4, A. Popov5, M. Piasecki1, M. Brik1,3, G. L. Myronchuk3
1Department of Theoretical Physics, Jan D lugosz University in Cze�stochowa, Poland,
2Department for General Physics, Ivan Franko National University of Lviv, Ukraine

3Lesya Ukrainka Volyn National University, Lutsk, Ukraine,
4General Physics Department, Lviv Polytechnic National University, Ukraine,

5Institute of Solid-State Physics, University of Latvia, Riga, Latvia,
6Institute of Physics, University of Tartu, 1, W. Ostwald St., Tartu, Estonia

Within the framework of the electronic density functional theory (DFT), theoretical studies of the
properties of AgAlS2 chalcopyrite crystals were performed from the �rst principles. Calculations of the
band-energy structure E(k), total (DOS), and partial (PDOS) density of states, optical spectra, and
elastic properties of AgAlS2 crystal were performed. The e�ect of hydrostatic pressure on the titled
compound is modelled. The in�uence of hydrostatic pressures in the range 0�5 GPa on the structure of
electronic, optical, and elastic properties of the crystal has been studied. The analysis of anisotropy of
elastic properties and its change under the action of hydrostatic pressure is carried out. An analysis of
the baric change in the nature of the chemical bond was performed and discussed. The possibility of a
smooth change in the chosen physical parameters using of pressure is shown.

This work is supported by the PRELUDIUM 15 program of Polish National Science Center (Grant No.
2018/29/N/ST3/02901).

PHOTOIONIZATION MODELLING OF THE HII REGIONS SURROUNDING
STAR-FORMING REGIONS

I. Koshmak, B. Melekh
Ivan Franko National University of Lviv, Lviv, Ukraine

We present a method of modelling HII regions around the areas of star formation. In our method, we
used a �bubble� structure of HII regions, which was divided into internal and external components [1].
The internal components include the free-winding region of the superwind [2] and the superwind cavity,
and the outer components include the gas layer compressed by the shock wave of the superwind and the
hydrodynamically undisturbed outer part of the HII region [3]. The spectrum of the Lyman continuum,
mechanical luminosity, mass loss rate, chemical abundances of the central star formation region were
calculated using evolutionary-population modelling [4] and were used as input parameters for further
photoionization modelling of HII regions. As a result of such modelling, the following parameters were
obtained: the original Lyc spectrum, radiation �uxes at di�erent wavelengths, the evolutionary distribution
of the electron temperature, and the electron concentration of the HII region.

[1] I. O. Koshmak, B. Ya. Melekh, Adv. Astron. Space Phys. 8, 16 (2018).
[2] R. A. Chevalier, A. W. Clegg, Lett. Nature 317, 44 (1985).
[3] R. Weaver et al., Astrophys. J. 218, 377 (1977).
[4] C. Leitherer et al., Astrophys. J. Supl. 123, 3 (1999).

QUANTUM CORRELATIONS IN PT -SYMMETRIC SYSTEMS

V. Le Duc, J. K. Kalaga, W. Leo�nski
Quantum Optics and Engineering Division, Institute of Physics, University of Zielona G�ora, Poland

We consider two PT -symmetric models, consisting of two or three single-mode cavities. In both models,
the cavities are coupled to each other by linear interactions, forming a linear chain. Additionally, the �rst
and last of such cavities interact with an environment [1,2].
In this communication, we focus on �nding such situations for which bipartite steering can be observed

for pairs of subsystems. To quantify the steering, we apply steering parameters Sij de�ned with the use
of the Cavalcanti inequality [3]

Sij = ⟨âiâ†j⟩⟨â
†
i âj⟩ − ⟨â†i âi(â

†
j âj + 1

2 )⟩,
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where indices i and j label the subsystems, whereas â† and â are usual boson creation and annihilation
operators, respectively. When the parameter Sij is positive, the subsystem labeled by j steers that denoted
by i.
In our considerations, we focus on relations between the steering generation in the models and the

coupling strength, and the gain and loss of the energy. We �nd the values of parameters describing the
system for which the steering appears.

[1] L. F. Xue, Z. R. Gong, H. B. Zhu, Z. H. Wang, Opt. Express 25, 17249 (2017).
[2] V. Le Duc, M. Nowotarski, J. K. Kalaga, Symmetry 13, 203 (2021).
[3] E. G. Cavalcanti, Q. Y. He, M. D. Reid, H. M. Wiseman, Phys. Rev. A 84, 032115 (2011).

LOCAL STRUCTURE, SPECTROSCOPY AND PHOTOLUMINESCENCE OF THE UN-DOPED
LEAD BORATE GLASSES

B. V. Padlyak1,2, I. I. Kindrat2, A. Drzewiecki2, Yu. O. Kulyk3, S. I. Mudry3,
V. I. Goleus4, Y. S. Hordieiev4

1 Vlokh Institute of Physical Optics, Department of Optical Materials, Lviv, Ukraine,
2 University of Zielona G�ora, Institute of Physics, Division of Spectroscopy of Functional Materials,

Zielona G�ora, Poland,
3Ivan Franko National University of Lviv, Faculty of Physics, Lviv, Ukraine,

4Ukrainian State University of Chemical Technology,
Department of Ceramics and Glass and Construction Materials, Dnipro, Ukraine

The electron paramagnetic resonance (EPR), optical absorption, infrared (IR) transmission, and
photoluminescence of un-doped glasses of the PbO�B2O3�GeO2�La2O3 and PbO�B2O3�SiO2�ZnO
systems were presented and analyzed according to [1]. Optical band gaps and Urbach energies for both
types of glasses have been evaluated using the fundamental absorption edge analysis. The PbO�B2O3�
GeO2�La2O3 glass upon ultraviolet (UV) photoexcitation shows broad emission, consisting of two intense
overlapping bands peaked about 465 and 610 nm. The photoexcitation spectrum of the PbO�B2O3�GeO2�
La2O3 glass shows an intense band peaked at 351 nm upon monitoring the emission band at 465 nm that
is characterized by fast luminescence kinetics. The luminescence decay curve of the emission band at 610
nm, registered upon excitation at 357 nm, was best �tted by two-exponential approximation with lifeti-
me values in the microsecond range. In the PbO�B2O3�GeO2�La2O3 glass fast and slow recombination
mechanisms were proposed for emission bands peaked about 465 and 610 nm. The PbO�B2O3�SiO2�ZnO
glass upon excitation at 419 nm reveals only a broad emission band peaked at 593 nm that is characterised
by fast luminescence kinetics. The CIE chromaticity diagram shows that the color of the observed intrinsic
luminescence signi�cantly depends on the glass composition due to the di�erent values of the optical band
gap and the location of the fundamental absorption edge in the investigated lead borate glasses. The
obtained results clearly demonstrate that the studied PbO�B2O3�GeO2�La2O3 and PbO�B2O3�SiO2�
ZnO glasses belong to very perspective luminescent materials with tuneable emission in a wide visible
spectral range.

[1] B. V. Padlyak, I. I. Kindrat, A. Drzewiecki, V. I. Goleus, Y. S. Hordieiev, J. Non-Cryst. Solids 557, 120631
(2021).

TUNNELING OF ENTANGLED PARTICLES

V. M. Tkachuk
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine

We discuss the problem of tunneling of entangled particles through a potential barrier. A continuity
equation for many particles is derived. As an example, two particles are considered and �ow probability
density is calculated. The in�uence of entanglement on the �ow probability density is analyzed.
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DETECTION OF THE PROBABILITY OF A QUANTUM STATE DETERMINATION AMONG
N POSSIBLE ONES ON A QUANTUM COMPUTER

A. V. Kryzhova
Professor Ivan Vakarchuk Department for Theoretical Physics,

Ivan Franko National University of Lviv, Ukraine
e-mail: anastasiakryzhova@gmail.com

We study the probability of determining an unknown quantum state in the case the state is one of the N
eigeinstates of the spin projection operator on certain N directions [1]. The probability of determining the
unknown state with the smallest number of measurements is found. Also the probability of determining
the unknown state for n measurements is analyzed. The results are obtained on the basis of the analytical
calculations, as well as calculations on IBM's quantum computers (ibmq quito, ibmq armonk) [2].

[1] V. M. Tkachuk, Fundamental Problems of Quantum Mechanics (Lviv University Press, 2011) [in Ukrainian].
[2] IBM Quantum; https://quantum-computing.ibm.com.

TRANSFER OF QUANTUM CORRELATIONS TO POPULATED QUBITS

Z. Ficek
Quantum Optics and Engineering Division, Institute of Physics, University of Zielona G�ora, Poland

We discuss the process of transferring quantum correlations (entanglement) to uncorrelated qubits.
Particular attention is paid to determining how the transfer process of quantum correlations depends
on the initial population of the qubits. We show that depending on the initial population of the qubits,
the transfer of the quantum correlations can be delayed even though the absorption of photons from the
�eld is not sensitive to the initial population. In the absence of the initial population, the transfer of the
quantum correlations begins immediately after the entangled �eld is turned on. In contrast, if the qubits
are initially prepared in some of the excited states, the transfer is delayed by a �nite time interval. A
detailed discussion will be given on the dependence of the delay transfer time on the one and two photon
populations, and damping rates of the qubits. The physical origin of the delayed transfer of quantum
correlations is explained in terms of quantum jumps.

DISCRETE SPECTRUM IN SOFT QUANTUM WAVEGUIDES WITH AN EXPLICIT CUT-LOCUS

S. Kondej
Institute of Physics, University of Zielona G�ora, Poland

We consider two-dimensional Schr�odinger operators with an attractive potential in the form of an
in�nite channel of a �xed width and pro�le. The channel is built over of an unbounded curve composed of
a circular arc and two straight semi-lines. Relying on a test-function argument we establish the existence
of discrete eigenvalues in the system. The talk is based in the paper [S. Kondej, D. Krejcirik, J. Kriz, Soft
quantum waveguides with an explicit cut-locus, J. Phys. A: Math. Theor. 54 (2021)].

DYNAMICS AND INTEGRABILITY ANALYSIS OF SWINGING ATWOOD'S MACHINE-LIKE
SYSTEMS WITH COULOMB'S AND HOOKE'S INTERACTIONS

W. Szumi�nski
Institute of Physics, University of Zielona G�ora, Poland
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ÄÎ 75-ÐI××ß ÃÐÈÃÎÐIß ÀÐÕÈÏÎÂÈ×À IËÜ×ÓÊÀ

IN HONOUR OF G. IL'CHUK ON THE OCCASION OF HIS 75th BIRTHDAY

Öüîãîði÷ âèïîâíèëîñÿ 75 ðîêiâ ïðîôåñîðîâi Íàöiîíàëüíî-
ãî óíiâåðñèòåòó �Ëüâiâñüêà ïîëiòåõíiêà�, çàñëóæåíîìó äiÿ÷å-
âi íàóêè i òåõíiêè Óêðà¨íè, äîêòîðîâi ôiçèêî-ìàòåìàòè÷íèõ
íàóê Ãðèãîði¹âi Àðõèïîâè÷ó Iëü÷óêîâi � âiäîìîìó â÷åíîìó
â ãàëóçi ïðîáëåì òåõíîëîãié íàïiâïðîâiäíèêîâèõ ìàòåðiàëiâ,
ôiçèêè i õiìi¨ ïîâåðõíi, ôiçèêè òâåðäîãî òiëà.
Ãðèãîðié Iëü÷óê íàðîäèâñÿ 19 ëèñòîïàäà 1946 ðîêó â ñåëi

Êðè÷èëüñüêó Ñàðíåíñüêîãî ðàéîíó Ðiâíåíñüêî¨ îáëàñòi. Ó
1964 ðîöi âñòóïèâ ó Ëüâiâñüêèé ïîëiòåõíi÷íèé iíñòèòóò çà
ñïåöiàëüíiñòþ �Íàïiâïðîâiäíèêîâi ïðèëàäè�. Ïî çàêií÷åííi
íàâ÷àííÿ 1969 ðîêó áóâ ñêåðîâàíèé íà ðîáîòó äî �Ñïåöiàëi-
çîâàíîãî êîíñòðóêòîðñüêî-òåõíîëîãi÷íîãî áþðî íåñòàíäàð-
òíîãî îáëàäíàííÿ� (ìiñòî Ìîëîäå÷íî Ìiíñüêî¨ îáëàñòi) íà
ïîñàäó iíæåíåðà. Ó 1970�1972 ðîêàõ ñëóæèâ ó çáðîéíèõ ñè-
ëàõ. Âiä áåðåçíÿ 1973 ðîêó ïðàöþâàâ ó Ëüâiâñüêîìó ïîëiòåõ-
íi÷íîìó iíñòèòóòi íà ïîñàäàõ iíæåíåðà, ñòàðøîãî iíæåíå-
ðà, ìîëîäøîãî i ñòàðøîãî íàóêîâîãî ñïiâðîáiòíèêà íàóêîâî-
äîñëiäíî¨ ëàáîðàòîði¨ ÍÄË-10 êàôåäðè ôiçèêè.
Ãðèãîðié Iëü÷óê íàâ÷àâñÿ â àñïiðàíòóði Ôiçèêî-òåõíi÷íîãî

iíñòèòóòó iì. À. Ô. Éîôôå ÀÍ ÑÐÑÐ (1980�1984 ðð.), äå
çàõèñòèâ äèñåðòàöiþ �Ýïèòàêñèàëüíûå ñëîè CdxHg1−xTe, âûðàùåííûå ìåòîäîì õèìè÷åñêèõ òðàíñ-
ïîðòíûõ ðåàêöèé (ÕÒÐ): ïîëó÷åíèå è ñâîéñòâà� çà ñïåöiàëüíiñòþ �Ôiçèêà íàïiâïðîâiäíèêiâ i äiåëå-
êòðèêiâ� i îäåðæàâ íàóêîâèé ñòóïiíü êàíäèäàòà ôiçèêî-ìàòåìàòè÷íèõ íàóê.
Ó 1987 ðîöi âií ïåðåéøîâ íà âèêëàäàöüêó ðîáîòó íà êàôåäði ôiçèêè íà ïîñàäó àñèñòåíòà, à 1991

ðîêó � íà ïîñàäó äîöåíòà. Ó 2003 ðîöi â÷åíèé çàõèñòèâ äèñåðòàöiþ �Ôiçè÷íi îñíîâè ïðîöåñiâ ðîñòó
ç ïàðîâî¨ ôàçè ìîíîêðèñòàëiâ i åïiòàêñiéíèõ øàðiâ AIIBVI òà ñòðóêòóðè íà ¨õ îñíîâi� é îäåðæàâ
íàóêîâèé ñòóïiíü äîêòîðà ôiçèêî-ìàòåìàòè÷íèõ íàóê çà ñïåöiàëüíiñòþ �Ôiçèêà ïðèëàäiâ, åëåìåíòiâ
i ñèñòåì�. Âiä 2003 ðîêó ïðàöþ¹ íà ïîñàäi ïðîôåñîðà êàôåäðè ôiçèêè.
Ãðèãîðié Àðõèïîâè÷ Iëü÷óê � ñïiâàâòîð ïiäðó÷íèêiâ òà íàâ÷àëüíèõ ïîñiáíèêiâ äëÿ ñòóäåíòiâ çà-

êëàäiâ âèùî¨ îñâiòè �Ôiçèêà�, �Ôiçèêà i áóäiâíèöòâî�, �Àòîìíà ôiçèêà: çáiðíèê çàäà÷�, �Çáiðíèê çàäà÷
ç ôiçèêè� òà ií., à òàêîæ ñïiâàâòîð ï'ÿòè ìîíîãðàôié. Ïðîôåñîð âèêëàäà¹ êóðñ çàãàëüíî¨ ôiçè-
êè äëÿ ñòóäåíòiâ iíæåíåðíî-òåõíi÷íèõ ñïåöiàëüíîñòåé i êóðñ �Âèáðàíi ðîçäiëè íàïiâïðîâiäíèêîâèõ
ìàòåðiàëiâ� äëÿ çäîáóâà÷iâ ñòóïåíÿ äîêòîðà ôiëîñîôi¨ ñïåöiàëüíîñòi 105 �Ïðèêëàäíà ôiçèêà i íà-
íîìàòåðiàëè�. Âií ðîçðîáèâ ìåòîäèêó âèêëàäàííÿ ôóíäàìåíòàëüíèõ äèñöèïëií, çîêðåìà ôiçèêè, â
îñíîâi ÿêî¨ ¹ çàëó÷åííÿ ïðèêëàäiâ âèêîðèñòàííÿ çàêîíiâ ôiçèêè â ïðîôåñiéíié äiÿëüíîñòi ìàéáóòíiõ
iíæåíåðiâ.
Ó÷åíèé îïóáëiêóâàâ ïîíàä 500 íàóêîâèõ ïðàöü, ñåðåä ÿêèõ ïàòåíòè Óêðà¨íè, êðà¨í �âðîñîþçó,

Òàéâàíþ, ÑØÀ, ßïîíi¨. 110 íàóêîâèõ ñòàòåé îïóáëiêîâàíi ó âèñîêîðåéòèí îâèõ æóðíàëàõ, ùî iíäå-
êñóþòüñÿ â íàóêîìåòðè÷íèõ áàçàõ äàíèõ Scopus òà Web of Science.
Ïðîôåñîð Ãðèãîðié Iëü÷óê ¹ ÷ëåíîì ñïåöiàëiçîâàíî¨ â÷åíî¨ ðàäè iç çàõèñòó äîêòîðñüêèõ i êàí-

äèäàòñüêèõ äèñåðòàöié Ä 35.052.13 (ì. Ëüâiâ). Âií áàãàòîðàçîâî îïîíóâàâ ÿê êàíäèäàòñüêi, òàê i
äîêòîðñüêi äèñåðòàöi¨. Áóâ íàóêîâèì êåðiâíèêîì óñïiøíî çàõèùåíèõ 5 êàíäèäàòñüêèõ äèñåðòàöié òà
¹ íàóêîâèì êîíñóëüòàíòîì çàõèùåíî¨ 2021 ðîêó äîêòîðñüêî¨ äèñåðòàöi¨.
Ãðèãîðié Àðõèïîâè÷ iíòåíñèâíî çàéìà¹òüñÿ íàóêîâèìè äîñëiäæåííÿìè. Ïiä éîãî êåðiâíèöòâîì

óñïiøíî âèêîíàíî òðè ìiæíàðîäíi íàóêîâi ïðî¹êòè (Òàéâàíü), ÿêi ñêåðîâàíi íà ñòâîðåííÿ âèñîêîåôå-
êòèâíî¨ àâòîíîìíî¨ ñèñòåìè ôîòîïåðåòâîðåííÿ é àêóìóëþâàííÿ ñîíÿ÷íî¨ åíåð i¨, ñêëàäîâîþ ÿêî¨ ¹
ãíó÷êèé ñóïåðêîíäåíñàòîð.
Ó ÷åðâíi 2011 ðîêó âiäîìèé àìåðèêàíñüêèé æóðíàë �Research and Development� îïóáëiêóâàâ

ùîði÷íèé ñïèñîê ïåðåìîæöiâ ïðåñòèæíîãî êîíêóðñó �Òîï-100 êðàùèõ äîñëiäæåíü i ðîçðîáîê ñâiòó�
(The 49th Annual RandD Awards), ñåðåä ÿêèõ ðîçðîáêà Òàéâàíñüêîãî òåêñòèëüíîãî äîñëiäíîãî iíñòè-
òóòó (ÒÒÄI) �Ïîâíiñòþ ãíó÷êèé òêàíèííèé ñóïåðêîíäåíñàòîð� ó íîìiíàöi¨ �Åëåêòðè÷íi ïðèëàäè�.
Öåé ñóïåðêîíäåíñàòîð ðîçðîáèâ äëÿ ÒÒÄI êîëåêòèâ ó÷åíèõ iç Íàöiîíàëüíîãî óíiâåðñèòåòó �Ëüâiâ-
ñüêà ïîëiòåõíiêà� ïiä êåðiâíèöòâîì Ãðèãîðiÿ Iëü÷óêà. Ãàçåòà �Òðèáóíà ×èêàãî� (The Chicago Tribune)
íàçèâà¹ öþ ïðåìiþ �Îñêàð ñåðåä âèíàõîäiâ�.
Ñåðåä íàãîðîä ïðîôåñîðà Ãðèãîðiÿ Iëü÷óêà: ïî÷åñíå çâàííÿ �Çàñëóæåíèé äiÿ÷ íàóêè i òåõíi-

êè Óêðà¨íè� (�818/2014, 21.10.2014 ð.), Ïî÷åñíà ãðàìîòà Êàáiíåòó Ìiíiñòðiâ Óêðà¨íè (� 18943,
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27.11.2009 ð.), Ïî÷åñíà ãðàìîòà Ìiíiñòåðñòâà îñâiòè i íàóêè Óêðà¨íè (�119139, 2007 ð.), Ïî÷åñíà
ãðàìîòà Ëüâiâñüêî¨ îáëàñíî¨ äåðæàâíî¨ àäìiíiñòðàöi¨ òà Ëüâiâñüêî¨ îáëàñíî¨ ðàäè (2012 ð.), Ïî÷åñíà
ãðàìîòà Ëüâiâñüêî¨ îáëàñíî¨ äåðæàâíî¨ àäìiíiñòðàöi¨ (2009 ð., 2012 ð.), Âiäçíàêà Ëüâiâñüêîãî ìiñüêî-
ãî ãîëîâè �Ïî÷åñíèé çíàê Ñâÿòîãî Þðiÿ� (�23, 05.05.2012 ð.), Ãðàìîòà Íàöiîíàëüíîãî óíiâåðñèòåòó
�Ëüâiâñüêà ïîëiòåõíiêà� çà çíà÷íi äîñÿãíåííÿ â íàâ÷àëüíié òà íàóêîâié ðîáîòi (2004 ð.), Ïî÷åñíà
ãðàìîòà Íàöiîíàëüíîãî óíiâåðñèòåòó �Ëüâiâñüêà ïîëiòåõíiêà� çà âèçíà÷íi óñïiõè â ïåäàãîãi÷íié i íà-
óêîâié ðîáîòi òà âèäàòíi çàñëóãè ïåðåä �Ëüâiâñüêîþ ïîëiòåõíiêîþ� (29.11.2016 ð.). Âiä 2019 ðîêó
Ãðèãîðié Iëü÷óê ¹ êåðiâíèêîì íàóêîâî¨ øêîëè �Ïðèêëàäíà ôiçèêà òà íàíîìàòåðiàëè�.

Ðåäàêöiéíà êîëåãiÿ �Æóðíàëó ôiçè÷íèõ äîñëiäæåíü�, ÷ëåíè íàóêîâî¨ øêîëè �Ïðèêëàäíà ôiçèêà
òà íàíîìàòåðiàëè�, êîëåãè-ôiçèêè, êîëåêòèâ êàôåäðè ôiçèêè ùèðî âiòàþòü øàíîâíîãî Ãðèãîðiÿ Àð-
õèïîâè÷à ç þâiëå¹ì, ùèðî áàæàþòü éîìó ìiöíîãî çäîðîâ'ÿ, ùàñòÿ òà íàòõíåííÿ, à òàêîæ íàñíàãè â
çäiéñíåííi òâîð÷èõ çàäóìiâ i ïëiäíèõ çâåðøåíü ó íàóêîâié äiÿëüíîñòi!

Íàóêîâî-äîñëiäíà ãðóïà:
Ð. Þ. Ïåòðóñü, I. Â. Ñåìêiâ, À. I. Êàøóáà, Í. À. Óêðà¨íåöü,
Ì. Â. Ñîëîâéîâ, Å. Î. Âèñî÷àíñüêà, Ë. Ð. Äåâà
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