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Original article
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INFRARED PHOTODETECTORS BASED ON INASP
EPITAXIAL NANOWIRES ON SILICON

A. S. Goltaev'®, S. V. Fedina'2, V. V. Fedorov'?, A. M. Mozharov'?,
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Abstract. In the paper, the upgraded technology of forming the epitaxial arrays of InAsP
nanowires (NWs) synthesized on silicon substrates using molecular beam epitaxy has been
presented. The optical and electrophysical properties of the NWs were studied. Based on the
grown structures, a prototype of a short-wave infrared photodiode for a range from 1.2 pm
to 1.9 um was fabricated. Its band structures were numerically simulated. The temperature
dependencies of the current-voltage characteristics and the spectral sensitivity of the
photodetector prototype based on the NWs were experimentally studied. The external quantum
efficiency of photoconversion of radiation with a wavelength of 1380 nm was found to be about
0.25% at 100 K.

Keywords: InAsP, silicon substrate, molecular beam epitaxy, nanowires, photodetector,
quantum efficiency
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DOTOAETEKTOPbl UHOPAKPACHOIO ANATNA30OHA
HA OCHOBE 3INMUTAKCUAJIbHbIX HUTEBUAHbIX
HAHOKPUCTAJINNOB INASP HA KPEMHUUA

A. C. lonmaeB'®, C. B. ®eduHa'?, B. B. ®édopol'?, A. M. Moxapo8'?,
K. H. HoBukoBa'?, A. A. MakcumoBa', A. U. bapaHoB', A. K. KaBee@B'3,
A. B. Na6no6'?, []. B. MuHu@', P. B. YcmumeHKo?,

M. A. BuHHu4eHko?, U. C. MyxuH'?

! Akagemuyecknii yHusepeutet um. X. U. Ancdéposa PAH, CankT-MeTepbypr, Poccus;
2 CaHKT-IMeTepbyprckuit NoNMTEXHNYECKUI yHBEpCUTET MeTpa Benukoro, CaHkT-lMNeTepbypr, Poccus;
3 PU3MKO-TEXHMYECKUIA MHCTUTYT uM. A. ®. Nodde PAH, CaHkT-MeTepbypr, Poccus
® goltaev@goltaev.ru

AnHotamusa. B pabote mpencraBieHa yCOBEpIIEHCTBOBAHHAS TEXHOJOTHS (pOPMUPOBAHUS
SMUTAKCUATBHBIX MaCCUBOB HUTeBUAHBIX HaHOKpucTauioB (HHK) InAsP, cuHTe3anpoBaHHBIX
Ha TMOJJIOXKAX KPEeMHUSI METOAOM MOJIEKYISIPHO-IYYKOBOI OMUTAKCUU; WCCIEIOBAHBI
ontuyeckue M anekrpodusnyeckue cpoiictBa stnXx HHK. Ha ocHoBe BbIpalieHHBIX
CTPYKTYpP CO3[JaH TpOTOTUN (POTOAMOAA KOPOTKOBOJIHOBOTO WHGPAKPACHOTO JAuara3zoHa
(1,2 — 1,9 mxm). IIpomoaenupoBaHbl 30HHBIE AMarpamMMbl GoToarona. DKCNepuMeEHTaIbHO
WCCIIeIOBaHbI TeMITepaTypHbIe 3aBUCHUMOCTH BOJIbTAMITIEPHBIX XapaKTEPUCTUK M CITEKTPabHOU
YYBCTBUTEJIBHOCTH 3TOTO MTPOTOTUTIA. Y CTAHOBJIEHO, UTO BHEIIIHSISI KBAaHTOBas 3(P(PeKTUBHOCTD
(oromnpeodpazoBaHuUs U3TydeHUs ¢ LIMHOM BosHBI 1380 HM coctaBuia npumepHo 0,25 % npu
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Introduction
Heterostructures based on narrow-gap semiconductors (with the band gap less than 1 eV) are
widely used in infrared (IR) optoelectronics [1, 2]. The practical significance of research in this
field lies in the possibility of fabricating multispectral IR radiometers and thermal imagers for
reconnaissance and surveillance systems as well as chemical sensor arrays used for detection and

© TontaeB A. C., ®enuna C. B., ®énopos B. B., Moxapos A. M., HosukoBa K. H., MakcumoBa A. A., BapaHoB A.
H., KaseeB A. K., I1aBnoB A. B., Munus /1. B., Yctumenko P. B., Bunnnuenko M. f., Myxun M. C., 2025. MU3narens:
Cankr-IletepOyprckuii moauTexHndeckuii yaupepcuteT [letpa Bemmkoro.
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identification of explosives. The most popular material platform for IR detectors is indium arse-
nide (InAs). The choice of the narrow-gap (band gap E is 0.35 eV at a temperature of 300 K) InAs
semiconductor material is due to the high mobility of charge carriers (more than 10*cm?/(V-s))
and the long lifetime of minority carriers. However, further advances in detector manufacturing
are limited by two main factors. First, the small band gap inevitably leads to accelerated thermal
generation rates and is accompanied by nonradiative recombination of charge carriers, which in
turn leads to high dark currents, increased noise levels, and decreased sensitivity of photodetector
arrays |[3]. Secondly, lattice mismatch between the layers of planar A3B’® heterostructure and sub-
strate significantly limits the possibilities for controlling the band profile of heterostructures [4].

The performance characteristics of photodetector arrays can be improved by transition from
planar structures to structures with a well-developed surface, namely, to arrays of nanowires
(NWs) [5]. In this case, due to developed lateral surface of the NWs, nanostructures of high
crystalline perfection can be grown on lattice-mismatched substrates, in particular, on silicon.
Moreover, NW arrays are characterized by stronger light absorption compared with planar lay-
ers of the same composition and equivalent thickness [6, 7]. The addition of phosphorus to the
InAsP solid solution causes an increase in the band gap with a consequent decrease in dark cur-
rents and corresponding noise from photodetectors operating in the short-wavelength IR range
(1.0—3.5 um) [8].

In this paper, we propose an improved technological approach to fabrication of photodetec-
tors in the near and short-wavelength IR ranges (1.3—1.9 um) using InAsP NW arrays epitaxially
grown on silicon substrates as the active area. The effects of localization and resonant amplifica-
tion of the IR electromagnetic field in the NWs can significantly improve the characteristics of
such photodetectors:

reduce the volume of their active area while maintaining their sensitivity;

reduce their dark current;

increase the performance of devices based on them [9].

Materials and methods

The InAsP/Si heterojunction is a type II junction with partial band overlap, which determines
the choice of diode polarity. As follows from the band diagram (Fig. 1), only the combination of
InAsP with n-type conductivity and Si substrate with p-type conductivity (n-InAsP/p-Si) is possible
for the array to function as a photodiode. The inverse combination (p-InAsP/n-Si) will lead to the
formation of barriers for charge carriers. Thus, the built-in field is generated at the n-InAsP/p-Si
heterojunction (see Fig. 1,a). It is known that
the surface states of NWs strongly influence the
energy band diagram of nanostructures.

In view of the above, defects were added
to the lateral surface of the considered model
for InAsP NWs, whose presence in the case
of InAsP material with the band gap of about
600—650 MeV leads to forced injection of elec-
trons from the defect levels, band bending near
the surface (see Fig. 1,b) and additional con-
tribution to separation of charge carriers during
photodiode operation.

InAsP NW arrays were epitaxially grown on

a .t T
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, , ﬁ\“ by 4° toward (111), and had a resistivity of

e o = 0.4—0.6 Ohm-cm.

reegorinate; nn The Veeco GEN III molecular beam epitaxy
(MBE) system used was equipped with an In effu-
Fig. 1. Band structure of n-InAsP/p-Si sion cell as well as P, and As, cracker cells with

photodiode in longitudinal (a)
and transverse (b) directions

needle valves acting as molecular sources. The
intensity of molecular beams of group V and III
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elements was taken proportional to the pressure measured by a Bayard—Alpert ionization gauge.
The substrate temperature (growth temperature) was measured by a thermocouple calibrated by
the phase transition temperature of Si(111) 7x7 « 1x1 surface reconstruction. Monitoring of the
growth process and analysis of the crystal structure of NWs was performed in situ by by reflection
high-energy electron diffraction (RHEED).

The main stages of formation of NW arrays on silicon are shown in Fig. 2. Before the NWs
were grown by MBE, the silicon substrates were cleaned by a modified Shiraki method [10]. At
the final stage of cleaning, it was carried out by wet chemical oxidation in boiling aqueous solu-
tion of ammonia and hydrogen peroxide (NH,OH : H,O, : H,0) in a ratio of 1 : 1 : 3. As a result
of the procedure, a thin (about 1.5 nm) layer of SiO_ oxide was formed on the silicon surface
(see Fig. 2,a)

1. Substrate preparation 2. MBE growth

a) Wet chemical oxidation b) Defects formation in ¢) InAsP NWs growth
the oxide layer

P S, In‘ ~gl\s,sz

~1.5nm Defects in SiO,

T Il
V I\"

Fig. 2. Main stages of epitaxial growth of InAsP N'W arrays on silicon:
substrate preparation 1, material growth by molecular beam epitaxy 2; cleaning
by wet chemical oxidation (@), formation of defects in SiO_ oxide layer (b); growth of NWs (c)

Immediately before the start of the epitaxial growth stage, silicon substrates were subjected to
thermal annealing under ultrahigh vacuum conditions for 30 minutes at a temperature of 780 °C,
which led to the formation of defects in the layer of surface silicon oxide serving as NW nucle-
ation centers (Fig. 2,6) [11, 12]. Then, as the substrate cooled to the growth temperature in As,
flux, the As-substituted silicon surface stabilized in the defect regions of the SiO_ surface layer
(Fig. 2,b) [13]. The formation of NWs was initiated by switching group V sources to the necessary
fluxes and opening the indium shutter (Fig. 2,c¢). To ensure uniform distribution of molecular
fluxes during the growth process, the substrate was rotated at a speed of 5 rpm. In general, varying
the group V growth fluxes makes it possible to regulate the incorporation of phosphorus and arse-
nic atoms into InAsP NWs, thus controlling the band gap of the NWs to ensure a given spectral
sensitivity of photodetectors based on them.

The considered NW arrays were grown at a substrate temperature of 520 °C for 60 minutes
and a P/As flux ratio of 1. InAsP N'Ws were not doped during growth; due to the large number of
surface states on the lateral surface of the NWs, the synthesized nanostructures were characterized
by n-type conductivity. Reference samples of InAs N'Ws were additionally grown.

Notably, the method applied for self-induced growtj of NW arrays allows to achieve an
extremely high surface density of NWs (>10 um-2), which significantly reduces light scattering,
manifesting as an opaque black surface of the sample. To fabricate photodetector arrays, we used
the grown InAsP NWs with a diameter of 11041 nm, a length of 900+300 nm, and a surface
density of 5.5 um2. The morphology of the synthesized arrays was studied by scanning electron
microscopy (SEM) using a Zeiss SUPRA 25-30-63 microscope. (see the SEM image in the inset
in Fig. 4,a).

Studies of the crystalline structure of NWs by transmission electron microscopy (TEM) show
that the axis of NW growth coincides with the [0001] axis. A large number of packing defects are
observed in NWs along the (0001) growth plane [14, 15].

The photoluminescent (PL) properties of NW arrays were studied using a Bruker Vertex 80v
FT-IR spectrometer equipped with a KBr beam splitter and Ge optical windows. The resolution
of the photoluminescence spectra was about 8§ MeV. A closed-cycle cryostat (Janis PTCM-4-7,
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USA) with zinc selenide windows was used for low-temperature measurements. A continuous-wave
diode-pumped solid-state Nd:YAG laser (A = 1064 nm) was used to excite the photoluminescent
response. The measurements were carried out with p-polarization and a 45° incidence angle of
pump radiation. An opto-mechanical modulator with a frequency of 340 Hz was used to modulate
the laser radiation. The PL signal was recorded by an InSb photodiode cooled with liquid nitrogen
and detected by an SR830 DSP lock-in amplifier.

The virtual crystal approximation (VCA) was used to model the electro-optical properties
of solid solutions. The plane -wave basis was used to represent wave functions; the PBEsol
exchange-correlation functional was used for geometry optimization [16]; the TB09 meta-GGA
potential was used for correct description of electronic properties and for construction of band
diagrams [17]. The calculations were carried out taking into account the spin-orbit interaction.
According to the calculation results (see Fig. 3,b), the observed shift in the position of the PL
maximum corresponds to InAs; P .

The electrophysical characteristics and spectral dependence of the photoconversion efficiency
of the array were measured by a four-probe system mounted on a cold finger of a nitrogen cryo-
stat. A halogen lamp and a monochromator (SOLAR Laser Systems M266-1V) were used as a
tunable source of monochromatic radiation. The photocurrent was measured using a Stanford
Research System SR570 current preamplifier and a Stanford Research System SR830 lock-in
amplifier. A reference photodiode with known characteristics in the spectral range of 600—2000
nm was used for calibration.

Fabrication of photodetector mesa structures

To study the functional characteristics of the arrays, photodetector mesa structures were
fabricated by post-growth technologies based on InAsP NW arrays epitaxially grown on
Si. Fig. 3 schematically shows the stages of the formation and a simplified diagram of the
NW-based photodetector.

1. Oxide layer etching 2. Thermal deposition and 3.SU-8 spin-coating 3.1TO deposition
annealing of Al contact

Fig. 3. Fabrication stages and schematic structure of InAsP NW photodetector on Si substrate:
H* etching and removal of oxide layer from the back of the substrate (1); thermal deposition
and subsequent annealing of Al contact (2); planarization of NW array with SU-8 epoxy resin layer (3);
deposition of transparent upper contact made of ITO (4)

At the first stage, H* hydrogen plasma was etched at a pressure of 500 mTorr with a dis-
charge power of 20 W for 5 minutes; this treatment is necessary to suppress surface states
and recombination centers at the heterojunction between InAs/Si NWs [18]. After the oxide
layer is removed, an ohmic back contact (aluminum, 200 nm thick) to the silicon substrate
was formed by vacuum thermal evaporation (heating of the target with an electron beam) and
rapid thermal annealing (300 °C). For partial planarization of the NW array, a layer of epoxy
resin (SU-8 photoresist) was applied to the front side of the array by spin-coating, filling
the free space between the N'Ws in the array. The thickness of the applied photoresist layer,
controlled by SEM, ensured the formation of front contact to the tips of the NWs (see Fig.
3). To remove the surface oxide from the tips of the NWs, the structures were pretreated in
1 : 3 HCI : H,O solution. The transparent top contact was a 200 nm thick indium tin oxide
(ITO) layer deposited through a shadow mask by high-frequency magnetron sputtering; the
Boc Edwards Auto 500 RF 10 Thermal Resistance Evaporator Coater (Great Britain) was
used for this purpose.
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Results and discussion

The characteristic PL spectra obtained at 5 K from arrays of reference InAs NWs and InAsP
solid solution NWs are shown in Fig. 4, a. Evidently, the position of the maximum of InAsP
NWs is shifted to the region of higher energies by about 120 MeV relative to InAs NWs; this is a
consequence of the wider band gap of the InAsP solid solution.

a b
) Wavelength, um ) InAsy ¢, Py 1o
413 3.10 248 2,07 1.77 00
TI'=5K
5 104 InAs
< INAs 41Py 16 .
208
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Energy, meV

Fig. 4. Low-temperature PL spectra from InAs and InAsP NW arrays epitaxially grown
on Si (a) and calculated band diagram of InAs . P, with sphalerite crystal structure (b)
Inset: SEM image of InAsP N'Ws

To estimate the phosphorus concentration in the sample under consideration, measurement
results of low-temperature PL were compared with the simulation results obtained within the
framework of density functional theory (see Fig. 3,b). The simulations were carried out in the
ABINIT program [19].

Fig. 5,a shows the measured and calculated dark /—V characteristics (VAC) at various tem-
peratures. Numerical simulation shows that a constant current value should be observed for a
negative bias in the ideal case. This means that the main contribution to the system is made only
by thermally generated charge carriers. The direct branch reflects an exponential dependence,
which corresponds to the process of injection of holes from silicon substrate into the InAsP array.

The experimentally obtained /—V curve (dependence of the reverse current on the magnitude
of reverse-bias voltage) indicates the presence of leakage currents in the array, associated with
non-radiative recombination. The latter is caused by the capture of charge carriers into trap states
forming near the InAsP/Si interface. A decrease in the operating temperature leads to slowdown
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Fig. 5. Electrophysical and spectral temperature-dependent characteristics of photodiode:
dependences of current density normalized by the area of the NW array
in mesa on voltage (a); spectrum of external quantum efficiency (EQE) ()
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in both thermal generation of carriers and their recombination through defects, which is man-
ifested as a decrease in reverse current. In addition, there is an increase in the knee voltage of
the diode caused by an increase in the band gap of InAsP with a decrease in temperature. The
positive branch has a characteristic bend associated with the presence of a series resistance in the
measuring circuit, induced, in particular, by the current-collecting top contact.

Spectral dependences of the external quantum efficiency (EQE) of photoconversion were
experimentally obtained for the considered photodetector array at zero bias in the wavelength
range of 1300—1900 nm. These EQE spectra are shown in Fig. 5,5. Notably, the photoresponse
for wavelengths less than 1300 nm due to absorption in the silicon substrate was not considered
in this study. For example, there is no photoresponse outside the absorption range of silicon at
200 K and above (without the application of an external electric bias), which indicates a high
recombination rate of photogenerated charge carriers. As the temperature decreases below 200 K,
the photocurrent in the long-wavelength region of the spectrum begins to increase. At 100 K, the
EQE value at a wavelength of 1380 nm reaches 0.25%.

We can assume that this behavior of EQE is caused by a change in the carrier transport mech-
anism in the active area of the NW array with a decrease in temperature. The Debye screening
length of the array was estimated to verify this assumption. It was found that at 300 K, the cal-
culated Debye length for InAsP is about 150 nm (particle concentration n, = 8-10'* cm™), which
is significantly shorter than the length of the NWs. Therefore, thermally generated charge carriers
effectively screen the built-in electric field, and primarily diffusive carrier transport takes place in
the active area of the array. Due to the small lateral size and well-developed surface of the NWs,
this type of transport is ineffective, which leads to preferential recombination of photogenerated
carriers on the surface states.

As the temperature decreases, the Debye length increases, and the screening area increases.
The main transport mechanism in the region of incomplete screening is carrier drift in the built-in
electric field between p-Si and n-InAsP, which occurs due to the difference in the positions of
the Fermi levels in the materials.

It can be concluded from the above that the diffusion length of photogenerated carriers in the
considered arrays at 7> 200 K is insufficient for effective separation of charge carriers. This is
probably due to high density of packaging defects in NWs, reducing the mobility of charge carriers.

Analysis of the observed nonuniform spectral dependence of the array’s photoresponse leads
us to conclude that the light absorption efficiency strongly depends on the diameter and surface
density of the NWs in the array [20]. The calculation data and accounting for the morphology of
the NW array (the NW diameter is about 110 nm, the surface density is about 5.5 pm2) suggest
that the absorption coefficient of radiation with a wavelength of 1300 nm in the given array does
not exceed 5—7%.

Therefore, to further increase the sensitivity of the InAsP NW-based IR photodetector, it is
necessary to optimize the morphological parameters of the NW array by increasing their diameter
to 400—500 nm and surface density to 10 pm= or more.

Conclusion

We carried out comprehensive studies on the formation of InAsP NW arrays as well as their
optical and electrophysical properties. Post-growth technologies were developed to fabricate pro-
totype photodetectors based on InAsP NW arrays on the surface of Si(111) substrate. The tem-
perature dependences of their spectral sensitivity and electrophysical characteristics were studied.
We established that the experimentally measured external quantum efficiency of the system under
study reaches 0.25% for the IR range.
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Annoranug. B pabote paccMarpuBaeTcs moBeaeHNE ABIPOUHOIO KyOUTa B T€TEPOCTPYKTYpe
Si/Ge/Si. C aT0li 11e/1bI0 TPOBEACHO KBAHTOBOMEXaHUYECKOE UCCIIEIOBAaHUE C TPUMEHEHUEM
TeopuH (DYHKIIMOHAJIA INIOTHOCTH M METO/1a TICEBAOIOTeHITMaa. [T 3JieMeHTapHOM CTPYKTYPhI
OblJIa MOCTPpOEHA 30HHAsI CTPYKTYpa U IUIOTHOCTD 3JIEKTPOHHBIX COCTOSTHUI. Y CTaHOBJICHO, YTO
OCHOBHA$ 4acTh 3TUX COCTOSIHWIA JIOKaaM30BaHa B Auarna3oHe dHepruit ot —2 go —4 3B. [dna
IMIOCTPOCHHOM CYIIephsIUeiKM OblIa paccunTaHa padoTa BBIXOAA M BBIITOJTHEHA OIICHKA BKJIaja
9JIEKTPOHHOI IBIPKU B 3JIEKTPOCTATUYECKUM MOTEHLIMAJA CUCTEMbl. AHAIU3 IOJIYYeHHBIX
pe3yJIbTaTOB I1OKa3aJl, YTO M3MEHEHUE pabOThl BHIXOJAa B CHCTEME CBSI3aHO CO CMELIECHUEM
YPOBHSI 9HEPIeTUYECKOTO BaKyyMa.

KioueBbie ciioBa: KpeMHUI, repMaHuil, Teopusi (DYHKIIMOHAJA TUIOTHOCTU, ABYXMEPHBIN
CJIOi, paboTa BBIXOJa, TETEPOCTPYKTYpa
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Introduction

Creating a quantum computer is a crucial challenge for modern microelectronics. Quantum com-
puters are devices based on the principles of quantum mechanics using quantum bits (or qubits) to
process information. Unlike classical bits in classical computers, capable of representing only one
of two states (0 or 1), qubits can be in a superposition of several states simultaneously [1, 2], which
allows quantum computers to perform calculations faster and more efficiently by orders of magnitude.
They can be used to solve complex mathematical problems, in cryptography, optimization, simulation
of molecular and chemical processes, artificial intelligence research and in many other fields. The
creation of quantum computers promises to transform the way information is processed, opening up
new opportunities for innovation and scientific discovery [3—5]. Today, there are many implementa-
tions of quantum processors. Photon-based qubits and superconducting qubits are the most popular.

© OobpasuoB K. B., Uubuco A. H., MamonoBa M. B., 2025. Uszmarenn: Cankr-IleTepOyprckuii MOJUTEXHUUECKUI
yHuBepcuret [lerpa Benaukoro.
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In this paper, we consider a hole as a qubit. The main advantage of the hole qubit is its strong
spin-orbit interaction and the ability to form superconducting pair correlations. It is these proper-
ties of holes that are extremely important for fast control of hole qubits [6, 7]. Possible materials
for such a computer are 2D allotropic modifications of silicon (silicene) or germanium (germa-
nene) using a hole qubit [8, 9].

For this purpose, in this paper we decided to consider the Si/Ge/Si interface. This structure has
unique electromagnetic properties due to lattice mismatch between silicon and germanium [10].
In this case, due to the low effective mass of the holes [11, 12], it is possible to obtain a qubit with
a long coherence time and a convenient way to control its state using an external magnetic field.
The structure itself has excellent compatibility with the existing microelectronic components [13]
and it is easy to integrate it into existing electronics manufacturing.

The goal of this paper was a quantum mechanical study of the behavior of a hole qubit in
a two-dimensional silicon-germanium-silicon (Si/Ge/Si) layer using density functional theory
(DFT) within the framework of noncollinear magnetization.

Experimental technique

The characteristics of the structures were calculated using the VASP software package [14—16]
based on DFT and the pseudopotential method. Noncollinear calculations were performed tak-
ing into account the spin-orbit coupling and additional corrections in the Generalized Gradient
Approximation (GGA+U) [17]. To calculate the magnetic and electronic properties, the initial
magnetic moment was first found for each atom, then complete relaxation of the system was carried
out taking into account the generalized theory of local spin density and the resulting magnetization
on the atoms was determined based on the results obtained. A plane-wave basis set with a cut-off
energy of 450 eV was used. An 18x18x1 k-point grid was used for the unit cells. For the enlarged
cell, a 6x6x1 k-point grid was used, constructed according to the Monkhorst—Pack scheme [18].

Results and discussion

The first stage in the study of the atomic and electronic structure of 2D Si/Ge/Si interface con-
sidered the separate structures of silicene and germanene. At the first stage, we performed complete
relaxation of the atomic structures of silicene and germanene to find the minimum forces and total
electronic energy for the given systems. Relaxation of the structure was carried out preserving the
symmetry of the cell; the procedure was performed for the cell parameters and atomic coordinates.

At the second stage, we built
a) b) the atomic structure of 2D Si/Ge/
Si interface, a sandwich where
27 the germanene layer was located
between two silicene layers. At
the third and subsequent stages,
5 complete atomic relaxation of the
structure was performed by the
-4 same principle as achieved sepa-
rately for silicene and germanene.
-6 1 The VASPKIT software pack-
age was used for postprocessing of
the obtained data, the density of
-101 states and the band structure were
calculated for the given interface.
-12 1 . : : Calculations were performed with
6 the number of k-points equal
to 20. For clarity, the density of
states was compared with the band
Fig. 1. Band structure (a) and density of states (b) structure of the studied material
constructed for Si/Ge/Si interface (Fig. 1).
Analysis of the data in Fig. 1
allows to conclude that the highest-energy states are localized in the range from -2 to -4 eV.
The resulting band structure looks very similar to the individual band structures of silicene and
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germanene. This indicates the appearance of new energy levels as a result of superposition of two
structures, and this in turn causes the formation of interface states at the interfaces between sili-
con and germanium structures.

For further analysis of the electronic and magnetic properties of the selected system, it was
necessary to enlarge the initial system. For this purpose, translation of the initial interface cell
was performed with a threefold increase in parameters @ and b. As a result, a supercell with the
following structural parameters was formed: a = 11.421 A, b = 11.421 A, ¢ = 25.166 A. The
parameter ¢ was chosen equal to 25.166 A to exclude the influence of interaction between the
translated slabs. The Si—Si interatomic distance in the silicene layer was equal to 2.260 A and the
Ge—Ge distance in the germanene layer was 2.486 A. The distance between the layers was equal
to 3.647 A. The resulting supercell consisted of a total of 54 atoms (Fig. 2).

Next, a free valence bond (hole) was created
in the Si/Ge/Si system and the initial magneti-
zation was set. The hole was created by remov-
ing one electron from the system. To illustrate
the contribution of the created electron vacancy
to the electrostatic potential, we compared the
dependences of electrostatic potential of the sys-
tem on the concentration of holes and the given
direction of initial magnetization (Fig. 3).

Evidently, when a hole is added to the system,
the electrostatic potential decreases. The graphs

X i are almost identical for the up (Fig. 3,a) and down

L (Fig. 3,b) magnetization directions. The only dif-

S w ference is that in the first case the distance between

2 the first peaks is 0.670 eV (Fig. 3,a) and in the

f; \f\f second case it is 0.642 ¢V (Fig. 3,b). This means

Gegy 0 @ that the sign of magnetization practically does not

.‘_.’b 1! w contribute to the distribution of the electrostatic

a Si [ -@~ O 97 potential in the system, while the larger contribu-

) tion to the potential value is made by Si atoms.

The electrostatic potential was calculated to

Fig. 2. Structural model of supercell subsequently calculate the work function W for

of 2D Si/Ge/Si interface: the structure each case. The following formula was used for
consists of 54 atoms, 18 of which are this purpose:

germanium atoms and 36 are silicon atoms W

=—ep— £y,
where e is the electron charge, ¢ is the near-vacuum value of the electrostatic potential, E is the
Fermi level.

a) b)

- |

— HO+1

A= 0,670 eV — Hi+1

2 4 6 8

— HO-1
A =0,642 eV — H11

2 4 6 8 10

Planar avarage potential, eV
Planar avarage potential, eV

°
5
o

Distance, A Distance, A

Fig. 3. Comparison of dependences of electrostatic potential of Si/Ge/Si system
on concentration of holes with given magnetization directions of the system,
+1 (up) and -1 (down): (a) and (b), respectively
Cases of systems without holes (blue curves) and with one hole (green curves) are compared

25



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 2 >
I

The results obtained are given in Table.

It follows from the data in Fig. 3 and Table that the value of the electrostatic potential
decreases when a hole is added to the system, and the work function increases. In addition, it can
be concluded that in the system with the magnetization direction of -1 (down), the work func-
tion in the absence of holes is greater than in a system with the magnetization of +1 (up). In the
presence of holes, the work function becomes approximately the same for both cases.

Table
Dependence of work functions for interface
on magnetization direction and presence of holes
Magnetization Work function W, eV
direction Absence of hole Presence of holes

up 4.946 6.460

down 4.970 6.456
Conclusion

We calculated the band structure and density of states for a two-dimensional Si/Ge/Si layer.
These calculations indicate that the main part of the electronic states is localized in the energy
range from -2 to -4 eV. The changes in the Si/Ge/Si band structure, compared with the individ-
ual band structures of germanium and silicon, are due to the formation of interface states, causing
new energy bands to appear. If a hole is added to the system, the electrostatic potential decreases
due to a shift in the energy vacuum level, while the sign of the given initial magnetization makes
an insignificant contribution to the change in the electrostatic potential of the system. We estab-
lished that the work function is greater in the system with negative initial magnetization than
in the system with a positive one, while adding a hole to systems with different magnetization
equalizes the values of the work function.

In conclusion, it should be noted that the results obtained can be used to design quantum
computers or quantum sensors for next-generation nanoelectronics.

The research was carried out using the resources of the Shared Facility Center “Data Center” of
the Far Eastern Branch of the Russian Academy of Sciences, Khabarovsk.
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Annoranusa. B pabore BBIMOJHEHO MaTeMaTMYeCKOE MOJETMPOBAHUE C LIEJIbI0O OMUCAHUS
TOBEJICHUSI CJIOUCTBIX MaHeeil ¢ TeTpasApaibHbIM 3alOJHUTENEM MO ASHCTBUEM Pa3IMUHbBIX
Harpy3ok. [Ipu sToM Oblla peaJiM30BaHa Cepusl UMCIEHHBIX pPacyeToB B MPOrPaMMHOM
KOMIIJIEKCe KOHEYHOo-3jeMeHTHoro aHaiau3a ANSYS. Ilpu MonmeanpoBaHHUM MCIOJIb30BAaHbI
MoJlydeHHble paHee 3(MGEKTUBHBIE YIIPYTrMe XapaKTePUCTUKM, UYTO TO3BOJWJIO 3aMEHUTh
MpSIMOE  MOJNIEJIMPOBAHWE  CTPYKTYPBl  TETPAdApajbHOTO  3alOJHUTENS  dJeMEHTaMU
MpOCTOi (HOPMBI C NMPUMEHEHWEM OPTOTPOITHOIO MaTepuaja, MMEIOUIEro 3KBUBAJICHTHBIC
XapakTepucTUKM. PenieHa 3agaya O TPEeXTOYEYHOM M3rMOE TUJIACTUHBI, MPOaHATU3UPOBAHO
neopMUPOBAHHOE COCTOSIHME MAHEJM U XapakTep ee nmporubda. YcraHoBieHa HEOOXOAUMOCTh
MPUMEHEHUSI TPUHIIMIIOB Pa3HOMOAYJIBHOM TEOPUM YIIPYTOCTH TMPH MOACTMPOBAHMM TaKUX
00BEKTOB M yuyeTa 3(PPEKTUBHBIX YNPYIUX XapaKTePUCTUK, TMOJYYEHHBIX TPU PaCTSKEHUU
U CXaTuM SYeiiKy TepuoguyHocT. JlaHBl peKOMEeHIAlMU 10 WMCITOJIb30BAaHUIO B pacueTax
WUTEPallMOHHOTO UBMEHEHHUSI CBOMCTB MaTepuaia 1 3(pHeKTUBHBIX XapaKTEePUCTHUK, TTOJTyYEHHBIX
MPY PACTSDKEHUU U CKATUU SYEUKU TTEPUOTUYHOCTH.

KnoueBble cioBa: TeTpasAapalbHbI 3aIlOJHUTENb, CJIOUCTasl IaHedb, 3(P@eKTUBHBIE
YIIpyrue XapakTepUCTUKU, METOA KOHEYHBIX 2JIEMEHTOB

Ccpuika ag murupoBanua: AntoHoBa O. B., HMBanmos M. B., MuxaiimoB A. A.,
Kyspmuu B. A. [IpuMeHeHNe MaTeMaTHYECKOrO MOICITMPOBAHUS IJISI OIMCAHUS TTOBEACHUS
CIIONCTHIX TIaHEJICH ¢ TeTpasApalbHBIM 3amoaHuTeaeM // HayuHo-TexHWUYecKue BEIOMOCTH
CII6T'TTY. ®usuko-mMarematnyeckue Hayku. 2025. T. 18. Ne 2. C. 30—40. DOI: https://doi.
org/10.18721/JPM. 18203

CtaTbsl OTKPHITOTO nocTyma, pacrnpoctpansiemass no juiieHsnu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

) _ Introduction o _ _
Due to growing demand for composite panels with various types of cores in diverse industries,

it is important to carry out analysis and computational validation of such structural elements using
mathematical modeling methods with high-performance computing equipment and modern soft-
ware [1, 2]. Close attention throughout design, preparation, testing and, consequently, simulation
of such panels and products made from them [3—5] should be paid to the structure and shape of
the core [6, 7]. Honeycomb core is currently most widely used in aviation, automotive industry
and building structures [§—11]. We should note that honeycombs have a closed cell structure and
are well suited for thermal insulation; in addition, they provide strength, reliability and load-bear-
ing capacity under significant loads [12].

On the other hand, structures with truss cores have less effective load resistance [13], but they
allow for ventilation. That is why such cores have proved to be a solution for extending the ser-
vice life of building facades by protecting them from adverse climatic events [14—16]. One of the
possible core configurations is tetrahedral, i.e., combining truncated tetrahedra [17, 18].

© Anronosa O. B., UBanos M. B., Muxaiinos A. A., Kysemun B. A., 2025. Uznarens: Cankr-IleTepOyprckuii moJInTeXHUYECKUIiA
yHuBepcuret [lerpa Benaukoro.
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A composite panel with a honeycomb or truss core can be described in simulation as a com-
posite material with a complex microstructure. The core can be considered a homogeneous mate-
rial in computational continuum mechanics, and its effective properties can be both anisotropic
and orthotropic [19, 20]. Panels with tetrahedral cores are regarded in numerical simulation as
structurally orthotropic composite material [21, 22].

To correctly implement this approach, a unit cell is selected at the first stage and its effective
elastic characteristics are set. The latter are often determined using the direct homogeniza-
tion method [23], allowing to calculate the effective values of orthotropic physico-mechanical
parameters of a composite material with a complex microstructure; the method is also applicable
to doubly periodic structures.

The main goal of this study is to propose a calculation procedure substantiating the application
of multimodular elasticity theory to simulation of composite panels with core.

The following objectives were posed and achieved for this purpose:

calculate the stiffness parameters of a panel with tetrahedral core under tension and compression;

determine the stress-strain state of the panel in the three-point bending problem.

Object of research

The general view of the panel and tetrahedral core with its geometric characteristics, consid-
ered in this case, are shown in Fig. 1. Panels of this type are predominantly used in the construc-
tion industry, specifically in ventilated facades and enclosures.

a) b)

88.03

Fig. 1. General view of panel with tetrahedral core (a),
its core (b) and its geometric characteristics (c)

The AMG?2 material used has the following physico-mechanical parameters:

Density, kg/m>........cccoovvvvviennnnn. 2,680;
Elastic modulus, GPa ........................ 71.0;
Ultimate tensile strength, MPa ........... 190;
Yield strength, MPa............................. 80;
Poisson’s ratio.......cceeeeeeeeeeeeeeeenennnnnnn. 0.33.

It is assumed that the same material is used to manufacture the face sheets of the panel and
the core.
The unit cell considered, measuring 28x58x19 mm, is shown in Fig. 2.
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a) b)

Fig. 2. Schematics of unit cell () and tetrahedral filler (top view) (b);
the cell is marked by a rectangle

The values of the elastic parameters were determined by direct homogenization (the corre-
sponding results and a detailed description of the method are given in [24]). The method of direct
homogenization used is based on kinematic and static boundary conditions [25], allowing to
determine the effective orthotropic physico-mechanical properties of a composite material with a
complex microstructure.

F Problem of three-point bending
of composite panel

This problem is of both scientific and prac-
N tical interest [26—28]. Consider such a problem

< for a plate with a tetrahedral core, where the
\‘j core structure is modeled without any simpli-

l

[

fications and the structure is represented by a
homogeneous medium with effective properties.
The loading conditions for the three-point
bending problem of such a panel (its overall
Fig. 3. Loading conditions for problem dimensions are 292 x 140 x 19 mm) is shown
statement of three-point bending of the panel. in Fig. 3.
Geometric parameters and the direction of Nonlinear shell finite elements were used
the loading force F are shown for numerical simulation. Conducting conver-
gence analysis, we selected a model consisting of
156,050 elements and 532,325 nodes; the characteristic size of the element was 1 mm.
Based on the calculation performed, let us analyze the stress-strain state of the panel. Fig. 4
shows the vertical displacements of the panel under consideration and the dependence of its
deflection in the central section along the length /.

a) b)

U, mm 12

L1l

1 —

0.9%
0.86 \
0.8
/f \
04 _'\
¥ /
025 i
—0.12 [ ] [ \/
x
0.0 . 0 50,0 100.0 150.0 200.0 250.0 T mm

Fig. 4. Stress-strain state of sandwich panel: vertical displacements (a), color map, 10 : 1 scale;
dependence of deflection of panel in its central section along the length / (), see Fig. 3

Deflection, mm
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It can be seen from the presented results that the location of the core affects the magnitude
and behavior of the deflection for the plate with tetrahedral core. The deflection is smaller at the

points where the core is attached.

The next stage in the simulation procedure is to establish a correspondence between the mean
deflection of the panel with core and the deflection under bending in a similar panel but made
of homogeneous, multimodular material with orthotropic characteristics. We emphasize that the
loading behavior of two objects should be compared for this purpose:

panel with tetrahedral core,

panel made of homogeneous multimodular material with orthotropic characteristics.

For this comparison, we first consider two auxiliary problems:

evaluating the behavior of the unit cell under tension and compression,

analyzing the application of the principles of multimodular elasticity theory.

We should note that the formulation of these problems is of independent scientific interest.

L

(o]

c>0

E+

e &

o<0

Fig. 5. Initial section of characteristic stress-

strain curve (stress c—strain ¢) in accordance

with multimodular elasticity theory: material

has elastic modulus E* for uniaxial tension
and F for uniaxial compression

Application of principles of
multimodular elasticity theory

In case of analysis at the macroscale, the geo-
metric characteristics of the selected unit cell and
its behavior under loading should be correctly
described. Tetrahedral core with complex struc-
ture in layered composites behaves differently
under tension and compression [25, 29—30], so
approaches underlying the multimodular elastic-
ity theory [31—33] can be reasonably applied.

The mechanical characteristics of homoge-
neous isotropic material in classical elasticity
theory are described by two elastic constants:
Young’s modulus £ and Poisson’s ratio v.

On the other hand, according to multimodular
elasticity theory, the material has different Young’s
moduli for cases of uniaxial tension and uniaxial
compression: E* and E°, respectively, as well as
different Poisson’s ratios characterizing transverse
contraction under tension and transverse expan-
sion under compression: v* and v-, respectively.

According to multimodular elasticity theory, the stress-strain curve can be represented as two

straight lines in the first approximation (Fig. 5).

To verify the applicability of this approach and validate it, in other words, to confirm the
applicability of multimodular elasticity theory to design of sandwich panels withtetrahedral core,
we carried out a series of numerical experiments on tension of the unit cell (see Fig. 2,b) in the

directions of the x, y and z axes.

a)

Stress, MPa
23,697 Max
21,064
184N
15,798
13,165
10,532
7899
5,266
2,633
8,2625¢-5 Min

Al

b)

Stress, MPa
48,055 Max
0716
37376
1,07
26,637
21,358
16,018
10,679
53395 -

8.9919%¢-5 Min ,:J

Fig. 6. Intensity of von Mises stresses (see color scale) for unit cell
under tension (@) and compression (b) along the x axis
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These simulations were performed using the ANSYS Mechanical software package. Nonlinear
shell finite elements were used in numerical simulation. After conducting convergence analysis,
we selected a model consisting of 4,148 elements and 13,177 nodes; the characteristic size of the
element was 1 mm. The same finite element model was previously used in [24].

Fig. 6 shows the von Mises stress intensity distribution under tension and compression of the
unit cell along the x axis.

Tensile and compressive behavior of the unit cell

The graph for the dependence of the reaction force on the maximum displacement U __ in
different loading directions is shown in Fig. 7. The dashed line shows the linear dependence of
force on displacement in the compressive region with the stiffness equal to the tensile stiffness.
The values of reactions upon load reversal are given in Table 1.

Thus, comparing the tensile and compressive behavior of the unit cell, we found a difference
in the magnitude of reactions under loading in the x and y directions.

Notably, we used the values of effective elastic characteristics (Table 2) that we obtained in [24].

FE kN

|Unaxl/hs %o

Fig. 7. Dependences of reaction force on normalized maximum displacement
in different loading directions (along the axes x, y, 2)
Dashed lines show the linear dependence of force on displacement
in the compressive region with the stiffness equal to the tensile stiffness

Table 1

Comparison of reactions in unit cell
for varying direction and sign of load application

' o Parameter value
Loading direction SFLKN | FL RN | U h %
Axis x 0.347 0.271 2
Axis y 5.991 2.032 50
Axis z 1.561 1.562 2

Notations: +F, -F, are the reaction forces under tension and
compression, respectively; |U_|/h is the ratio of the maximum

max

displacement along each axis to the thickness of the sheet.

The data in Fig. 7 and in Table 1 confirm that different values of reactions are observed in the x
and y directions upon load reversal. This is especially pronounced for the y (vertical) direction. This
result allows us to conclude that multimodular elasticity theory can be reasonably applied to describing
the behavior of structures with the selected type of core. For more accurate description of the behavior
of the unit cell, it is necessary to find effective characteristics for the case of compression as well.
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Table 2
Effective elastic parameters used for simulations
Young’s moduli, GPa Poisson’s ratios Shear moduli, GPa
E"=58.60 v, =031;v,"=0.03 G, =1.030
E=0.899 v, =0.01;v,,"=0.10 G,,=0.113
E =453 v, =0.29; v, "= 0.30 G,,'=0.832

Note. The parameter values given in Table 2 were presented in our earlier study [24].

Conclusion

The results of numerical simulation indicate that the sandwich panel with the selected type of
tetrahedral core has different stiffness characteristics under compression and tension.

We validated the application of the homogenization method combined with the principles of
the multimodular elasticity theory to improve the simulation accuracy for the behavior of the
plate at the macro level.

The obtained results open up opportunities for further research. The next stage is to confirm
that the mean deflection of the panel with core corresponds to the same deflection under bending
in a panel made of homogeneous multimodular material. The behavior of the panel with tetrahe-
dral core should also be compared with the behavior of a panel made of homogeneous multimod-
ular material with orthotropic characteristics. It should be noted separately that it is planned to
describe the multimodular behavior of the structure by successive refinement of the equilibrium
state for the current stress-strain state of the structure.
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AnHotamusa. B pabGore mpencraBieHbl pe3yiabTaThl 3KCIEPUMEHTATbHBIX MCCIICIOBAHUI
3aBUCUMOCTU MPOMOOJBHOIO KO3(p(puiMeHTa 3SKpaHUPOBAHUS MArHUTHOTO »JKpaHa (B
HampaBJeHUU OCH OJKpaHa) MajlorabapuTHBIX pyOuaueBbix aroMHbix 4vacoB (PAY) ot
HATMpPSDKEHHOCTE M B3aMMHOUM OpUEHTAllMM MX BHYTPEHHEro paboyero M JAOMOJHUTETbLHOTO
BHEIIHET0 MAarHUTHbIX moJieil. [Ipy 3TOM JOMONHUTENbHOE T0JIe HAMAaTHUYMBAECT W3BHE
MarHuTHbIN 9kpaH PAY 1 MpoHUKaeT BHYTPb HETO. YCTAHOBJIEHO CYLIECTBEHHOE BIUSTHUE 3TUX
MoJiell B MX B3aMMOCBSI3U Ha KpaHUPYIOIlIMe CBoicTBA MarHUTHOTO 9kpaHa PAY. [TosyyeHHbIE
pe3yJIbTaThl MO3BOJISIOT ONPENeSSaTh MPOMOAbHBINA KO3 duimeHT skpaHupoBanuss PAY mnpu
JNEUCTBYIOIINX 3HAYSHUSIX pab0OYero 1 JOTOJHUTETLHOTO MATHUTHBIX TOJIEH U, KaK CJIeICTBUE,
KOMIIEHCUPOBATh BIMSIHUE BapuUallMii TEOMarHUTHOTO MOJis Ha yacToTy 00opToBhIX PAY.

© Ermak S. V., Semenov V. V., Sergeeva M.V., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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Introduction

Low-Earth satellite systems are crucial for navigation applications. The accuracy of such sys-
tems largely depends on the characteristics of onboard atomic clocks [1—3], which can be used
for mini and nanosatellites using small-sized rubidium atomic clocks (RAC) [4]. The magnetic
shield of the latter weakens the influence of variations in the external magnetic (geomagnetic)
field on RAC frequency. However, due to unavoidable defects (for example, seams and commu-
nication ports), such shields do not allow to completely exclude the influence of field variations
on the stability of RAC frequency [5]. These irregularities in the shield design lead to a sharp
difference in the transverse and longitudinal (along the shield axis) shielding coefficients [6]. Such
a difference in the shielding factors leads to a change in the magnitude and direction of the mag-
netic field penetrating the magnetic shield for RAC located, for example, on-board a satellite [7]
moving in low-Earth orbit and leading to orientation dependence of the frequency of onboard
RAC. Multilayer magnetic shields providing sufficiently high stability of RAC frequency are
commonly used to weaken this dependence. For example, a five-layer magnetic shield was used
in the onboard laser-pumped cesium-beam atomic clock described in [8] to obtain long-term
relative frequency instability at the level of 3.5-10° with short-term relative instability of 10713,
The experimental value of the shielding factor was 3-10° in a magnetic field equal to 24 A/m.

A drawback of multilayer magnetic shields in onboard RAC (especially small-sized ones) is an
increase in their total dimensions and weight. This is why there is a search for new design solu-
tions ensuring the required stability of RAC frequency. It was shown in our earlier paper [9] that
magnetization of a two-layer magnetic shield by an additional constant external field significantly
increases its shielding factor, which reduces the influence of variations in the external magnetic
field on the stability of RAC frequency. In particular, an eightfold increase in the shielding factor
was observed for the additional constant magnetizing field of about 12.8 A/m, directed perpen-
dicular to the RAC axis (the direction of the largest shielding factor of the RAC magnetic shield),
with an amplitude of an external rotating magnetic field of about 2.5 A/m, simulating the geo-
magnetic field in the orbit of a navigation satellite.

Further experiments found that at the given values of the additional magnetizing and rotating
magnetic fields, the shielding factor of the RAC magnetic shield depends both on the magnitude
and on the orientation of the operating magnetic field H  (internal RAC field) generated in the
vicinity of the gas cell by the magnetic system of the RAC.

In this paper, we analyze the details of this dependence based on the measurement results for
shifts in RAC frequency at orthogonal and coaxial orientations of the additional constant external
magnetic field H relative to the operating magnetic field H_.

This add1t10na1 field H, penetrates from the outside into the shield and is oriented along the
longitudinal axis of this shleld A small value of the longitudinal (compared with the transverse)
shielding factor § characterizes the degree of penetration of the field H; inside the screen and,
consequently, the sensitivity of RAC frequency to variations in the external magnetic field. Thus,
measuring the RAC frequency shifts allows to extract information about the values of the longi-
tudinal shielding factor S.

© Epmak C. B., CemenoB B. B., Cepreesa M. B., 2024. Uznarens: CaHkT-IleTepOyprckuii MoJIMTEXHUUECKUT YHUBEPCUTET
IleTpa Benuxoro.
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The goal of this study was to find methods for compensating for the influence of an external
magnetic field on the frequency of a rubidium atomic clock. The primary objective was to under-
stand the behavior of the key quantity that is the longitudinal shielding factor of the magnetic
shield, whose values can be optimized and used for compensation.

The problem was solved by studying the influence of the operating (H, ) and additional (H)
magnetic fields, as well as the influence of their mutual orientation on the value of S.

Procedure for measuring the longitudinal shielding coefficient of magnetic shield

The longitudinal shielding factor of a two-layer magnetic shield in a commercial small-sized
RAC was evaluated using the experimental setup described in our study [10]. The setup con-
tained a magnetic system of three pairs of Helmholtz coils, with small-sized RAC at the center,
connected to a circuit for measuring variations in their frequency. The Helmholtz coils were
used to completely compensate for the geomagnetic field in area where the RAC was placed
(with an accuracy of tens of nT) and generate an additional constant magnetic field H; of vary-
ing strengths. The vector H was oriented coaxial (orientation 11) or orthogonal (orientation 1)
to the operating magnetic field Hap. The shield was made of 79NM permalloy, a ferromagnetic
Ni alloy. The longitudinal shielding factor § for both orientations (11 and 1) of the operating
and additional magnetic fields was determined by measuring the RAC frequency shift relative
to the frequency reference at two fixed values of the current in the coil generating the operating
magnetic field H_.

The magmtude of the quantity [H, | was found by a well-known expression for the frequency
of the lasing transition of RAC (see monograph [5]) with the addition of the component AH_ :

v=v, T B(H, +AH ), (1)

where v, is the atomic transition frequency for ¥Rb atoms (v, = 6.835 MHz); B is the
proportionality constant (8 = 90.5 MHz-m?/A%); AH, is the component of the additional
external field H, penetrating inside the magnetic shield and oriented coaxially with the
operating magnetlc field H The value of the latter in RAC is typically on the order
of 10 A/m [5].

In our experiments, the longitudinal shielding factor was measured at two values of H 11.68
and 12.16 A/m.

The values of the field increments ZAH, (acting inside the shield and induced by field incre-
ments *AH), necessary for subsequent calculations of the longitudinal shielding factor of the
RAC screen, were determined by measuring the frequency difference between the RAC and the
frequency reference by Eq. (1).

In contrast to the technique described in [9], this study did not use an external rotating mag-
netic field; it was unnecessary, since we considered the influence of the increments of the addi-
tional field AH, simulating the geomagnetic field of the Earth, on RAC.

Measurements of longitudinal shielding factor

Fig. 1 shows example waveforms of the relative frequency shift of RAC in the range of mag-
netic field increments AH, from 5 to 30 A/m. Table 1 shows the corresponding values of the
relative frequency shift of RAC.

Small-sized RAC of the same type as the one considered in the study was used as reference
frequency for measuring the RAC frequency shift. This small-sized clock was located outside the
magnetic system generating increments AH,.

The following expression was used to determine the longitudinal shielding coefficient S:

S=AHJAH . )

Based on the data in Table 1, using Eq. (2) (taking into account expression (1)), we calculated
the values of the longitudinal shielding factor .S for various combinations of the mutual orientation
of the vectors Hop and H,. The results of these calculations are given in Table 1.
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Fig. 1. Waveforms of relative frequency shift of RAC induced by increments AH;
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Numbers above the segments correspond to the periods (see Table 1)

Table 1

Relative frequency shifts of rubidium atomic clock
at different increments of external magnetic field
and two magnitudes of operating magnetic field H

External magnetic Relative frequengy shift,
Period field increment 10 rel. units
AH, A/m H =11.68 A/m | H =12.16 A/m
1 0 —1.4990 —1.3396
2 +5 —1.5047 —1.3449
3 =5 —1.4881 —1.3201
4 +10 —1.5083 —1.3463
5 -10 —1.4831 —1.3251
6 +15 —1.5113 —1.3539
7 -15 —1.4771 -1.3184
8 +20 —1.5196 —1.3576
9 —20 —1.4655 —1.3112
10 +25 —1.5259 —1.3645
11 25 —1.4635 —1.3062
12 +30 —1.5262 —1.3707
13 =30 —1.4552 —1.3009
14 0 —1.4917 —1.3521

>



4 Experimental Technique and Devices

Table 2

Summary table of longitudinal shielding factors
for two magnitudes of operating magnetic field H,
and its orientation relative to external field H,

Longitudinal shielding factor S
AH, A/m H =11.68A/m | H =12.16 A/m
11 1l 11 )
5 128 329 89 294
10 181 366 219 294
15 200 398 225 323
20 178 310 250 351
25 665 293 240 320
30 205 352 250 305
40 294 265 305 234
60 288 290 307 209
80 313 290 260 173

Notations: AH| is the increment of the external magnetic field; 11
and 1| are the mutual orientations of the magnetic fields H; and H, .

It follows from the data in Table 2 that the greatest discrepancy in the values of the shielding
factor § for the orientations of the additional external (H,) and operating (H, ) magnetic fields
(denoted as 11 and 1) is observed in the range AH, = 5 A/m i.e., where the magnetrc permeability
of the material of the magnetic shield (permalloy) undergoes the most drastic change in the
function of the constant external magnetic field [11] whose order of magnitude is comparable to
the geomagnetic field intensity in the orbit of navigation satellites. The dynamics of the variations
in the shielding factor as a function of the magnitudes of the vectors Hap and H, and the directions
of their mutual orientation makes it possible to determine the value of the shielding factor for
various combinations of both the values and the directions of these fields. Data for the shielding
factor allows to determine the parameters of the magnetizing field directed orthogonally to the axis
of the magnetic shield for the purpose of increasing its shielding factor [9] as well as compensating
for the influence of variations in the external magnetic field on the frequency response.

Conclusion

Analysis of the results obtained in the study allows to draw the following conclusions.

1. The longitudinal shielding factor of the RAC magnetic shield significantly depends on both
the operating magnetic field and additional magnetizing field as well as on their mutual orientation.

2. The maximum difference between the shielding factors for two opposite orientations of the
additional magnetizing field H  and operating field H is observed for the field increment AH = 5
A/m, which approximately corresponds to the geomagnetrc field in the orbit of navigation satellrtes

3. The obtained dependence of the shielding factor is of fundamental importance for adjuscting
the RAC frequency based on the data on variation in the magnitude and direction of the external
magnetic field during the satellite's orbital motion.
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Annoramus. B pabote mpencramieHbl (u3nyeckre OCHOBBI PEHTIeHO-a0COPOIIMOHHOMN
nmMmepcuoHHoit TexHojorun (PAWT), ocHoOBaHHO Ha perucTpaldy pPEHTTEHOBCKOTO
U3JTy4eHMUsI, TIPOIIEAIIEeTo Yepe3 aIMa30CoaepKalllylo pyay, IyCTOThl MEXIY KycKaMU KOTOPOi
MpeaBapuTeIbHO 3aMOJHSI0TCS UMMepcruoHHo cpenoit (MC). I1pu aToM ornpenesieH nuamna3oH
SHEPIUi PEHTTeHOBCKUX (DOTOHOB, B KOTOPOM ajMa3 OoJiee Mpo3payeH, YeM KOMITOHEHTBI
pyabsl. Ha ocHOBe TpemiokeHHOH anmpoKCUMallMi MacCOBBIX KOA(M(HUIIMEHTOB OocIabieHus
3JIEMEHTOB CYMMOW MBYX CTENCHHBIX (DYHKUIMN IIpOBeIeHO OOOCHOBaHME OCO3HAHHOTO
BbIOOpa MaccoBoro kKoadguuueHta ocinadnenus MC, paBHOro cpefHeMy 3HAUYEHUIO IO BCEM
KOMIIOHEHTaM pYyIbl C y4e€TOM HX BecOoBOro conepxanwusi. [lo pesynbratam TecTUPOBaAHUS

© Kuptsov V. D., 2025. Published by Peter the Great St. Petersburg Polytechnic University.

49



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 2 >
I

NpeIoKeH OoNTUMajbHbli coctaB MC B Buae ChIlydyero marepualia: IIOPOILIOK CILIaBa
AJIIOMUHUS C LIMHKOM. DKCIEPUMEHTHI, IIPOBEICHHbIE HA pa3pabOTaHHOM M M3TOTOBJIIEHHOM
oOpa3ue cemapatopa, IOATBEPAUIM BO3MOXHOCThL mnpuMeHeHuss PAWMT, oGnamaroueit
CYIIECTBEHHBIMU TTPEUMYIIECTBAMU HaJ aHaJIOTaMM.

KioueBbie c10Ba: peHTIeHO-a0COPOLIMOHHAS TEXHOJIOTHS, UMMEPCHUOHHAS Cpela, MaCCOBBIN
K03 GULIMEHT ociabiaeHUsI, pEHTTEHOBCKOE U3IyYeHUE, aaMasbl

Ccebiika nmas mutupoBanmsi: Kymio B. JI. PeHTreHo-abcopOiimoHHass MMMEPCUOHHAS
TEXHOJIOTUS O0OTAleHUsT aJIMa30COAePXKAluX Pyl (pusmyeckre OCHOBBI M TpaKTUUYeCKas
peanusauust // Hayuno-rexuudyeckue Benomoctu CIIOITTY. dusnko-maTeMaTHdeCKKMEe HAYKH.
2025. T. 18. Ne 2. C. 49—59. DOI: https://doi.org/10.18721/JPM.18205

CraThsl OTKPBITOTO IOCTyIa, pactnpoctpangeMast mo juieH3un CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The physical basis of the X-ray absorption technology for enrichment of minerals is the
attenuation (absorption and scattering) of electromagnetic radiation in the X-ray spectrum
passing through diamond-bearing ore. A distinguishing feature in separation of minerals is the
difference in radiation intensities transmitted through the ore in its cross-sections with and
without diamonds.

The advances in the X-ray absorption technology made recently allow to replace the common
methods for processing diamond-bearing ores with this technology, not only during recovery but
also in the main stages of enrichment [1].

Currently, X-ray fluorescence (XRF), gravity-based separation and techniques using grease
tables are widely used in mining.

The physical basis of the XRF technique is the fluorescence of the diamond exposed to X-ray
pulses. To analyze this fluorescence, two separation criteria are used: the autocorrelation func-
tion and the ratio of the components of the fluorescence lifetime [1]. The diamond must be
located on the surface of a piece of kimberlite for such analysis, otherwise it will not be detected.
Consequently, ore should be disintegrated in wet ball mills or jaw crushers, which causes damage
(chipping) to the stones, significantly reducing their cost. In addition to chipping, losses due to
uncharacteristic fluorescence kinetics typical for diamonds occur during XRF separation [2].

To overcome this drawback, research is underway on treating raw materials with organic
luminophores to modify the X-ray fluorescent properties of weakly fluorescent diamonds and
selectively identify them in XRF separators [3].

The physical basis of gravity (heavy-media) separation technology is the difference in the
density of diamonds and gangue. The density of a diamond is 3.40—3.55 g/cm?, while that of
gangue is about 2.5 g/cm’. In the process of such separation in a liquid medium with a density
of about 3.0 g/cm?®, diamond-bearing ore sinks to the bottom of the container and gangue floats
to the surface. Rotating the liquid together with ore pieces in special hydrocyclones accelerates
the separation process [4]. The advantage of gravity technology is that it allows to extract rough
diamonds (located inside pieces of ore). Its disadvantages include the need for precision con-
trol of the density of heavy liquid, maintained at the level of 3.0 g/cm?, and most importantly,
environmental damages.

The physical basis of the grease-based technology is the difference in the adhesion of diamond
and kimberlite pieces to the grease table. Grease separation is mainly used in at the recovery stage.

Great efforts are made to improve the technologies for processing diamond ore. Recent
advances include a dual-energy X-ray separation method using nanosecond pulses of two energy
levels of an explosive electron emission-based X-ray tube [5], as well as complementing the X-ray
fluorescence method with X-ray absorption [6, 7].

The above-mentioned drawbacks of diamond ore processing technologies can be significantly
mitigated or even completely eliminated by introducing the X-ray absorption immersion technol-
ogy (XRAIT) [8].

© Kymuos B. 1., 2025. Uznarens: Cankr-IletepOyprekuii monurexHuueckuii yuusepcuret [letpa Benukoro.
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XRAIT is based on placing pieces of diamond ore into an immersion medium (IM) with a
linear X-ray attenuation coefficient close to the linear attenuation coefficient of kimberlite. The
IM is intended for filling all cavities between diamond ore pieces, ore with a constant thickness
on the transporter [9].

IM allows to arrange pieces of diamond-bearing ore on a transporter as a parallelepiped made
of kimberlite, inside which a diamond may be located. The schematic diagram for XRAIT is
shown in Fig. 1.
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Fig. 1. Schematic diagram of X-ray absorption immersion technology:
immersion medium; piece ore; X-ray tube control unit; receiving and converting device

The goals of this study consisted in theoretical analysis of the physical foundations of X-ray
absorption immersion technology, aimed at resolving its main technological drawbacks.

To achieve these goals, we analyzed the attenuation of X-ray radiation in diamond and related
minerals, conducting experimental tests to validate the proposed technology

Attenuation of X-ray radiation by different media

The penetrating radiation generated in the X-ray tube passes through a mixture of ore and IM,
is converted into optical radiation in the scintillator, which, in turn, is converted into electrical
signal in the receiving and converting device. The braking radiation of the X-ray tube is generated
during the curvilinear motion of electrons in the Coulomb field of atoms in the tube’s anode.
In addition to braking radiation, X-ray tubes emit rather narrow spectral lines of characteristic
X-ray radiation associated with the transition of electrons from one orbit to another. However,
significantly lower energy is concentrated in the characteristic radiation compared to the braking
radiation, which makes it possible not to neglect the characteristic radiation in calculations of
intensity and transmitted radiation.

The XRAIT is based on the detecting radiation transmitted through ore placed in IM with a lin-
ear attenuation coefficient close to the linear attenuation coefficient of gangue of diamond-bear-
ing ore. As a result, the intensity level of X-ray radiation after passing through diamond-bearing
ore in IM is determined by the attenuation of radiation in kimberlite, diamond, IM and scintil-
lator. A photocurrent proportional to the intensity of the transmitted X-ray radiation is formed in
the receiving and converting device.

The X-ray radiation intensity / at the medium depth xis determined by the Bouguer—Lambert law:

1, =1 exp{—px} = I,exp{-p,px}, (1)

where p_is the linear attenuation coefficient of X-ray radiation, p_is the mass attenuation coef-
ficient, p is the density of absorbing substance, I is the intensity of incident radiation.

The mass attenuation coefficient, unlike the linear one, does not depend on the aggregate state
of the substance. The mass attenuation coefficients of the elements obtained experimentally can
be found in reference tables in [10].
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Approximations of the energy dependence of mass attenuation coefficients are used for ana-
Iytical calculations of penetrating radiation. In contrast to the discrete range of energies given in
the tables with experimental data [10], the approximated dependences allow to calculate X-ray
attenuation continuously for all photon energies.

The smallest error of the approximations of mass attenuation coefficient considered is provided
by the approximation in the form of a sum of two power functions:

{Ml =a,E™ +a,E™ +c, E<E,, o

W, =a,E"™ +a,E"™+c,, E>E,,

where E,_is the energy of the k-absorption edge.

The relative error of this approximation for elements with the atomic number Z lower than
26 in the energy range of 1—150 keV does not exceed 1% compared with experimental data [10].
The relative error does not exceed 2% for elements with the atomic number higher than 26 (**Fe)
in the range of 1—400 keV. Table 1 gives the approximations obtained for the mass attenuation
coefficients of the elements of diamond-bearing ore, the materials of anodes of X-ray tubes, filters
and scintillators. Characteristic radiation was not taken into account.

The mass attenuation coefficient of a complex molecule is

(um)mal = ZCil’Lmi’ (3)

where p is the mass attenuation coefficient of the ith element in the molecule, C, is the mass
fraction of the ith element in the molecule; summation is carried out for all elements in the mol-
ecule. The mass attenuation coefficients of mixtures of suspensions, alloys and solutions are deter-
mined similarly. In this case, C, is the mass fraction of the ith substance in such medium [11].

The intensity of transmitted radiation is reduced by half in the so-called half-value layer
(HVL) [11]:

In2 _ In2 A
w,(E)p n(E) @

d(E)=

The chemical compositions of the main components of the diamond-bearing ore are given in
Table 2. Based on the energy dependences obtained for the mass attenuation coefficients of the
elements, in accordance with expressions (3) and (4), we calculated the HVL of the components
of diamond-bearing ore depending on the energy of X-ray photons for the ranges of 10—100 and
100—1000 keV (Fig. 2).

The HVL of diamond significantly exceeds those of any components of the diamond-bearing
ore in the photon energy range of 10—50 keV (see Fig. 2, a). At an energy of 30 keV, the HVL
of diamond exceeds the HVL of the nearest component of the diamond-bearing ore, serpentine,
by two times.

XRAIT is based on X-ray attenuation by the diamond in the photon energy range of 10—50 keV,
where the half-value layer exceedsthose for all other minerals in the ore. An additional factor
is that the cavities between the ore pieces are filled with the immersion medium with a linear
attenuation coefficient close to the average for all ore components taking into account their
mass fraction.

Diamond is significantly more transparent than any of the other components of the dia-
mond-bearing ore in the photon energy range of 10—50 keV. The IM is used to fill cavities
between pieces of diamond-bearing ore. Then there is a significant increase in the intensity of
transmitted X-ray radiation in the diamond cross-section. If the cavities are left unfilled, the
intensity of the transmitted X-ray radiation in the cross-sections of the cavities increases as if this
cross-section contained a large diamond. There are a lot of cavities between pieces of ore on the
multilayer transporter, therefore XRAIT without the IM cannot be used to isolate pieces of ore
containing diamonds.
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Table 1
Formulas of approximations obtained for mass attenuation coefficients
of elements by summation of two power functions (see Eq. (2))

Element | Approximation formula for p (£, keV), cm*/g | Energy range E, keV
°C 2.781-103-E310 8. 477-10* E*¥ 4+ 0.1930 1.0000 < £ <200.00
50 6.284-103-F3%2-3.403-10*-E*"7 + (0.1820 1.0000 < E <200.00

'"Na 1.575-10* E3010 — 7 884-107-E*% + (0.1557 1.0000 < £ <200.00
Mg 2.130-10*E3%7 — 6.825-10°-E"% + 0.1640 1.0000 < E <200.00
N 1.955-103-E 262 —10.5560 1.0000 < E < 1.5596
2.390-10% E 2% — 1,880-10* E*>* 4+ 0.1430 1.5596 < £ <105.00
g 1.582-10%E261—12.2000 1.0000 < E < 1.8389
3.190-10* E27 — 3.020-10* E+4% + 0.1480 1.8389 < £ <110.00
g 4.272-10%-E2%% —2.100-10*-E35* — 3.7300 1.0000 < E< 3.6074
7.720-10% E29% — 1.080-10%- E+%* + 0.1350 3.6074 < E < 125.00
2Cq 5.163-10%-E2677—-2.900-10*-E-5133 — 4,3500 1.0000 < E <4.0381
8.565-10* F290 —1.855-10> E*+37 + 0.1365 4.0381 < E<125.00
5Mn 9.770-10%-E271¢ — 1.680-10°-E*7"' — 1.3000 1.0000 < E < 6.5390
1.380-10°-E 292 —7.830-105-E*% + (.1185 6.5390 < E < 150.00
e 1.113-10%E27 —2.050-10%-E4+7%% — 1.4000 1.0000 < E<7.1120
1.555-10%-E2%7 —10.45-10°-E*%° 4+ (0.1204 7.1120 < E < 150.00
90 1.505-10*E27% —3.700-10% £+ — 1.0000 1.0961 < E<8.9789
1.840-10°-E 2%+ —8.300-10°-E33%°+ 0.1120 8.9789 < E <175.00
Ww7n 1.685-10*E271° — 4,600-103- E*°17 — 0.9000 1.1936 < E <9.6586
2.029-10°-E2%° —3,600-10°-E*%2 4+ (0.1100 9.6586 < £ <195.00
9y 3.210-10* E260 — 2 777-10* E-3%1 — 0.9100 2.3725<E<17.0384
3.131-10%-E271 —8.232-107-E5% 4+ 0.0950 17.0384 < E <220.00
“Mo 4.007-10*E%%% —9.713-10*E>°8 — 0.6500 2.8655 < E <19.9995
3.852-105-E 27— 1.489-10% E 5% 4+ 0.0970 19.9995 < E <220.00
“Ag 5.557-10*E2¢7 —5.017-10°- E63* — 0.3500 3.8058 < E <25.5140
4.413-10%-E27"' — 1.476-10°-E%%¢ + 0.0895 25.5140 < E <280.00
sCd 5.733-10* E2¢% — 8.930-10°+ E%* — 0.3200 40180 <E<26.7112
4.439-10*E273 —4,511-10%- E5% + 0.0850 26.7112 < E <320.00
T 8.091-10* E2%3 —1.333-10%E>2 + 0.0600 5.1881 < E<33.1694
5.245-10%-E27% —1.200-10°-E>7° 4+ 0.0824 33.1694 < E <320.00
55Cs 8.757-10* E2% —2.230-10%E£5%°+ (0.0260 5.7143 < E <35.9846
5.920-10°-E 2732 —2.150-10'- E647 + (0.0860 35.9846 < E < 320.00
%Ba 8.986-10* F27 —2.253-10%E>3 +0.0210 5.9888 < E <37.4406
5.943-10°-E27> —1.631-10'°-E %3¢ + (.0839 37.4406 < E <320.00
“Gd 1.294-10%-E2%° —3.501-10%-E %% 4+ 0.0800 8.3756 < E <50.2391
7.300- ) +3-E26% — 1,330-103%- E45° + (0.0818 50.2391 < E < 320.00
Th 1.341-10%-E2%%% — 4,335-107-E%%7 4+ 0.0740 8.7080 < E <51.9957
7.520-103-E26% —2.260-107-E 43 + 0.0804 51.9957 < E <320.00
W 1.959-10%-E2%% —2.036-107-E-5°1 + 0.1390 12.0998 < E < 69.5250
7.715-10%-E2% —3.140-10%- £+ 4+ 0.0775 69.5250 < E <400.00
AU 2.194-10%-E2%2 —3.200-107-E>%1 +0.1290 14.3528 < E < 80.7249
8.118-10°-E26%0 2 784-107- E*4° + (0.0795 80.7249 < £ <400.00
“ph 2.385-10°-£2%3¢ - 3226-107-E°4"1 + 0.1250 15.8608 < E < 88.0045

7.526-10°-E25% +0.0770

88.0045 < £ <400.00
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Table 2

Key characteristics of natural minerals of diamond-bearing ore

Half value layer, mm

57

O st B A ey

Half value layer, mm

Number | Mineral Chemical formula Density, kg/m’
1 Serpentine Mg,Si,0,5Hy 2.52
2 Quartz SiO, 2.60
3 Diamond C 3.51
4 Calcite CaCO, 2.65
5 Pyrope Mg;AlLSi;0,, 3.55
6 Kyanite Al,O4Si 3.58
7 Diopside CaMgSiO, 3.28
8 Biotite KMg;Fe;AlO,H,F, 3.00
9 Ilmenite FeTiO, 4.73

10 Pyrite FeS, 4.95

11 Magnetite Fe,O, 5.00

12 Zircon SrSiO, 4.66

13 Scheelite CaWoO, 5.90
b)

X-ray photon energy, keV

Fig. 2. Dependences of half-value layer for components of diamond-bearing ore
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In the case when the IM evenly fills all cavities between the ore pieces, X-ray radiation is
guaranteed to pass through the same thickness of the component mixture: ore, diamond and IM.
The characteristic differentiating the diamond from gangue is the transmitted X-ray radiation
exceeding the threshold determined by fluctuations in the X-ray background associated with

inhomogeneous composition of the ore.

The patent [5] proposes a method for dual-energy X-ray projection separation of mineral raw
materials based on reducing the attenuation coefficient compared to the host rock at low X-ray
radiation energy (values of 20—230 keV are given) and (conversely) increasing this coefficient at
a high energy level (250—700 keV).
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Notably, such ore components as serpentine, quartz, calcite, and biotite attenuate primary
radiation to a smaller extent than diamond in the energy range of 250—700 keV (see Fig. 2,b).
Therefore, these minerals fit the differentiation criterion proposed in the patent [5]. However,
minerals such as diopside, pyrope, and kyanite are practically indistinguishable from diamonds in
terms of attenuation of penetrating radiation. As for minerals such as ilmenite, pyrite, magnetite,
zircon and scheelite, they have significantly lower transparency compared to diamond the same
as in range of 10—50 keV. This means that these minerals do not fit the differentiation criterion
proposed in the patent [5]. As a result, the method proposed by in the patent [5] is not always
applicable for separating diamond from its ore.

Experimental results obtained with
X-ray absorption immersion separator

The proposed technology is based on X-ray absorption immersion separators. We fabricated a
prototype separator, using to detect rough diamonds in pieces of kimberlite. The separator con-
sists of the following parts:

X-ray tube with control unit and cooling system for tungsten anode with running water;

vibratory feeder supplying ore;

feeder supplying immersion medium;

separation device;

receiving and converting device.

The X-ray radiation transmitted through the ore in IM is converted into electrical signal in
the receiving and converting device, which includes a position-sensitive scintillation detector
based on gadolinium oxysulfide Gd,0,S(Tb) (0.3 mm thick), 256 photodiode-based integrated
photodetectors and operational amplifiers with capacitive feedback and control unit for detection
of penetrating X-ray radiation, information processing and control of separator actuators. The
Gd,0,S(Tb) scintillator converts transmitted X-rays into green light (visible range), which is then
transmitted to photodiodes. The electric charge from the photodiodes, proportional to the trans-
mitted X-ray radiation, is supplied to the operational amplifier integrators. The control unit allows
to visualize the intensity of the transmitted X-ray radiation in the cross-section of the transporter
as graphs on a computer screen.

The IM can be liquid: both in the form of suspensions and aqueous solutions of salts. The
experimental studies conducted confirmed the possibility of using suspensions of barium sul-
fate (BaSO,) and ferrosilicon (FeSi). Testing of many aqueous solutions made it possible to
isolate potassium iodide (KI), lead acetic acid (Pb(CH,COO),:3H,0) and sodium tungstate
(Na,WO,2H,0) for practical use. To achieve the required linear attenuation coefficient of the
IM, it is necessary to select the appropriate concentration. Importantly, the required mass density
of immersion suspensions and solutions turned out to be lower than the density of liquid media
in gravity technology.

However, the following problem arose: when ore pieces and liquid IM were mixed, air bubbles
were formed that were even more transparent to X-rays than diamonds; as a result, the bubbles
were mistakenly detected as large diamonds. Despite attempts to remove the bubbles by flushing,
it was not possible to obtain an effective solution to this problem.

The immersion medium in the form of bulk powder yielded much better results. In this case,
uniform thickness of the bulk material layer had to be achieved, but this task was easily solved
using a scraper mounted above the transporter. Experiments were conducted for milled ferrosili-
con, iron oxide, separately for iron and aluminum powders, aluminum alloy powders with tin and
copper, with zinc, with nickel and quartz sand.

Metal alloy powders are used in powder metallurgy, so they are more affordable, as they are
produced industrially. In terms of X-ray absorption and consumer properties, aluminum alloy
powder with zinc (94% Al + 6% Zn) with a fraction of 100—200 um has proved to be the best
option. This material has a number of advantages: it is completely non-hazardous, it has good
flowability, it is dust-free, it separates perfectly from pieces of diamond-bearing ore, dries and
does not clump. Due to these properties, it is comparatively easy to return the material to the
circulation cycle of the immersion medium at mining facilities. The powder made it possible to
completely solve the problem of air bubbles on the transporter.
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Conclusion

Studies of the physical foundations of X-ray absorption immersion technology provided
insights into the propagation of X-rays in diamond-bearing ore containing many different
minerals: serpentine, quartz, calcite, pyrope, kyanite, diopside, biotite, ilmenite, zircon and
scheelite. We found and justified a convenient range of X—ray photon energies, 10—50 keV,
where diamond is more transparent to penetrating X-rays compared with other natural miner-
als of diamond-bearing ore. It was established that serpentine is the closest in transparency to
diamond in this range.

To mathematically describe the physical phenomenon of attenuation of penetrating X-ray
radiation through objects, we constructed a model with an approximation of the mass attenuation
coefficients by the sum of two power functions containing a set of key parameters. The proposed
approximations give a relative error of 1—2% in the energy range of 1—400 keV and are suitable
for calculating the energy dependences of penetrating X-ray radiation.

Based on the detected patterns of X-ray attenuation, we proposed an X-ray absorption
immersion technology for extracting natural diamonds, which involves filling cavities between
pieces of kimberlite with an immersion medium with a linear attenuation coefficient equal to
the average for all ore components, taking into account their mass fractions. We established
the advantages of using an immersion medium in the form of a bulk material (aluminum alloy
powder with zinc) over liquid immersion media where the influence of air bubbles has to
be eliminated.

The proposed X-ray absorption immersion method was validated with a prototype separator we
developed and fabricated, used for experiments to detect rough diamonds in pieces of kimberlite.
The experiments revealed that the response amplitude of a 4 mm diamond is twice as high as the
average level of the transmitted X-ray radiation. Such an important indicator as the ratio of useful
signal corresponding to the presence of diamond to the level of fluctuations associated with the
inhomogeneity of fractions in the composition of kimberlite pieces was found to exceed a fivefold
value. As a result, the presence of diamond in a piece of diamond-bearing ore is determined with
a high probability of 99%.

The proposed X-ray absorption immersion technology for extracting natural diamonds offers
significant advantages:

possibility of extracting rough diamonds,

reduced amount of chipping during ore disintegration,

possibility of extracting weakly fluorescent diamonds,

low environmental damage.
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Naturally, such advantageous technology will require additional equipment at mining facil-
ities to mix the immersion medium (dry powder) with disintegrated diamond-bearing ore and
ensure a closed cycle reusing the immersion medium. The workflow of the facilities will also
require restructuring.

However, such costs are undoubtedly justified and will pay off quickly: even saving only one
100-carat diamond from chipping generates revenue of up to tens of millions of dollars.

Adjusting the technical parameters of X-ray absorption immersion separators will make it pos-
sible to achieve diamond extraction in poor and remote deposits, and even mining of tailings in
existing deposits with high economic efficiency.
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AnHotauua. JlaHHOoe uMcciefoBaHME TPOAO/XKAET LMKJI  CTaTeil, TOCBSILIEHHBIX
0COOCHHOCTSIM  (DYHKIIMOHUPOBAHUSI MOHHO-ONTUYECKUX YCTPOUCTB C TEPUOAUUYECKUM
3JIEKTPUYECKUM MTUTAHUEM U TTOCTOSTHHBIM OJJHOPOJHBIM MarHUTHBIM TOJIEM, TPUMEHSIEMBIX B
Macc-CIeKTpoMeTpuu. B cTaThe mokazaHo, Kak nuarpaMma yCTOMYMBOCTM KOMOMHUPOBAHHOM
WOHHOM JIOBYIIKM MEHSIET CBOIO CTPYKTYPY IPHM OTKJIOHEHWU KOHMUTYpalluM JOBYIIKUA OT
uneanbHoil. OTpeesieHo BIAWSIHUE BEIUYUHBI yTIa MEXIY OChI0 CUMMETPUM IJICKTPUUECKOTO
MOJiss M HampaBjIeHWEM MAarHUTHOW WHAYKIWU, a TakXe BIWSHUE HapyIlIeHUS OCEBOMU
CUMMETPUU JEKTPUUECKOTO MOJISI Ha KapTUHY 30H ycToilumBocTU. [TomyyeHHbIe pe3yabTaThl
11eJIeCOO0pa3HO MCIOJb30BaTh KaK Uil OLIEHKM BIUSHUS Ae(HEKTOB WM3TOTOBJICHUS JMOO
IOCTMPOBKM Ha pabOTy KJIACCUYECKOM KOMOMHUPOBAHHOM JIOBYIIIKH, TaK 1 JUISI TPOSKTUPOBAHUS
HOBBIX HEKJIACCUUYECKNX MOHHBIX JIOBYIIIEK.
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Introduction

A combined ion trap is commonly understood as a Penning trap with oscillating voltages sup-
plied to its electrodes. This trap is actually a combination of Penning and Paul traps [1, 2]. The
combined ion trap, although it has the disadvantages of each of its components, has a number of
advantages, in particular, an increased stability zone.

It is convenient to construct the stability zones of ions in a combined trap in a rotating coor-
dinate system, which makes it possible to separate the variables and obtain a pair of independent
Hill equations [3] (in the particular case, the Mathieu equations). The stability zone of the sys-
tem is constructed in this case as the intersection region of the stability zones of the obtained
Hill equations.

© bepnaukoB A. C., Eroposa A. B., Kpacnosa H. K., Maciokesuu C. B., ConosbeB K. B., 2025. Wznatens: CaHkT-
[MeTepOyprckuii moauTeXHMYECKUit yHuBepcuteT [letpa Benmkoro.
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However, this technique is effective only for systems with axial symmetry. A number of config-
urations of the combined trap are not intended for an axisymmetric system but preserve linearity
of the equations of ion motion. The latter makes it possible to study the nature of ion motion
using the analytical tools of Floquet theory [4, 5]. We already adopted an approach based on this
theory in our previous studies [6—8]. It allows to directly establish the conditions for stability of
ion motion, facilitating the study of the system and allowing to draw conclusions about its possible
operating modes.

This paper confirms that Floquet theory can be used to analyze ion traps based on non-ax-
isymmetric hyperbolic electric fields with oscillating voltage immersed in a uniform magnetic field
of arbitrary direction.

Stability of dimensionless trap model

For simplicity, we introduce dimensionless units of measurement [16], assuming that the
dimensional coordinates R = (X, Y, Z) and time ¢ are related as follows to the corresponding
dimensionless coordinates r = (x, y, z) and time t:

R=¢(r,t=Tx, (1)

where ¢, T are linear and time scales chosen from physical considerations.

The motion of a particle with charge e and mass m in a trap occurs in a constant uniform
magnetic field with the strength B and the direction set by the polar and azimuthal angles (6, ¢)
relative to the coordinate system associated with the geometry of the electric quadrupole:

B = B, (sinf-cose, sinf-sing, cosb) 2)
and in an electric field (with oscillating voltage) quadratic with respect to the coordinates:
aX>+BY* +yZ°

62
f(o(t+0)) = f(wr),
a+pB+y=0,

U=(U,-U f(ot))

b

3)

where U, U, are the amplitudes of the DC and AC components of the supply voltage; o is the
angular frequency of the latter, o is its period; a, B, y are the parameters defining the geometry
of the field.

The dimensionless equations of motion in these fields form a system

¥=-20(a—-2q- f(21))x+ yb, - zb,

y==2P(a-2q- f(21))y +zb, —xb_, 4)
Z=-2y(a-2q- f(21))z+xb,— yb,,

where the components of the dimensionless magnetic field are determined by the equality
b = b(sinBcos,sinOsing,cos0) = (b,,b,b.), (5)

and the coefficients a, g, b for the given time scale 7= 2/w are determined by the relations

4= 4eU, _ 2eU, b 2eB,

- B} q - B .
o’m/l? o’m/l? wm

(6)

The dots above the variables in Egs. (4) denote differentiation with respect to dimensionless
time 1.
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In the general case, system (4) has six independent parameters that affect stability:

traditional ones, a and ¢;

new ones, b, 0, ¢, related to the strength and direction of the magnetic field;

two parameters of the geometry of the electric field, for example, a, B (taking into account the
last equation in system (3)).

Evidently, the multidimensional region can only be visualized by sections whose dimensions do
not exceed 3. Here we confine ourselves to traditional two-dimensional diagrams.

For a dimensionless magnetic field b = b (0, 0, 1) directed along the symmetry axis of the
electric field, the form of equations (4) is simplified:

X=20(a—-2q- f(27))x+ by,

y=2B(a-2q- f(20))y - bx, (7
Z==2y(a=2q- f(21)z=—(a. -2q." f(27))z,

The electric field with axial symmetry corresponds to a set of parameters
(o, B,y) = (-1/4,-1/4, 1/2).

The diagrams for the stability zones below are given in the coordinates (¢, a) = (q,, a,).

The stability of ion motion in the axisymmetric hyperbolic electric field and the longitudinal
magnetic field is studied in a coordinate system rotating around the z axis. Recall that if we intro-
duce a complex variable £ = x + iy for a = p = —1/4, then we obtain the following equation from
the first two equations in system (7):

£ (a- 24 fQT)5- b ®)

Next, moving on to the rotating coordinate system n = x* +iy*, using the transformation
& = nrexp(-ibi/2),
Eq. (6) is converted to the following form:

2

L1 b B
11—5(0—7—26]‘f(2T))11—0- 9

Thus, we obtain the Hill equation shifted with respect to the parameter a. Then the stability of
the system including the third equation of system (7) and Egs. (8), (9) can be easily analyzed by
the traditional method of superposition of stability zones of the Hill equation [1, 2].

Case 1. Consider the case where the electric field is axisymmetric, namely,
(a, B, v) = (-1/4, -1/4, 1/2), and the magnetic field is directed at an angle 6 to the z axis, i.e.,
there is misalignment between the magnetic field and the symmetry axis of the electric field.
There is no dependence on the azimuthal angle, the strength of the dimensionless magnetic field
isb = b (sind, 0, cos 0). Then system (4) takes the following form:

X=-2a(a—-2q- f(21))x+bycosH,
==2B(a—2q- f(21))y + b(zsin O — x cos ), (10)
Z=-2y(a—2q- f(21))z—bysinb.

In turn, system (10) cannot be reduced to a set of Hill equations, but it remains linear with
periodic coefficients and therefore is subject to analysis by the technique proposed in [6].
Let us rewrite Eq. (23) as follows:

X =A(1)X, A(t+4) = A7), (11)

where
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X =(x; X, X3 X, X; xs)T =(xxyyz Z)T (12)

(the superscript 7" denotes transposition);

0 1 0 0 0 0
—20(a—-2q-f(21)) O 0 b, 0 -b,
A 0 0 0 1 0 0
(0= 0 -b, 2B(a-2q-f(2t)) O 0 b, | (13)
0 0 0 0 0 1
0 b, 0 -b. 2y(a-2q-f(27)) O

In accordance with Floquet theory [4, 5], the stability of solutions (13) is assessed through
analysis of the monodromy matrix eigenvalues of system (11). The procedure for constructing
stability diagrams of system (11)—(13) is described in sufficient detail in [6]; let us briefly recall its
key points: the fundamental matrix of solutions X(t), X(0) = E is constructed. Next, the spectrum
of the monodromy matrix X(A) is analyzed. The spectral radius equal to unity corresponds to the
values of the parameters representing stable motion.

Fig. 1 illustrates the evolution in the configuration of the first stability zone for f{t) = cost at
b = 1 with varying parameter 6.

0.0 04 0.8 1.2 q0.0 04 0.8 1.2 q
Fig. 1. Stability zones (hatched by horizontal lines) for different values
of misalignment angle 0 between the symmetry axis of the electric field

and the direction of the magnetic field; b = 1; f{r) = cost (Case 1)
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Fig. 2. Stability zones (hatched by horizontal lines) for different values
of the electric field asymmetry parameter ¢; b = 1, f{t) = cost (Case II)

1.0}-

02}

0.0

-02}

]

Fig. 3. Diagram (g, a) (lower part of figure) and dependence of L(q) (upper part):
the former shows the configuration of stability regions in coordinates (g, a),
the second shows the change in the spectral radius of the monodromy matrix L
from identity to non-identity and vice versa at the boundaries of stability regions
with the parameter ¢ varying along the line ¢ = 0.02 (horizontal dashed line)
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Case II. Consider a situation where the axial symmetry of the electric field is broken. We intro-
duce the parameter ¢, lying in the range 0 < ¢ < min(a,B), and analyze the case of an electric field
with geometric parameters (a, B,y) = (-1/4 — ¢,-1/4 + ¢,1/2). The condition that the sum of the
parameters be equal to zero is satisfied, we have a field with equipotentials that are hyperboloids
of revolution for ¢ = 0, a harmonic non-axisymmetric field for ¢ # 0. The system of equations of
motion is the same: (11)—(13). Although all components (5) of the magnetic field strength b are
important in this case, for ease of visualization, we focus on the option b = 5 (0, 0, 1). The result
presented below is obtained by performing the above sequence of steps. Fig. 2 shows a change
in the configuration of the first stability zone of the combined trap for f{t) = cost at b = 1 with
varying e.

Note that the diagrams (Figs. 1, 2) were obtained by a technique refining the boundary points
as transition points to/from non-identity of the spectral radius of the monodromy matrix, previ-
ously used for a simpler system [7, 8]. This approach is illustrated in Fig. 3, where the upper part
shows the dependence of the spectral radius of the monodromy matrix L on the parameter g of
Egs. (10) with the parameter @ = 0.02 (option b = 1, ¢ = 0.05); the lower part of the figure shows
the correspondence of ¢ values for the variation in the spectral radius to the boundaries of the
stability regions of system (10).

Conclusion

The misalignment of the electric and magnetic fields, as well as the non-axisymmetry of the
electric field, significantly affect the structure of the stability diagram of a traditional (axisym-
metric) combined ion trap and lead to a change in this diagram. The latter is divided into
fragments, defining the behavior of the system in a new way depending on the values of the
non-ideality factors.

The results and methodology obtained can be used both to assess the influence of manufac-
turing and alignment defects on the operation of a traditional ion trap and to design new traps
without axial symmetry.
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DMSO solutions (4:1) have been investigated. The results of the studies showed that an increase
in the proportion of monoethanolammonium in MA MEA _ Pbl, led not only to a change in
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iodide in the solution also improved the wettability of solutions and the continuity of the
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Keywords: hybrid perovskites, polycrystalline film, solar cell, split crystallite, morphology,
crystallization

Funding: The work was carried out with the support of a grant from Russian Science
Foundation No. 23-42-10029 dated 20 December 2022, https://rscf.ru/en/project/23-42-10029/.
This research was funded by the Belarusian Republican Foundation for Fundamental Research
grant number F23RNF-160.

Citation: Ryabko A. A., Ovezov M. K., Maximov A. 1., Permiakov N. V., Tuchkovskiy
A. K., Vrublevskiy I. A., Muratova E. N., Aleshin A. N., Moshnikov V. A., Polycrystalline films
of MA MEA, Pbl, hybrid perovskites obtained by the solution method: Crystallization and
morphology, St. Petersburg State Polytechnical University Journal. Physics and Mathematics.
18 (2) (2025) 69—81. DOI: https://doi.org/10.18721/IPM.18207

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

© Ryabko A. A., Ovezov M. K., Maximov A. I., Permiakov N. V., Tuchkovskiy A. K., Vrublevskiy 1. A., Muratova E. N.,
Aleshin A. N., Moshnikov V. A., 2025. Published by Peter the Great St. Petersburg Polytechnic University.

69



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 2 >
I

HayuyHas cTaTbs
YOK 538.91
DOI: https://doi.org/10.18721/IPM.18207

KPUCTANNTU3AUUA U MOPDOJIOITUA NOJIMKPUCTAJIJTUYECKHUX
NNAEHOK T’MbPUAHbLIX NEPOBCKUTOB MA MEA,  PBI,,
MOJZTYYEHHbIX PACTBOPHbIM METO10OM

A. A. Pabko', M. K. OBe306'®, A. . MakcumoB?, H. B. lNepmskoB?,
A. K. TyukoBckuii®, N1. A. BpybneBckui?, E. H. MypamoGBa?,
A. H. AnewuH', B. A. MowiHUKo®

L OU3KKO-TEXHUYECKUI MHCTUTYT UMeHn A. @. Nodde PAH, CankT-MeTepbypr, Poccus;

2 CaHKT-INeTepbyprckmin rocyAapCTBEHHbIN 31EKTPOTEXHUYECKUI YHUBEPCUTET «J1I9TU»
uM. B. U. YnbsaHoBa (JlennHa), CaHkT-lMeTepbypr, Poccus;

3 BenlopycCKMin rocyiapCTBEHHBIN YHUBEPCUTET MHGOPMATUKN U PAAMO3SIEKTPOHMKHY,
MwuHck, Pecnybnvka benapycb

& strontiumx94@gmail.com

Annoranug. B paGore Obuim  uMcciaemoBaHBI  MOPMOJIOTUYECKHME  OCOOCHHOCTH
MOJUKPUCTAITIMYECKUX TUIEHOK TMOpUaHLIX TiepoBckuToB MA MEA,  Pbl,, chopmupoBaHHBIX
OTHOCTaIMWHBIM METOIOM IeHTpudyrnposanusg u3 pactBopoB JIM®P® u IMCO (4:1).
PesyabpTaThl ucclienoBaHU TOKa3aJM, YTO YBEJIUWYEHUE [OJAM MOHOATAaHOJAMMOHUS B
MA MEA,_ Pbl, IpUBOAUT HE TOJBKO K M3MEHEHUIO CIEKTPOB MOTJIOLICHUS W YBEIUYEHUIO
MEXIIJIOCKOCTHBIX PACCTOSTHUM KPUCTANIMYECKOW PEIIeTKU, HO TaKXKe K CYLUIECTBEHHOMY
U3MEHEHUI0 MOPGhOTOTUM IMJIEHOK OT BBITSTHYThIX PACILETIEHHBIX KPUCTALTUTOB 10 OTHOPOIHOTO
MOKPBITUSI U3 HAHOKPUCTAIJIUTOB. YBEJIIMUYEHUE 10U MOHO2TAHOJIAMMOHMS HOUIA B paCTBOPE
Takke oOecneyMBaeT yJAy4dylIEHUME CMayMBa€MOCTH PACTBOPOB M CIUIOIIHOCTh TMOKPBITUS
MOMJIOXKEK TUOPUAHBIM TIEpoBCKUTOM MA MEA, Pbl, 6e3 IOMOJHUTENbHBIX MPOLIECCOB
aKTUBALMM WX TIOBEPXHOCTH. YBEJIWYEHHas MIMPWHA 3anpelieHHoi 3oHsl MA MEA, Pbl,,
no cpaBHeHuio ¢ MAPDLI,, nemaer 5Tv ruOpuAHBIE MEPOBCKUTHI NPUBIEKATEIbHBIMU IS
WCTIOJIb30BAHUSI B TAHJAEMHBIX COJTHEUHBIX 2JIEMEHTAX.
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Introduction
Materials based on hybrid perovskites are of great interest for applications in photovoltaics
and photodetectors, due to their direct-bandgap structure, tunable band gap, high absorp-
tion coefficient, high mobility and long mean free path [1, 2]. In addition, hybrid perovskites
are promising for creating X-ray detectors, optically-controlled memristors and light-emitting
devices [3—5].
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A wide range of polycrystalline APbX,-based films is used to create photovoltaic structures,
typically with varying proportions of formamidinium (FA*, CH(NH,),") and methylammonium
(MA*, CH,NH,") cations and I", Br~, CI™ anions, as well as by introducing inorganic cations or
partial substitution of lead [6—9]. A wide range of hybrid perovskite compositions is also used to
fabricate tandem solar cells [10, 11], which is particularly attractive for further development of
heterostructure silicon solar cells, where hybrid perovskites with a wider band gap are used. Using
complex compositions of hybrid perovskites is aimed at improving stability while ensuring optimal
band gap and efficiency for the solar cell [12].

A transition is currently underway from nanotechnology to nanoarchitectonics, providing a synergis-
tic effect from the contact of two nanomaterials [13]. To improve the stability of perovskite photovoltaic
structures, molecular etching and growth of films from 3D/2D perovskites are widely used [14—17].
Long-chain amines are commonly used for this purpose, whose —NH, terminal groups interact with
uncoordinated lead ions and passivate defects on the periphery of grains, or, like some short-chain
amines, can serve as organic binders between inorganic octahedral frameworks in quasi-2D perovskites
[15]. However, some short-chain amines, along with formamidinium and methylammonium cations,
can integrate into the crystal lattice of hybrid perovskite with a change in the band gap [18].

The goal of this paper is to identify the effect of the proportion of monoethanolammonium in
MA MEA,_ Pbl, hybrid perovskite on the crystallization, optical properties, and morphology of
polycrystalline films produced by single-stage synthesis from solution.

Experimental

Preparation of solutions. A solution of MA MEA, Pbl, hybrid perovskite was obtained by mix-
ing a solution of monoethanolammonium iodide HOCH,CH,NH,I (with the concentration of
0.645 mol/l) and lead iodide Pbl, (with the same concentration, i.e., 0.645 mol/l) with a solution
of hybrid perovskite MAPbI, of equimolar concentration with 1: 3, 1: 1 and 3 : 1 volume ratios
for varying proportions of the monoethanolammonium cation HOCH,CH,NH," (MEA) in the
range from 0.25 to 0.75, respectively.

A solution of dimethylformamide (DMFA) with dimethyl sulfoxide (DMSO) with a volume
ratio of 4:1 was used as a solvent. DMSO increases the solubility limit of lead iodide [19]. The
ratio of DMFA and DMSO was also chosen because the precipitator can be subsequently used
successfully for one-step spin-coating [19, 20].

To obtain polycrystalline layers of MA MEA,_ Pbl,, solutions with a mass concentration of about
400 mg/ml were deposited on glass substrates by spin-coating followed by heating on a laboratory
hot plate at 110 °C for 10 minutes. The spin-coating rate was 3000 rpm (for 30 s) with spin-up at
1000 rpm (10 s). Before applying the perovskite films, the glass substrates were thoroughly washed
in soap solution, distilled water, acetone and isopropyl alcohol using an ultrasonic bath (10 minutes
each). To confirm the formation of the crystalline structure of hybrid perovskites, samples were
deposited on glass substrates by drop-casting followed by annealing at 110 °C to obtain thick layers.

Methods. To study the contact angle of MA MEA, Pbl, solutions in DMFA and DMSO,
solutions with a volume of about 5 ul were applied to clean glass substrates and then monitored
using an optical microscope.

The morphology of MA MEA, Pbl, polycrystalline layers was studied using optical micros-
copy (POLAM-312 polarization microscope) and atomic force microscopy (Ntegra Therma sys-
tem from NT-MDT).

Optical absorption spectra were measured using a PE-5400UF spectrophotometer. X-ray
images were obtained using a Bruker D2 PHASER diffractometer (Bruker, USA) with a scan
speed of 1 deg/min with a CuK X-ray source.

Results and discussion

Results of X-ray diffraction (XRD) analysis for MAPbI, and MA  MEA ,.Pbl,
MA  ,MEA, .Pbl,, MA ,,MEA ..Pbl, solid solutions (Fig. 1) with intense peaks that were
attributed to the (110), (220), (310), (224), (330) planes, and minor peaks of the (200), (202), and
(312) planes confirmed the tetragonal structure of perovskite [21]. Furthermore, with an increase
in the proportion of monoethanolammonium in the composition of hybrid perovskites, a shift of
peaks towards a decrease in the 20 angle is observed in the XRD patterns, indicating an increase
in the interplanar distances of the crystal lattice.
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Fig. 1. XRD patterns of obtained materials: MAPbI, thick films and
MA, ,MEA ,.Pbl,, MA .MEA .Pbl,, MA ,,MEA  Pbl. solid solutions

An increase in the proportion of monoethanolammonium in the composition of MA MEA
Pbl, hybrid perovskites also leads to a change in the optical absorption spectra of the films. As
follows from the spectra in Fig. 2, an increase in the proportion of monoethanolammonium in
the composition leads to a shift in its absorption edge to the short-wavelength region, i.e., an
increase in the band gap.

Results obtained by XRD analysis and spectrophotometry indicate the incorporation of mon-
oethanolammonium cations into the crystal lattice, which leads to an increase in the interplanar
distances in the crystal lattice, an increase in the optical band gap, and a change in absorp-
tion spectra with an increase in the proportion of monoethanolammonium in MA MEA _ Pbl,
solid solutions. The possibility of increasing the band gap with an increase in the proportion
of monoethanolammonium makes MA MEA,_ Pbl, solid solutions attractive for use in tandem
solar cells.
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Fig. 2. Normalized optical absorption spectra of MAPbI, perovskite films
and MA , MEA ,.Pbl,, MA MEA Pbl,, MA ,,MEA,  Pbl, solid solutions
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Fig. 3. Measurements of contact angle in hybrid perovskite solutions
in DMFA with DMSO from photographs: MAPbI, (a), MA ,,MEA ,.Pbl, (b),
MA, MEA, (Pbl (c), MA, ,,MEA, ,,Pbl, (d)

The measurement results for contact angles of MAPbI,, MA .MEA ,.Pbl,, MA  .MEA ,Pbl,,
MA, ,;MEA, ,.Pbl, compounds in DMFA and DMSO solutions on the surface of glass substrates
are shown in Fig. 3.

According to the data in Fig. 3, the MAPDI, solution shows the largest contact angle, and the
1 : 3 ratio of the MEAI and MAI components in the solution leads to a significant decrease in this
angle from about 20° to 12°. Therefore, this ratio makes it possible to improve wettability without
introducing significant distortions into the perovskite crystal lattice. A further increase in the pro-
portion of MEAI relative to MAI to a 3 : 1 ratio ensures a further decrease in the contact angle
(to about 7.4°). Better wettability of the substrate surface with the solution typically contributes to
more uniform coating of the substrate, at both macro and microscales.

The results of optical microscopy studies of MA MEA,_ Pbl, perovskite films are shown in
Fig. 4. Evidently, elongated split crystallites with a characteristic size of about 25 um are predom-
inantly formed under these conditions for MAPbI, film synthesized from solution in DMFA and
DMSO (see Fig. 4,a). Crystallization of MA ,,MEA ,.Pbl, films leads to the formation of larger
elongated split crystallites with characteristic sizes of 0.1-0.2 mm (see Fig. 4,b). Such elongated
crystallites may be promising for applications in planar structures, for example, photodetectors or
X-ray detectors [22], since they likely contain fewer grain boundaries in the lateral direction than
polycrystalline films with characteristic crystallite sizes in fractions of micrometers. However,
such a crystallization process can be critical for vertical structures, since it can be accompanied
by discontinuities in the coating of the substrate surface, uneven thickness and microcavities
forming under split crystallites, which can lead to efficiency loss of the device or shunting of the
perovskite layer.

As shown in [23], the formation of large elongated crystallites in hybrid perovskites may
be associated with homogeneous nucleation in the near-surface region of the thin film of the
solution. Evaporation of the solvent leads to an increase in the solute concentration in the
near-surface region, and a lower temperature at the surface of the solution layer reduces the
solubility of perovskite, providing supersaturation and homogeneous nucleation. A small con-
centration of nuclei in the near-surface layer and a long evaporation process lead to the forma-
tion of large elongated crystallites. Another nucleation region to be considered is the interface
on the substrate surface, since the energy barrier for heterogeneous nucleation is lower than for
homogeneous nucleation.
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Fig. 4. Micrographs of MA MEA _ Pbl, solid solutions obtained by one-step spin-coating
from DMFA and DMSO solutions (1:4) on glass substrates: MAPbI, (a),

MA,, MEA, ,,PbL, (b), MA, MEA, JPbL, (c), MA,,MEA, ,.Pbl, (d)

Analysis of AFM images of the MAPbI, coating (Fig. 5) shows the presence of small crystal-
lites on the surface of the substrate.

For example, the observed small dark regions between large elongated crystallites in Fig.
5,b are crystallites formed under heterogeneous nucleation. It can be seen from Fig. 5, ¢ and d
that the size of these crystallites is tens and hundreds of nanometers. An increase in the solute
concentration in the near-surface region during drying of the solution also leads to solute diffu-
sion towards the substrate surface, while growth processes with homogeneous and heterogeneous
nucleation are competing and are often observed simultaneously [23—25].

Figs. 4,a and 5 also show that the MAPbDI, film layer contains uncoated regions of the substrate
and, in general, a smaller volume of material on the substrate, while the MA ,;,MEA ,.Pbl, film
completely covers the substrate even at the macroscale, and the elongated structures are much
larger (see Fig. 4,b). This is probably due to poor wettability of the substrate surface with MAPbI,
solution, which can lead to greater separation of solution droplets during spin-coating and a
decrease in the volume of solution on the substrate [26]. Moreover, the lower wettability of the
substrate with the solution can lead to nonuniform coating of the substrate with the formation of
individual microdroplets during drying. On the other hand, a dramatic improvement in wettabil-
ity of MA_ ,,MEA ,.Pbl, solution with an almost twofold decrease in the contact angle by (from
20° to 12°) probably leads to an increase in the volume of the solution on the substrate during
spin-coating. Nevertheless, the difference in the sizes of elongated crystallites may be related not
only to the available volume of the solution, but also to a different crystallization kinetics of the
MA, ,,MEA ,.Pbl, film.

As follows from the optical microscopy data for MA ,MEA  Pbl, and MA ,. MEA .Pbl, films
(see Fig. 4, ¢, d), a further decrease in the contact angle is correlated with the coating qual-
ity of the substrates with continuous and homogeneous polycrystalline layers. In this case, the
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Fig. 5. AFM images of MAPbI, film: its topology (a, b) and phase contrast (c, d)

crystallization kinetics of the layer clearly changes dramatically when heterogeneous nucleation
prevails, and the formation of elongated crystallites is not observed.

The contact angle for the MA ,,MEA ,.Pbl, solution is also smaller than for the
MA, ,MEA  ,Pbl, solution. Optical microscopy studies revealed no grain boundaries or roughness
for the MA ,,MEA _.Pbl, layer. As seen from the AFM images (Fig. 6, a, b), the MA  MEA  Pbl,
polycrystalline film demonstrates a hierarchical structure where larger grains with the approximate
sizes of 0.5—1.0 pum consist of nanocrystallites with the characteristic sizes of about 50 nm. The
film with a higher proportion of monoethanolammonium (MA ,;MEA ,.Pbl,) is a homogeneous
coating of nanocrystallites about 50 nm in size, without forming larger grains (Fig. 6, ¢, d).

It was found in [27] that an increase in the wettability of the substrate surface with the solution
(a decrease in the contact angle) leads to an increase in the grain concentration of the polycrys-
talline hybrid perovskite film. However, the change in the morphology of the films in our work
cannot be explained solely by the change in the wettability of the surface with the solution, since
the obtained MA  ,MEA ,Pbl, and MA ,,MEA ,.Pbl, films consist of nanocrystallites of similar
sizes at the nanoscale. The concentration of monoethanolammonium obviously affects the align-
ment of nanocrystallites in the film. This phenomenon may be related to the incorporation of
monoethanolammonium not only into the crystal lattice, but also in the region at the boundaries
of nanocrystallites, acting as ligand molecules limiting grain growth.

Thus, we assume that the change in the morphology of MA MEA,_Pbl, films is due to both
a change in the contact angle of the solutions (and, probably, the solvent evaporation and super-
saturation rates) and to mutual alignment of the nanocrystallites of the film depending on the
concentration of monoethanolammonium at the boundaries of the nanocrystallites. Thus, con-
tinuous coating of the substrate with elongated split crystallites ensures a significant change in
the contact angle relative to the MAPbI, solution for the MA ,,MEA ,.bl, film, in contrast to
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Fig. 6. AFM images of MA ,MEA .Pbl, (a, b) and MA ,MEA . Pbl, (c, d) films,
showing their topology (a, ¢) and phase contrast (b, d)

discontinuous coating for the MAPDI, solution. However, the absence of elongated crystallites in
MA, ,MEA Pbl, and MA MEA ,.Pbl, films may be due not only to violation of the conditions
for homogeneous nucleation and growth of elongated crystallites due to a decrease in the contact
angle, evaporation rate, and predominance of the heterogeneous nucleation mechanism, but also
to a restriction of crystallite intergrowth during the incorporation of monoethanolammonium
molecules at the boundaries of nanocrystallites. Nevertheless, good wettability of the substrates
with MA  ,MEA ,Pbl, and MA ,.MEA ,.Pbl; solutions obviously ensures good uniformity and
continuity of the films without additional activation of the substrate surface.

A change in the optical absorption spectra with an increase in the band gap and a shift in
XRD peaks clearly indicates the incorporation of monoethanolammonium cations into the crystal
lattice in the entire range of compositions studied. Therefore, we assume that monoethanolam-
monium molecules are incorporated simultaneously both in the crystal lattice, forming a solid
solution, and at the boundary of nanocrystallites. Notably, the MEAPDI, film did not exhibit a
crystalline phase of perovskite according XRD analysis. This indicates that the incorporation of
monoethanolammonium into the crystal lattice is energetically unfavorable and indirectly con-
firms our assumption about the possible incorporation of monoethanolammonium at the bound-
aries of MA ,,MEA  ,.Pbl nanocrystallites as well.

Conclusion

We considered the morphological features of polycrystalline films of hybrid perovskites
MA MEA, Pbl,, prepared by one-step spin-coating from DMF and DMSO (4:1) solutions.

The experiments indicate that an increase in the proportion of monoethanolammonium in
MA MEA,_ Pbl, leads not only to a change in the absorption spectra with an increase in the band
gap and interplanar distances of the crystal lattice, but also to a significant change in the mor-
phology of the films, as well as to an improvement in wettability of MA MEA, Pbl, solutions.
A decrease in the contact angle of MA MEA,_ Pbl, solutions with an increase in the proportion
of MEA ensures the continuity of the substrate coating without additional surface activation.
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Importantly, the increased band gap of MA MEA, Pbl, films, compared with MAPbI,, makes
these hybrid perovskites attractive for use in tandem solar cells. It was found that films with
the composition MA ,,MEA ,.Pbl, form elongated split crystallites with characteristic sizes of
0.1—0.2 mm under these growth conditions, which promises new avenues for the creation of pho-
todetectors or X-ray detectors.

A further increase in the proportion of monoethanolammonium in MA MEA, Pbl, hybrid
perovskites leads to a change in the mechanisms of film crystallization, inhibiting the growth of
elongated crystallites and yielding high-quality layers for use in vertical structures such as tan-
dem solar cells. We assume that the change in crystallization mechanisms is due not so much to
a change in wettability and the predominance of heterogeneous nucleation over homogeneous
nucleation, but rather to incorporation of part of the monoethanolammonium molecules at the
nanocrystallite boundaries of the film.

The nature of such a phenomenon as predominant incorporation of monoethanolammonium
molecules into the crystal lattice or on nanocrystallite boundaries in the film requires further
research, presenting not only practical but also purely scientific interest.
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Annoranuga. McciemoBaHO BIMSHHME METOJA WM3TOTOBJICHUS M COCTaBa IUIGHOK U3
komno3unuii monunaktuaa (ITJIA) ¢ aucnepcHbIMU HamoJHUTEAIMM (Oenast caxa, a’pocui
M Kpaxmajq B pa3HON KOHIEHTpallMd) Ha MX 3JeKTpeTHhie cBoiicTBa (DC). DTO MeToabl
noauBa u3 pactBopa (I) u npeccoBanus (II). Ycranosiaeno, uto miaeHku I1JIA, moayyeHHBIE
MetonoMm II, ropasmo Jydiie 3J€KTPETUPYIOTCSI B YHUIIOJSPHOM KOPOHHOM paspsiie Hu
coxpansiior DC, yeM u3rotoBieHHbie MeTonoM l. JlokazaHo, 4To pazHuiia B DC pa3muyHBbIX
00pa31oB 00YCIOBJICHA COASPKAHMEM B X 00BbEeMEe MOJISIPHOM XUAKOCTU (XJ10podopM, Boaa),
MOJIEKYJIBI KOTOPO# TTOBBILIAIOT 3JIEKTPOIIPOBOAHOCTh OOBEKTOB. Y 00pa31ioB MPOCIeXK1BaIach
TEHICHLIMS IMOBBIIIeHUS MapameTpoB DC 1pu A00aBJICHUM OUCIEPCHBIX YACTUI] K YHCTOMY
TTJTA. TIpennoxeHo oobsicHeHUe 3Toro 3ddekTta. Jyummmu DC obnagana kommnosunus TTJTA
¢ 4 %-M coaepkaHueM Gesoi caxu.

KitoueBbie ciioBa: 3J1eKTpeT, MOJWJIAKTUI, MOJUMEDP, AUCIEPCHBI HAMOJHUTENb, Oeyast
caxa, a3pocuiI, Kpaxmai

OunancupoBanne: PaboTa BBIMOJIHEHA 3a cyYeT TpaHTa AkamemMuu Hayk PecnyOonuku
TarapcTaH, mpegoCcTaBJICeHHOIO MOJOABIM KaHIuaaTaM HayK (IOCTIOKTOpaHTaM) C IIeJIbIO
3al[UThI JOKTOPCKOW NUCCEepPTaLlMU, BHIMOJHEHUSI HAYYHO-UCCIEN0BATENbCKUX PabOT, a TAKXKe
BBITIOJTHEHUST TPYAOBBIX (PYHKIIWI B HAYYHBIX U 00pa3oBaTeIbHBIX OpraHn3anusx Pecry0auku
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Introduction

Polylactic acid (PLA) is an aliphatic polyester derived from renewable sources such as corn
starch or sugarcane. It has a number of valuable properties that determine its wide application:
biodegradability, non-toxicity, relatively high tensile strength and elasticity modulus, easy
processing by injection molding and extrusion, low hydrophilicity, ability to be modified
physically and chemically, etc. [1]. It is a sustainable material that tends to reduce negative
environmental impact, creating an alternative to traditional synthetic polymers. Due to this
property, an application field of PLA is constantly expanding, which entails the growth of its
global production volume. Traditional areas of PLA application are packaging (bags, containers,
disposable tableware), 3D printing, medicine (surgical threads and pins, medical masks), textile
industry (fibers and fabrics), agriculture (covering materials in the form of nonwoven fabrics),
filtration and others [2 — 4]. Over the past decade PLA has been considered as a promising
dielectric material with piezoelectric and electret properties for the production of elements of
wearable electronics, highly sensitive sensors, ultrasonic transducers, sensors, etc. [5 — 7].

Electrets are dielectric materials that possess dipole polarization or quasi-constant electric
charge ("quasi-constant” means that the lifetime of an electret is much longer than the time
during which it is applied or studied) [8].

Electrets are often made of polymers or polymer composites, the advantages of which are
ease of processing and manufacturing, although they have lower temperature stability compared
to inorganic (ceramic) electret materials. The scientific world is taking a strong interest in study
of the electret properties of PLA and its composites. This is due to the growing requirements for
environmental friendliness and protection, as well as the need to produce biocompatible sensors and
transducers. PLA is described as a promising dielectric material with electret properties, although
data on their quality and stability vary. Research has shown that the charge stability of PLA
depends on the form (L- or D-stereoisomer), supramolecular structure (degree of crystallinity),
environmental conditions (temperature, humidity, pressure), the presence of impurities and
chemical additives in its composition, geometric dimensions of samples, etc. [9 — 15].

© 3arupymuinna U. A., T'yxosa A. A., Kapynuna E. A., Kynemuna C. M., 2025. Uznarens: Cankr-IlerepOyprexkuit
nojuTexHuuyeckuii ynusepcutet I[lerpa Benukoro.
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At the same time, attention is drawn to the fact that PLA-based electrets are produced by
different manufacturers in various forms (films, sheets, fibers, coatings) and using all kinds of
methods (pressing, extrusion, melt-blown, 3D printing, solution casting). Various methods of
charging (thermal polarization, corona discharge) are also applied. It is clear that it is not worth
comparing the values of electret characteristics of polymer samples obtained by different authors,
because the prehistory of samples excludes the possibility of adequate comparison of the level of
electret charge, their behavior during storage, research and operation.

The goal of the present study was to find the optimal method for preparing the PLA composition
and the optimal nature of the filler (and its concentration) in order to obtain an electret with the
best properties.

To achieve this goal the task was to compare the values and stability of electret parameters
of films made of PLA and its compositions with fine fillers by different manufacturing methods.

Materials and methods

The subjects of research were polylactic acid and different fine fillers: pyrogenic silicon dioxide
(aerosil), precipitated silicon dioxide (white silica) and starch. Their chemical structure, grades
and properties are presented in Table 1.

Table 1
Characteristics of the materials under study
: Chemical Parameter value
Material Grade, standard
formula | p g/cm? D, nm
Polylactic acid Nature Works 40320 (C,HO,), 1.24 -
Aerosil AYYe- GOST 14922-77 Sio 215 540
i .
White silica BS-120, GOST18307-78 2 19-27
Starch Corn starch GOST 32159-2013 | (CH, O,), 1.5 (5-20)-10°
Trichloromethane GOST TU 20015-88 CHCI, 1.483 -
Notations: p is the density, D is the particle size.
Footnote: Polylactic acid has the melting temperature 7, = 155 — 170°C, glass transition

temperature 7; =54 — 58 °C.

The polymer and the fillers were mixed in a Brabender Mixer W 50 EHT at 180°C for 300 s
at a roller speed of 150 rpm. The fillers were brought in the polymer in the ratio of 2, 4 and
6 wt. %. After that, films were produced by two methods:

Method I. Films 50 um thick were manufactured by solution casting. For this purpose, PLA
compositions were dissolved in the chloroform in the ratio of 1:20 and thoroughly stirred for
60 min; then they were left for 24 hrs until completely dissolved. Then, after another thorough
stirring for 10 min, the 5 % (by mass) solution of PLA and its compositions were poured into
specially prepared glass molds, dried under a hood for 1 hour, then drying was carried out under
ambient conditions for three days, after that the films were removed from the substrates.

Method II. Samples in the form of films 500 um thick were produced on a Gotech
GT-7014-H10C press in accordance with GOST 12019-66. Compression molding parameters
were as follows:

the heating temperature .... 200 °C,

the pressure ...........cccceuee... 35 MPa,
the preheating time ........... 20 min,
the pressure holding time ... 5 min,
the cooling time ................. 2 min.

The films were charged with a two-electrode corona discharge film processing unit (Fig. 1).
Processing parameters were as follows:
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the distance between the sample and the electrode ... 20 mm,

the polarization voltage ..........ccceeeeeiiiiiiiiiiieeeeeeiiiiinnn. 30 kV,
the polarization time ...........cccoeeeeiiiiiiiiiiieeeeeeeeiiiiinnnnn. 30 s.
5 » The electret properties of the samples, such as the
/ surface potential V, the electric field strength £ and the
7 7 \ effective surface charge density o, were measured with

7 the IPEP-1 fieldmeter.
The FTIR spectrometer Agilent Cary 600 Series was
"3 4 used to record the infrared (IR) spectra of the samples.

Results and discussion

b At the first stage of the study, PLA films were made

from solution (casting) and melt (compression molding)
\_ J of the polymer followed by the charging of the films
J_ in negative corona discharge to produce electrets. The
= = = results were quite unexpected. The PLA films obtained
by solution casting had the following characteristics one
Fig. 1. Two-electrode charging unit with hour after being charged:
unipolar corona discharge:

a corona electrode (7), a grounded electrode V.=0.29 kV, E=9.7kV/m, O = 0.11 uC/m?,
(2), a sample (3), a power supply of the ’
corona electrode (4), a heating chamber (5) while the compression-molded PLA films had the
following characteristics:

V,=273kV,E=170.3 kV/m,c, = 1.51 uC/m?,

i. e. by 10 times higher.
However, after 20 days of storage, the parameter values of electret properties of samples
obtained by solution casting and compression molding became of the same order:

V.=0.14kV, E=8.7kV/m, c,,=0.09 uC/m?;
V,=0.19kV, E=17.0 kV/m, 5= 0.08 nC/m?,

A

respectively.

However, the electret properties of the molded samples are still slightly higher than those of
the samples cast from the solution.

The authors of Ref. [15] explained a great difference in the level of PLA properties by the
presence of bound water in the samples: they showed that pre-annealing of PLA films led to a
significant increase in the level and stability of their surface potential values.

To explain the observed difference in the properties of our samples obtained by different
methods, their IR spectra were recorded, but no significant difference was found.

Notice that a range of 3700 — 3745 cm' refers to isolated ("free") -OH groups, of
3650 — 3660 cm™! does to isolated pairs of neighboring OH-groups (vinyl-OH-groups) connected
by hydrogen bonds, of 3650 — 3660 cm™' does to paired groupings of -OH-groups, with a
hydrogen bond between. And so, judging by the absorption band group 3550 — 3750 cm™', water
is present in both samples, but its amount is insignificant.

Migration of water molecules is known to occur into the polymer volume that during storage
of PLA [1]. For the samples studied, this is evidenced by IR spectra of molded PLA films
recorded immediately after preparation and after 90 days of storage (Fig. 2). It can be seen that
the intensity of absorption bands at 3650 — 3660 cm™', corresponding to the vibration of water
molecules, differ practically by a factor of 3, if calculated by the absolute value, and by a factor
of 4, if calculated by the baseline. We suppose a significant drop in the values of V, Eandc  of
electrets which are inversely proportional to the values of electrical conductivity, to be related
to this. The strong effect of polymer humidity on the value of its volume specific electrical
conductivity (it can change by 1 — 3 orders of magnitude) is known [16], and it was shown that
in this case water molecules were only a catalyst of electrical conductivity and did not participate
directly in charge transfer [17].
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Fig. 2. IR spectrum of the PLA film obtained by compression molding,
immediately after preparation (/) and after 90 days of storage (2).
The arrow indicates the position of the H,O vibration

Probably, a similar process of charge transfer (relaxation of the electret state) is also observed for
PLA films obtained by solution casting. However, it is not possible to prove it by IR spectroscopy,
since the absorption bands characteristic of chloroform (2800 cm™ refers to valence vibrations
of CH, 1220 cm™' does to deformation vibrations of CH, 630 cm™' does to valence vibrations of
CCl,) overlap with the characteristic bands of PLA in this region (Fig. 3).

PLA poliv
B

Transmittance, %

L s n L L L L n L L n L s L L L n
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 A

Wavenumber, cm!

Fig. 3. IR spectrum of a solution-cast PLA film

Taking into account the results of the investigation aimed at increasing the charge stability of
PLA by using fine fillers that cause structural defects in the polymer matrix and at the polymer —
filler interface, which act as traps for charge carriers [12 — 14], at the second stage of study

we created compositions of PLA with a number of dispersed fillers and studied their electret
properties (see Fig. 4 and Table 2).

Vs, kV
0.6
0.5
0.4
0.3

0.) gl P
0.1 P
¢, wt.%
0 2 4 6

Fig. 4. A plot of surface potential values of PLA compositions with white silica (/), aerosil (2)
and starch (3) versus the filler content after 20 days of storage
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Table 2
Electret properties of PLA compositions (PLA + filler)
Parameter value
Filler 0, wt.% | Method Initial After 20 days
v, E, c v, E, uC/

W | km |l | k¥ | kVim O

I 0.29 9.7 0.11 0.14 10.9 0.07
II 2.73 | 170.3 1.51 0.19 17.0 0.08
I 0.15 59 0.05 | 0.22 23 0.02
II 242 | 153.7 1.37 | 047 22.4 0.09
I 0.21 9.9 0.09 | 0.33 1.9 0.01
II 245 | 1533 1.36 | 0.61 28.4 0.12
I 0.15 6.4 0.06 | 0.32 52 0.04

White silica 4

6
II 3.86 | 241.0 2.13 0.38 18.3 0.10
5 1 0.13 53 0.05 0.28 2.2 0.01
11 2.85 | 1653 1.45 0.25 14.9 0.13
. I 0.08 1.6 0.01 0.30 2.3 0.08
Aerosil 4
11 3.30 | 193.0 1.70 0.22 12.3 0.11
6 1 0.06 6.2 0.05 0.21 2.5 0.02
11 3.51 | 2053 1.82 0.19 12.3 0.11
5 1 0.05 4.7 0.04 0.26 0.9 0.02
11 335 | 1973 1.73 0.21 10.6 0.10
I 0.02 1.5 0.01 0.28 1.5 0.05
Starch 4
II 2.51 | 143.7 1.27 0.24 12.6 0.11
6 I 0.02 2.7 0.02 0.30 2.4 0.02

11 2.81 | 1643 1.43 0.09 4.8 0.05
Notations: ¢ is the filler content, V, is the surface potential, £ is the electric field strength,
O, is the effective surface charge density.

Footnote. Samples were manufactured either by solution casting (Method I) or by pressing
(Method II).

If we consider compositions of PLA with fillers obtained by mixing filler with polymer melt,
there is a tendency to increase the values of electret properties of PLA when adding fine particles.
Composition of PLA with hydrated silicon dioxide has the best properties, and the highest values
of V, E and ¢, are observed at 4 % content of white silica (BS-120). If pyrogenic silicon dioxide
is 1ntr0duced into polylactide, then the optimal (for the manifestation of electret properties)
formulation is a sample of polylactic acid with 2 % aerosil. The doping with starch, as well as
aerosil, does not change the values of electret characteristics of the polymer signiﬁcantly. An
increase in the level of electret characteristics of PLA upon addition of dispersed particles is
explained by the formation of structural defects acting as traps for charge carriers [12 — 14].
The solid surface of the filler reduces the segmental mobility of polylactic acid macromolecules
due to the appearance of physical and hydrogen bonds between macromolecules and fillers.
On one hand, this makes it difficult to polarize polylactide during corona discharge treatment.
On the other hand, it complicates and even excludes the possibility of polarization relaxation.
Especially it concerns dipole groups (for example, oxygen-containing), formed under the action of
corona discharge and oriented along the field direction of corona discharge; the dipole appearing
in the composition of macromolecule is fixed, the freedom of movement, oscillation of the
macromolecule section in the areas adjacent to the surface is limited. That is, in filled polylactide
near the surface of dispersed particles there is a layer of macromolecules with limited mobility,
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which slows down (excludes) relaxation of dipole polarization in polylactide compositions. The
following mechanism is also quite possible: dispersed particles act as macrodipoles, in which a
dipole moment is induced when the sample is treated in the electric field of corona discharge.
Applied to aerosil or white silica, this mechanism can be described as follows. A silicon atom has
an unsaturated valence bond, which is saturated by the addition of a hydroxyl group OH [18]. The
loss or gain of a proton leads to formation of a negatively (OH]") or positively ([H,0]") charged
group, respectively. When such a dispersed particle enters an electric field, the charged groups
move along the surface of the particle toward the opposite electrode. As a result, macrodipoles are
formed in the structure of composites with increased concentration of charged hydroxyl groups on
both sides of the filler particle. An increase in the number of charged particles and energy traps of
charges in composites compared to the original polymer positively affects the ability of samples to
be charged in the corona discharge and increases the stability of their surface potential, effective
surface charge density and electric field strength.

It should be noted that annealing of the polymer before polarization is an effective way to
preserve high level of electret properties. Fig. 5 compares the temperature curves of surface
potential drop of PLA samples annealed and not annealed immediately before polarization. The
annealing was carried out at 130° for 30 min.

As can be seen from the presented graphs of
Vs, au. the potential-temperature relation (see Fig. 5), the
temperature and consequently the time stability of
the surface potential increases significantly after
pre-annealing.

Compositions of PLA with fillers manufactured
via solution casting have a low level of electret
characteristics. This result can be explained by
poor dispersion of the filler and the presence of
agglomerates with sizes exceeding the thickness
of the samples. It is known that in production
conditions polymer compositions cannot be
obtained by simple addition of filler to the polymer
solution, as this does not achieve a high degree of
Fig. 5. A plot of surface potential versus dispersion of filler agglomerates. Of course, it is
temperature for the PLA samples with 4%  possible to use special ball or bead mills, in which
starch polarized in the field of negative the filler agglomerates are grinded between hard

1.0 1

0.8 4

0.6

0.4 4

0.24

0.0

T L]
20 40 80 80 100 120 T deg ¢

corona discharge. The samples were surfaces (e.g., between the surface of metal balls),
pre-annealed in a muffle furnace (/) or ultrasonic dispersants. But the main limitation
or not annealed (2) is due to the fact that polymer solutions have low

concentration and solvents are very expensive. As a
rule, compositions of polymers with dispersed fillers are obtained by this method only when the
solvent is a component thereof (paints, enamels, etc.).

At the same time, mixing of filler with polymer melt is the most common in the polymer
composites industry. High quality of filler dispersion in the absence of any additional auxiliary
additives levels out the disadvantages in the form of high energy consumption and expensive high-
tech equipment.

Summary

Thus, polylactide films obtained by compression molding are an order of magnitude better
charged in unipolar corona discharge than films obtained by the solution casting. After 20 days of
storage, the values of electret characteristics of samples obtained by different methods become of
the same order, but the electret properties of molded samples are still slightly higher than those
of samples cast from solution.

The difference in the electret properties of different PLA samples is due to the presence of
polar liquid molecules (chloroform, water) in its volume, the presence of which increases the
values of electrical conductivity of the samples.

The compositions of PLA with fillers obtained by the method of mixing the filler with the
polymer melt show a tendency to increase the values of electret parameters of PLA when dispersed
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particles are added. The improvement in electret characteristics of PLA when bringing in the fine
particles is explained by formation of structural defects acting as traps for charge carriers, decrease
of segmental mobility of PLA macromolecules at the surface of filler particles and appearance
of macrodipoles with increased concentration of charged hydroxyl groups, the role of which is
played by dispersed filler particles.

The PLA-filler compositions obtained by solution casting generally exhibit low electret
characteristics.

The PLA composition with 4 % content of hydrated silicon dioxide (white silica) exhibits
the best electret properties. In order to create the preservation of high level of values of electret
properties of polylactide, it is recommended to anneal the polymer before charging and to prevent
the contact of the produced electrets from the action of air moisture during operation.
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Abstract. The present study analyzes the known expressions establishing exponential and
power relationships between the lifetime of polymer dielectrics and the strength of the electric
field acting on them. The work notes the necessity of mathematical substantiation of the known
power expression for the field dependence of electrical lifetime. We obtained the equation of
dependence of the electrical lifetime of polymeric dielectrics on the value of the applied electric
field strength within the framework of the mathematical catastrophe theory. The study has the
performance of quantitative estimation of the parameters of this equation for paper, epoxy and
polyethylene terephthalate electrical insulation. We established a good agreement between the
literature experimental data and the field dependences of the electrical lifetime of polymers
plotted by the proposed equation. The study analyses geometric images of the fold catastrophe
function reflecting the nature of the change in the dimensionless parameter of the rate of
damage accumulation in a polyethylene terephthalate film under varying electric field strength.
The paper shows the prospect of using the mathematical apparatus of catastrophe theory to
describe experimental regularities of changes in the electrical strength properties of polymer
dielectrics in strong electric fields.
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AnnoTtanusg. B pamkax MaTeMaTU4yecKOWl TeopuM KaTacTpod IOJy4eHO YypaBHEHUE
3aBUCUMOCTH 3JIEKTPUUYECKOUN [TOJITOBEYHOCTU TMOJMMEPHBIX AUIIEKTPUKOB OT BEJIUUYUHBI
HAIMPSKEHHOCTU MPUJIOKEHHOTO 3JIEKTPUYECKOTO MOJs1. BblmosiHeHA KOTMYeCTBEHHAs OLIEHKA
nmapaMeTpOB TaHHOTO ypaBHEHUS IJisi OyMaKHOM, 3MOKCUIHON M MOJIUATUICHTepedTaIaTHON
9JICKTPOU3OJISILIMU.  YCTAaHOBJIIEHO  XOpOIllee  COorjlacMe  MEXIy  OIyOJMKOBaHHBIMU
9KCMEPUMEHTAIbHBIMU TAHHBIMU U IMOJIEBBIMU 3aBUCUMOCTSIMU DJIEKTPUUECKOM 10JITOBEYHOCTU
MOJMMEPOB, IOCTPOCHHBIMU IO TPEAJTOXKEHHOMY ypaBHeHUIO. [IpoaHaau3upoBaHbI
reoMeTpuyeckre o6pas3bl (YHKIMM KaTacTpodbl CKJIAAKW, OTpaxamollue XapakTep
U3MEHEeHUs 0e3pa3MEepHOro MmapaMeTpa CKOPOCTA HAKOIUIEHUS IOBPEXICHUN B IUICHKE
MOJMATUIICHTepedTaIaTa TIPU BAPbUPOBAHUM HATIPSKEHHOCTH 3JICKTPUUECKOTO ITOJIS.
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Introduction

Insulation of operating high-voltage electrical equipment is exposed to strong electric fields.
The destructive effect of the field eventually leads to insulation breakdown, which is one of the
main reasons for premature failure of most high-voltage electrical equipment [1—3]. Therefore,
it is extremely important to understand the patterns of dielectric breakdown and find ways to
prevent [4, 5], especially as increasingly stringent requirements are imposed on high-voltage
equipment [6, 7].

It has been established that electrical degradation of polymer materials is kinetic in nature
and is a process of gradual accumulation of damage to macromolecules, after which the mate-
rial completely loses its insulating properties, i.e., electrical breakdown occurs [4, 8]. The main
parameter characterizing the electrical strength properties of polymer dielectrics is the electrical
lifetime, which is the time period from the beginning of voltage application to the dielectric
until its breakdown [9, 10]. Studies on the behavior of dielectrics in strong electric fields focus
closely on the variation in electrical lifetime for samples with different thickness [10, 11], ambient
temperature [12—14] and applied field strength [3, 15, 16].

The field dependences of electrical lifetime are typically described using exponential [2, 9, 10, 16]
and inverse power [1—3, 17] laws. Application of the exponential law to model the field depen-
dence of the electrical lifetime in polymers is directly related to the physical process of damage
accumulation in the polymers exposed to electric fields (thermally activated decomposition of
molecular ions), since the speed of this process exponentially depends on the strength of this

© Kucenesuu B. B., 2025. Uznarens: Cankr-IlerepOyprekuii monmurexuuueckuii yausepcutet [letpa Benukoro.
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field [8, 18]. In addition to providing a rigorous theoretical framework, exponential expressions
ensure high accuracy of the obtained values of electrical lifetime [4, 10, 16].

Power laws have become widespread for evaluating the lifetime of polymer materials as part of
technical tests [16]. However, despite the mathematical simplicity of the power expressions, their
use for modeling the field dependences of the electrical lifetime of polymers has no physical jus-
tification. Some studies [19, 20] describe the experimental field dependences of electrical lifetime
by relations representing a superposition of exponential and power laws. An increased number
of significant parameters in such composite relations, on the one hand, contributes to increased
accuracy of determining the electrical lifetime. On the other hand, this also complicates the form
of these relations [21—23], consequently reducing their practical value.

Approaches from catastrophe theory [24] may provide a solution to this problem, as the
phenomenological nature of this theory allows to obtain fairly simple mathematical expressions
reflecting the behavior of physical and technical systems of different complexity with variable con-
trol parameters characterizing these systems. An important argument in favor of using methods of
catastrophe theory to study the electrical properties of polymers is the sudden onset of breakdown
in polymer dielectrics and its catastrophic nature [25]. Relatively few studies consider the deg-
radation of polymer materials using the mathematical framework of catastrophe theory [26—29];
as a matter of fact, we have not managed to uncover any works applying this theory to describe
the field dependence of electrical lifetime of polymers. We believe that filling this gap is of great
scientific and practical importance.

The goal of this study is to better understand the influence of electric field strength on the
lifetime of polymer dielectrics.

Catastrophe theory was used to achieve this goal. Our primary objective was to formulate an
equation describing the dependence of electrical lifetime in polymer dielectrics on the strength of
the applied electric field, determining the parameters of this equation for widely used dielectrics:
paper, epoxy and polyethylene terephthalate (PET) insulation.

Problem statement

A key manifestation of the kinetic nature of electrical breakdown in polymers is that their

lifetime ¢, _significantly depends on the strength E of the applied electric field [8, 10]. For this

reason, a large number of studies on the elec-

t, B trical strength properties of polymer dielectrics

___nC=D are focused on obtaining the field dependence
le t, = f(E) of electrical lifetime.

In practice, the relationship 7, = f{E) is estab-
lished by conducting a series of experiments to
measure the lifetime 7, at various fixed strengths
FE = U/d, where U is either a DC or AC voltage
applied to a dielectric sample with a thickness D.
In the case of tests in an AC electric field, the

E>E, amplitude or RMS value of AC voltage is gener-
ally taken as the value of U [3, 4].

The lifetime of polymers placed in an

AC electric field is approximately two orders

E. of magnitude less than 7, for a DC field [4].
z Meanwhile, experimental field dependences of

electrical lifetime, measured in DC and AC

electric fields, demonstrate almost identical
Fig. 1. Characteristic field dependence behavior [2—4, 9, 10], which makes it possible to

of electrical lifetime of polymer dielectrics 7,;  study the general patterns in their variation from
E, is the value of E at which #,_significantly ~a unified perspective. A typical dependence 7,

exceeds the experimental period; 7 is the value = f{E) whose behavior is consistent with known
of ¢, for E= E; the identity ¢ = Dexpresses the  experimental data is shown in Fig. 1.
correspondence between the physical critical It can be seen that when the dielectric is in a
point ¢ and the degenerate mathematical field with the strength £> E , there is an inversely
point D (see the explanations in the text) proportional relationship between 7 and E.
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Fig. 1 shows the field strength E for which the estimated breakdown time 7, (the lifetime of the
dielectric) significantly exceeds the duration of the experiment. Experiments to determine the
lifetime are usually carried out at field strengths that ensure the detection of dielectric breakdown
in the time range from 1 to 10¢ s [30]. In view of this, the value of E, can range from a few to
tens of MV/m, depending on the type and quality of the polymer dielectric sample, as well as its
testing conditions [1—3]. The threshold strength of the working electric field [3, 31] corresponding
to the given lifetime of the dielectric material can be used as E_ in a first approximation.

For small values of the applied field strength, when E =~ E (see Fig. 1), we can observe a
stronger field dependence for ¢, = f{E), so consequently, the lifetime t, =t _becomes rather long,
theoretically tending to 1nﬁn1ty The reason for this behavior of the functlon t, = f(E) is that the
damage accumulation rate for £~ E_is so low that a slight destructive effect of the electric field
does not cause breakdown of the polymer dielectric at all and it retains its insulating properties
for a long time.

Modeling the variation in the lifetime of dielectric materials with varying electric field strength
accounting for the physical mechanism of damage accumulation in the dielectric produces an
exponential field dependence ¢, = f(E). For polymer dielectrics, this dependence was obtained in

the following form [18, 30]:
T E
t[;r — tO exp(mj’ (1)

where ¢, s, is a pre-exponential factor representing the vibrational frequency of atoms in solids,
1,~ 1073 —107"2s; W*, J, is the bond dissociation energy of molecular ions; e, C, is the electron
charge, l,, m, is the activation length; ¢ is the overvoltage factor characterizing the enhancement
in field strength near irregularities on the electrodes; k;, J/K, is the Boltzmann constant; 7, K,
is the temperature.

Accumulation of damage that can lead to dielectric breakdown is attributed in [18, 30] to a
two-stage process of decomposition of polymer macromolecules in an electric field. At the first
stage, field ionization of macromolecules occurs with the formation of positive molecular ions
(macro-ions) with reduced bond dissociation energy [8, 18]. At the second stage, decomposition
of macro-ions activated by thermal fluctuations occurs, accompanied by the formation of new
macro-ions and chemically active free macroradicals [8, 18]. The gradual accumulation of defects
(damage) during the decomposition of macromolecules leads to an increase in the concentra-
tion of charge carriers (quasi-free electrons and holes); reaching a critical concentration N, is
what causes breakdown [4, 8]. Varying the electric field strength allows to control the kinetics
of accumulation of the concentration N, and consequently to vary the electrical lifetime of
polymers [4, 8].

Exponential equation (1), obtained within the framework of the physical model [18], yields
highly accurate theoretical values of the lifetime 7, agreeing well with the experimental data for a
wide range of polymer dielectrics [9, 10].

Along with analytical expressions similar to Eq. (1), an empirical dependence of the form [2] is
often used in practice to reflect the quantitative relationship between 7, and E observed in strong
electric fields:

t, =a(E—E)", (2)

where a, b are parameters depending on the type of insulation.

The simple mathematical form of power expression (2) was the main reason for its widespread
use for estimating #, during technical tests of polymer insulation [3, 16], which do not allow for
accurate experimental design. It was found in [2, 3] that the use of the power dependence (2),
firstly, is not physically justified, and, secondly, leads to a mathematical abstraction 7, — o at
E = E, although in reality the period from the time when voltage is applied to the dlelectrlc until
the start of breakdown is finite.

Based on this, it is important to obtain an analytical equation for the field dependence ¢, = A E),
free from the above-mentioned disadvantages of expression (2). To solve it, we use the methods
of catastrophe theory [24].
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Fundamentals of catastrophe theory

To study physical systems in the theory of catastrophes, potential functions ® (catastrophe
functions) are used, whose type is determined by the number # of state variables x and the num-
ber k of control parameters 4. The variables x characterizing the state of the system considered
depend on the control parameters A. A smooth variation of A can correspond to both continuous
and abrupt (catastrophic) variation of x. That is why the system’s abrupt response to smooth vari-
ation in its control parameters is called a catastrophe.

At k£ > 3, mathematical description of catastrophes becomes rather cumbersome and it is diffi-
cult to visually represent the geometric characteristics of potential functions ®. For many practi-
cal applications, it is sufficient to confine the consideration to considering catastrophe functions
with one state variable and a number of control parameters not exceeding three. The well-known
expression for the catastrophe function ® with one state variable x has the following form [24]:

k
D(x;4)=x"[(k+2)+ Y 4x'[i, 3)

i=l1

where i is the number of the control parameter A, i € [1, k]; Kk = 1, 2, and 3 for fold, cusp and
swallowtail catastrophes, respectively.

Qualitative changes in the system considered are determined by the number and type of critical
points of the catastrophe function. Therefore, the basis of catastrophe theory is analysis of the
behavior of the function @ in the vicinity of critical points. The positions of the critical points and
the values of the function @ at these points are determined by solving the equations obtained by
equating its derivatives with respect to the state variable x to zero [24]:

0D/ox = 0; 0*D/ox* # 0; 4

0P/0x = 0; 0"D/Ox™ =0, (%)

where m is the order of the derivative, m € [2, k+1].

The points found from conditions (4) are called non-degenerate critical points; in physical
applications, the mathematical term ‘non-degenerate critical point’ corresponds to the definition
of an equilibrium point. The solutions of Egs. (5) correspond to degenerate critical points with
the degree of degeneracy m, which are identical to physical critical points [24]. Degenerate critical
points are more informative than non-degenerate ones, since it is in the vicinity of degenerate
points that there is a high probability of a jump in the state of the system considered, i.e., the
start of a catastrophe.

Catastrophe theory is concerned with variation in the equilibrium states x(4,) of the potential
function ®(x;4), given by Eq. (4), with varying control parameters A..

Catastrophe theory operates with dimensionless mathematical parameters, i.e., numbers that
can take both positive and negative values. Therefore, to use this theory for physical applications,
it is necessary to match the dimensionless mathematical parameters included in Eq. (3) with the
dimensional quantities characterizing a particular physical process. The transition from dimen-
sional physical quantities x' and A/ to the corresponding dimensionless mathematical parameters
x and A, is carried out using normalization relations [24]:

x=x’/xD—1;Ai=Alf/AD(i)—1, (6)

where x' is the physical state variable; A, is the ith physical control parameter; x,, ADQ.) are the

critical parameters of the catastrophe function, understood as the values of the quantities x' and
A’ at the physical critical point corresponding to the mathematical point D, _ .

The point D, is the point with the greatest degeneracy m_ = k + 1 (for fold, cusp, and swal-
lowtail catastrophes, the degree of degeneracy m__ is 2, 3, and 4, respectively).
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A bias term equal to unity is included in expressions (6), so consequently, when the physical
quantities x’ and A reach the critical values x,, and A4, ,, the mathematical parameters x and A, take
zero values. Because of this, the degenerate critical points D), D, and D,, which are the germs of
the fold, cusp and swallowtail catastrophes, are always located at the origin, greatly simplifying
the analysis of these catastrophes.

It is advisable to analyze physical systems, processes or phenomena (referred to as systems
from now on) in accordance with catastrophe theory by the following algorithm.

Step 1. Set the state variable x' and the control parameters A, describing the physical system
in question.

Step 2. Based on the known experimental and theoretical data describing the behavior of vari-
able x', determine the general trends in its variation with varying parameters A'.

Step 3. Identify the characteristic attributes, the so-called catastrophe flags [24], which can be
used to conclude that a catastrophe has occurred in the given system.

Step 4. Establish the event identified as catastrophe and determine the critical parameters
x, and A »» upon reaching which the most characteristic transformations of the system are
clearly detected

Step 5. Based on the relationship between x and A, resulting from Egs. (3) and (4) and on
analysis of the dependence of x' on A, performed in step 2, match the dimensionless parameters
x and A, with the dimensional physical quantities x’ and A'..

Step 6. Applying relations (6), we reduce the quantities x’ and A/ to a dimensionless form and,
starting from general expression (3), write the equation of the function ® modeling the given
system. Based on the correspondence between x, 4, and x', 4, adopted in step 5, and consider-
ations of algebraic convenience, multipliers can be introduced into the equation obtained for the
catastrophe function to change the scale and reverse the sign of mathematical parameters.

Step 7. Determine the number and type of critical points of the catastrophe function ® as well
as analyze the geometric properties of the function ® and its derivatives.

Step 8. Using conversion relations (6), represent the equation 6®/0x = 0 in physical terms and
reduce it to the required dependence x' = f(4').

For consistency with the above algorithm, below we derive the equation describing the field
dependence 7, = f{E) of the electrical lifetime of polymer dielectrics.

Theoretical analysis of behavior of dielectric in strong electric field

First, we define the physical parameters of state and control that determine the electrical
properties of the polymer dielectric at constant temperature. Initially, we take the electrical dura-
bility #, as a state variable and the electric field strength E applied to the dielectric as a physical
control parameter.

Next, we identify the flags indicating the possibility of a catastrophe in the dielectric exposed
to a strong electric field.

The first flag for catastrophe is a critical charge concentration N, accumulating in a time
equivalent to the electrical lifetime 7, of the polymer dielectric. Experiments conducted in [4, 8],
establishing this dependence found that N, ~ 10""—-10" cm™.

The second flag for catastrophe is the anomalous variance of experimental values of the elec-
trical lifetime 7, , observed when low strengths comparable to E are applied to the dielectric.
Indeed, as noted above, the field dependence #, = f(F) is considerably enhanced for £~ E, in
fact degenerating into an almost vertical straight line (see Fig. 1). Small variations in £ near E,
lead to large variations in the lifetime 7, , so consequently, in practice, there is a large variance in
the values of #,_measured at £~ E [1-3].

An event equivalent to the start of a mathematical catastrophe is the time when a critical
concentration of damage is accumulated (which is equivalent to reaching N) in the polymer
dielectric located in a field with the strength E. The point ¢ in Fig. 1, in whose vicinity the field
dependence of electrical lifetime becomes degenerate, is considered as the physical critical point.
Then, following the above algorithm, we match the physical critical point ¢ with the degenerate
mathematical point D. Then the physical parameters 7 and E, matched with point ¢ become
equivalent to the critical parameters of the catastrophe function: 7 =7, and E = E,,

To describe the system considered (with one control parameter), we use equation for the fold
catastrophe, which follows from the general expression (3) for £k = 1 [24]:
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D(x; A) =x*/3+ A4 x. (7)

It follows from Eq. (7) that the mathematical control parameter A, is proportional to the
square of the state variable x: A4 ~ —x>. Therefore, in view of the proportionality 1/7, ~ E’, char-
acteristic for physical quantrtres f, and E, it is convenient to take the field strength E as the state
variable instead of the lifetime 7, . " The quantity v, = 1/¢, , inverse to electrical lifetime, is taken
to be a physical control parameter in further analysrs wrthrn the framework of catastrophe theory.
The critical value v, in this case is determined by the equality v, = 1/7,. According to the defini-
tion in [9], the parameter v, characterizes the damage accumulatron rate i.e., the rate at which
the polymer dielectric reaches breakdown.

The physical parameters of state x' and control A’ can be interchangeable. As this may be
necessary in situations such as ours (parameters /7, and E), when the parameters are substituted
into the catastrophe equation, it is one of the advantage of the given approach. Moreover, such
substitution is valid even when the physical quantity taken as a control parameter, i.e., an inde-
pendent variable, cannot be directly varied in the real experiment (in this case, it is the electrical
lifetime ¢, ), since mathematically, it makes little difference which dependence is considered in
practice: x' = f{A') or A’ = fiX)).

Next, using normalization relations (6), we reduce the dimensional physical quantities £ and
v, to dimensionless form:

F.=EE —1;v=v, /v, —1=t/t —1, (8)

where F) is the dimensionless electric field strength (mathematical state variable); v is the dimen-
sionless damage accumulation rate (mathematical control parameter).

Taking x = F, and A = —ay, we obtain from Eq. (7) an expression for the fold catastrophe
function characterizing the state of the polymer dielectric in a strong electric field:

O(F,;v)=F.[3-ayF,, )

where a, is the positive scale factor introduced for better visual representation of the geometric
characteristics of the function ®. The minus sign for g, is taken for convenience of further analysis
of the function ©.

Equating the first and second derivatives of function (9) with respect to the variable F), to zero,
we write the equations determining the position of the critical points of this function:

OD/OF, = F} —ay=0; (10)

O*®/oF} =2F, =0. (11)

Since a,> 0, Eq. (10) has no solutions for v <0, and therefore, the catastrophe function ®(F}; v) has
no critical points. Eq. (10) has one root F, = 0 for v = 0 and the function ®(F,; v) has one crit-
ical point, a bifurcation point located at the origin. As Egs. (10) and (11) are fulfilled simultane-
ously for v = 0, this critical point is doubly degenerate. If v > 0, Eq. (10) has two opposite roots:
F, = £(ay)'”?, while the function ®(F,; v) has two non-degenerate critical points: a minimum
point at £, > 0 and a maximum point at £, < 0.

Using conversion expressions (8), we write the relations that establish the correspondence
between the characteristic values of dimensionless mathematical parameters (F,, v) and dimen-
sional physical quantities (£, 1, ):

F, <0 © E<E,;F,=0 © E=E;F,>0 © E>E;
v<0 <1, >t v=0 <, =t v>0 & ¢, <t,.

(12)
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Accounting for relations (12) and analyzing the results of Egs. (9)—(11), we reached the
following conclusions.

In the case when the electric field with the strength £ < E is applied to the dielectric, no
electrical breakdown occurs, since the damage accumulation rate is low (v < 0) and the time to
reach the critical concentration N, exceeds 7. As the field strength increases to the level £ > E,
a noticeable increase in the dimensionless accumulation rate (v > 0) is observed, as a result of
which electrical breakdown of the dielectric occurs in the time 7, < 7. The equality £ = E,, for
which the field dependence 7, = f{E) becomes degenerate, corresponds to the condition for the
beginning of a catastrophe, i.e., reaching a critical value of N, and breakdown of the dielectric
during the time 7, = 1.

Substituting relations (8) into Eq. (10), we obtain the final expression for the field dependence
of electrical lifetime of the polymer dielectric:

2

t, = .
" l+a'(E/E,-1)

(13)

Eq. (13) holds true for £> E, i.e., when electrical breakdown of the dielectric occurs in a time
not exceeding #,. An advantage of Eq. (13) is its structure, ensuring a finite value for the electrical
lifetime 7, of a field with the strength E, = E_is applied to the dielectric.

Geometry of fold catastrophe

The profiles @ = f(F,) of the fold catastrophe function corresponding to the cases of varia-
tions in the dimensionless parameter v discussed above are shown in Fig. 2. The numbers / € [1,
5] of the profiles in Fig. 2 correspond to the characteristic values v, of this parameter. Since v, <
v, < 0, curves / and 2 have no critical points. Curve 3, constructed for v,= 0, has a degenerate
bifurcation point D, at the origin. Since v, > v, > 0, profiles 4 and 5 of the function ® have min-
imum and maximum points characterizing stable and unstable equilibrium states of the system.

As the mathematical control parameter
@ 12345 increases from v, to v,, the profile of the func-
tion ® gradually transforms, going through the
following stages:

curve is flattened near zero,

degenerate point appears,

degenerate point is split into a maximum and
a minimum equidistant from it,

F amplitudes of these extrema further increase,
the extrema keep diverging.

As the control parameter decreases from

v, 10 v,, the maximum and minimum on the

profile of the catastrophe function converge,

merge, forming a degenerate critical point at

the origin, and disappear. The doubly degen-

erate point D, in whose vicinity the bifurcation

Fig. 2. Profiles of fold catastrophe function for  of solutions is detected, acts as the germ for the

different values of control parameter. Profile fold catastrophe.

numbers correspond to the characteristic The geometric locus of the critical points sat-

values of the parameter v,—v, isfying Eq. (10) is a parabola whose branches

Black dots mark the positions of minima and maxima, ~ converge at point D, (Fig. 3,a). The set of critical

characterizing stable and unstable equilibrium states ~ values @ of the catastrophe function, determined

of the system; D), is a degenerate bifurcation point by substituting roots from Eq. (10) into Eq. (9),
forms a wedge with the edge at D, (Fig. 3,b).
There is not a single equilibrium state to
the left of the point D, and the branches of stable (1) and unstable (2) equilibrium states
are located to its right, formed respectively by the minima and maxima of the catastrophe
function .
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Fig. 3. Geometry of fold catastrophe: function
of dimensionless damage accumulation
rate (a) and critical value function (b)
Branches of stable (/) and unstable (2)
equilibrium states are shown, formed respectively
by the minima and maxima of the catastrophe
function @ (see Fig. 2)
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It follows from the profiles ® = f{F,) shown
in Fig. 2 that an increase in the parameter v
causes a shift in the minimum/maximum of
the function ® to the region of larger positive/
negative values of the state variable F, and an
increase in the amplitudes of these extrema.
The result of this behavior of ® is that when
v increases on stable branches of the depen-
dences F, = flv) and ®,= Av) (see Fig. 3),
F, increases and @, decreases. Conversely, F,
decreases and @, increases on unstable branches
of these dependences.

Results and discussion

The applicability of Eq. (13) was verified by
processing the experimental data presented in
[1—3, 31—33] for the field dependences of elec-
trical lifetimes of insulating materials. The values
of the parameters a, E, and 7, obtained by this
treatment are given in Table.

Analyzing the data in Table, we can conclude
that insulators made of phenol formaldehyde
laminate, oil-impregnated paper and PET film
are characterized by much lower 7, values than
those made of epoxy dielectrics. The reason for
this is that the dependence ¢, = A(E) for epoxy
samples was obtained in experiments performed
at lower (compared to E)) field strengths,
resulting in slower defect accumulation in
these dielectrics and, accordingly, longer elec-
trical lifetime. For example, the field strength
at which the test samples experienced break-
down in a time not exceeding the maximum
test time (30,000 hours) was only 2.5 MV/m
for the EZK-1 compound [33]. Therefore, the

estimated electrical lifetime at a strength £ = E = 2.32 MV/m turned out to be fairly long:
t,=29.23:107 s = 9.27 years.

Table

Parameter values of equation for field dependence
of lifetime for several electrical insulators

Electrical insul Parameter of Eq. (13)
ectrical isulator a, 10 4 |E MV, 107s
Phenol formaldehyde laminate | 2.3270 13.05 10.1094
Oil-impregnated paper 14.570 18.58 | 0.3507
PET film 22.180 24.16 | 0.0199
Epoxy resin 1.7910 4.59 1.0260
Epoxy compound EZK-1 0.9673 2.32 29.230
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As an example, Fig. 4 shows the graphical dependences @ = f(F,) u F,= f(A,) for PET film,
based on experimental data taken from [32]'. 4, in Fig. 4 denotes a scaled control parame-
ter equal to the product of dimensionless damage accumulation rate v and the scale factor a,
introduced earlier in Eq. (9): 4, = a,yv. The graphs constructed confirm an excellent agreement
between the experimental data available in the literature and the approximating curve for the
scaled damage accumulation rate 4, . The dashed line describing a decrease in the parameter 4,
with an increase in the drmensronless strength F, corresponds to a set of unstable states of the
function @ that does not occur in reality. The reason for this circumstance is that an increase
in the field strength applied to the dielectric during the experiment leads to a decrease in the
electrical lifetime 7, , equivalent to an increase in A4, .

The graph in Fig. 4,a clearly shows the trends in the behavior of the catastrophe function
discussed above, namely as the scaled parameter A, increases, the minimum of the function @
becomes deeper and shifts towards higher values of F The decrease in A, with a decrease in F,
(see Fig. 4,b) is consistent with the increase in electrrcal lifetime 7, observed in practice with a
decrease in the strength E. The dimensionless parameter 4, becomes zero at point D, because
t, reaches the critical value 7,. Provided that 4, < 0, whrch is equivalent to the 1nequa11ty t,>
tD, the processes of electrical breakdown 1nduced by the application of a weak electric field are
slowed down and breakdown of the dielectric does not occur, even when the duration of the
experiment significantly exceeds the critical value ¢,

The field dependences of electrical lifetime, constructed in accordance with Eq. (13) for
PET film (curve I) and epoxy compound EZK-1 (curve 2) in dimensional coordinates, are
shown in Fig. 5. It can be seen that the solid curves / and 2 agree well with the experimen-
tal data [32, 33]. This confirms that Eq. (13) can be used to describe the field dependences
t,, = fUE) of polymer dielectrics. The asterisk in Fig. 5 indicates the calculated lifetime 7, for
PET film corresponding to the doubly degenerate mathematical point D,.

Some discrepancies between curves / and 2 in Fig. 5 and the corresponding experimental
points can be explained by the following reasons:

large variance of experimental values of electrical lifetime determined for the same
field strength;

complicated procedures to account for the cumulative effect of various factors (for example,
temperature, partial discharges, structural inhomogeneity, etc.) on electrical breakdown in real
polymer dielectrics.

Finally, using analytical equation (1), we estimate the overvoltage factor g for PET film
located in an electric field with the strength £ = E,. We take the following values of the physical
parameters for the calculation:

t,=10"3s, W =1.1eV, [ = 1.5 A[8]; T=293 K [32];

E, =24.16 MV/m, t,=0.0199-10" s (see Table).

As a result, we obtain the value of the factor ¢ = 9.7, which suggests that the decomposition of
molecular ions activated by thermal fluctuations is the mechanism prevailing over all other mech-
anisms behind electrical breakdown in PET films [32]. Two circumstances can serve to prove this
hypothesis. First, according to the information in [18], at ¢ = 10, favorable conditions are created
in the polymer for field ionization of macromolecules, which (as noted above) is the first stage
of the two-stage decomposition process of these macromolecules in a strong electric field [8, 18].
Secondly, the field dependence ¢, = f{E) was measured in [32] at a temperature of 293 K, when
thermal breakdown is extremely unlikely to occur [34, 35].

I See also: Yemelyanov O. A. Efficiency of metal-film capacitors in accelerated condition: Ph.D. Thesis.
St. Petersburg, 2004. 246 p.
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Conclusion

We derived Eq. (13) from the standpoint of catastrophe theory to describe the dependence of
electrical lifetime of polymer dielectrics on the strength of the applied electric field. A quantitative
assessment of the parameters of this equation is given for widely used electrical insulators: phenol
formaldehyde laminate, epoxy compounds, oil-impregnated paper and PET film.

PET film was used as an example for analysis of the basic geometric properties determining
the behavior of the fold catastrophe function and the scale parameter for damage accumulation
rate with varying dimensionless electric field strength. We plotted the the field dependences of
electrical lifetime for polyethylene terephthalate and epoxy molding compound EZK-1. The pub-
lished experimental data and the approximating curves corresponding to Eq. (13) were found to
be in excellent agreement.

The results obtained can be used to explain the variations in electrical lifetime based on opera-
tional data and technical tests of polymer dielectrics as well as to predict breakdown phenomena.

The advantage of the approach used in the paper is that general expression (3) for the catastro-
phe function ®(x;4,)) can be modified if it is necessary to replace or increase the number of phys-
ical control parameters governing the behavior of dielectric materials in strong electric fields.

As a direction for future research, we plan to account for the influence of the operating tem-
perature of insulation on the breakdown strength of polymer dielectrics, which is possible with
theoretical consideration of a higher-order catastrophe, a cusp catastrophe.
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Abstract. According to the phase transformation kinetics that we recorded by dilatometry in
rapid cooling of low carbon steel, some amount of isothermal bainite appeared in the middle
of martensitic temperature range. Presumably caused by adiabatic heating in the exothermal
transformation, such an unexpected effect was confirmed by TEM data on the lath thickness,
dislocation density and carbide particles. Furthermore, to assess a volume fraction of the
detected bainite, statistics of crystal curvature (orientation gradient) was analyzed in terms of
EBSD data. The combined analysis of results obtained using those three techniques suggests that
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but also slightly above it.
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AHHOTanusa. B cOOTBETCTBUM ¢ KUHETUKOU (ha30BOT0 MpeBpalleHUs, 3apeTrUCTPUPOBAHHOM
METOIOM IMJIATOMETPUM IIpU OBICTPOM OXJIaXKIEHWM HM3KOYIJIEPOAMCTON CTajlu, B CepeauHe
TeMITepaTypHOTO AMarna3oHa MapTeHCUTHOTO MpeBpalleHUsl 00pa3yeTcst HEKOTOPOE KOJMUECTBO
M30TepMUUYECKOTO OeliHuTa. Takoi HeoXUIaHHBIN 3(DGhEKT, MPEAMOIOXKUTETbHO BbI3BAHHBII
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agrabaTUYeCKMM HarpeBOM ITPU HEM30TEPMUUECKOM ITPeBpallleHUH, TTOATBEPKAACTCS JaHHBIMU
MPOCBEUYMUBAIOIIECHA BIEKTPOHHOU MUKPOCKOIIMU O TOJIIMHE PeeK, IJIOTHOCTU NUCJIOKALUNA U
yactuuax kapoumaoB. Kpome Toro, nist oLeHKM OObEeMHON A0aM OOHApYy>KEHHOro OeliHuTa
Ha OCHOBE JAaHHBIX MeToda AU(PAaKIUM OTPaKCHHBIX 3JIEKTPOHOB ITpOAaHAJIU3MPOBaHA
CTaTUCTHKA KPUBU3HBI KPUCTAUIMYCCKOM pereTK (TpagueHT opueHTaunn). COBMECTHBIN
aHaJU3 pe3yJbTaTOB, MOJYYCHHBIX C MOMOIIBIO 3TUX TPEX METOMOB, TO3BOJSCT 3aK/IIOUUThH,
YTO OIIpeAeJICHHOE KOJMYECTBO OEiHMTAa PEeeyHOro TuIlla o0pa3yeTcsl HE TOJIbKO HIKe
TeMmIlepaTypbl Hauajla MapTeHCUTHOIO MpPeBpallleHUs, HO U HEMHOTO BBIILIE HEe.

KioueBblie c10Ba: MUKPOCTPYKTYpa, MAPTEHCUT, OCHHUT, M30TEPMUUECKOE MIpeBpalleHNE,
3aKajika, HU3KOYTJIEpOIUCTasl CTalb
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HOTO COCTOSIHMSI MUX BBICOKOTeMIIepaTypHoil (a3bl», Ne 22-19-00627).
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Introduction

In order to control the proportion of martensite and bainite microstructures in high-strength
steels, isothermal treatments [1 — 3] or decelerated cooling [4] inside the martensitic temperature
range attract an increasing researchers’ attention. In principle, with allowance for adiabatic heating
due to the exothermal transformation and for numerous nucleation sites at the a-y boundaries
of preformed martensite, appearance of bainite seems possible even in case of rapid cooling.
However, to the authors’ knowledge, such effects have never been reported, except for Ref. [5]
where dilatometry data on low carbon steel indicated a short near-isothermal stage of bainitic
transformation after a notable martensite amount accumulates.

To verify this uncommon behavior, the present work analyzes the underlying microstructures
by independent Transmission Electron Microscopy (TEM) and Electron Backscatter Diffraction
(EBSD) methods. The former evaluates local dislocation densities and lath thickness as well as
images fine carbide particles if any; the latter technique reveals the distribution of crystal curvature
indicative of martensite and bainite fractions.

Material and methods

Chemical composition of the studied steel (wt. %: 0.09C, 0.35Mn, 0.30Si, 5.50[Ni+Cu],
1.50[Mo+Cr], 0.15V) ensured its mostly martensitic microstructures after quenching in a wide
range of cooling rates. Start and finish temperatures of the underlying transformation slightly
increase when the slower cooling and hence deviate from the athermal nature of martensite
expressed by the Koinstinen — Marburger equation [6]. It remains a subject of dispute whether
similar effects are due to specific (thermally activated) martensite embryos or a minor fraction of
preformed lath bainite [7].

Reheated to 950°C and hold for 100 s, small specimens (Diam5x10 mm) of the steel have
been quenched in DIl 805 A/D dilatometer at 60°C/s cooling rate. To confirm their somewhat
unexpected response considered below in this work, such experiments were repeated several times.
Following Ref. [8], to properly evaluate the transformation degree in terms of the specimen
length, we allow for the temperature dependence of thermal expansion coefficients in both the
parent and product phases. When neglecting this issue, the martensite start temperature would be
overestimated by ~20 to 40°C.

© 3onortopesckuii H. 10., benukosa 10. A., TlerpoB C. H., 3ucman A. A., 2025. Uznatens: Cankr-IlerepOyprckuit
nojuTexHuuyeckuii ynusepcutet I[lerpa Benukoro.
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To analyze obtained microstructures by TEM FEI Tecnai G2 30 S-TWIN at an accelerating
voltage of 200 kV, disks of 1 mm thickness cut from the quenched specimen were conventionally
thinned by mechanical and electrolytic polishing. Surface oxide films were then removed from
prepared foils by ion milling system Fischione 1010. The lath thickness, dislocation density and
morphology of carbide particles, if any, were analyzed in various microstructure constituents.
Owing to the apparent width of linear defects and their mutual screening through the foil thickness,
reliable estimates of the dislocation density were limited to about 6.5-10'° cm™2. Nonetheless,
the revealed types of martensite and bainite can be discriminated. Since the TEM technique
is essentially local, the analysis of each foil was repeated on twenty domains of 6 X 6 um
randomly distributed over an area of 720 um?. Though the eventual averaging hardly ensures true
representativeness, it still enables recognition and comparison of coexisting microstructural types.
Fractions of them are approximately assessed by counting related pixels of digitized images.

A planar section prepared by usual metallographic procedures and additionally subjected to
electrolytic polishing has been analyzed by EBSD on SEM Lyra 3-XM at an accelerating voltage
of 20 kV. An area having a width and height of 100 pm was scanned with a step of 0.05 um,
and crystal orientations at periodically arranged points were determined by means of Chanel 5
software. A subsequent analysis of the EBSD maps was carried out using MTEX software [9].
Respective levels of crystal curvature were assessed by the kernel average misorientation (KAM),
that is, an average angle of lattice rotations at next neighbors of the considered data point with
respect to the latter. Then a rather noisy KAM was averaged in microstructural elements separated
by closed boundaries with tolerance angle 6 = 4°. The resulting “grain average” misorientation
(GAM) characterizes each martensite or bainite block as a whole since the employed 6, is a lower
bound for misorientations between admitted variants of orientation relationship (OR) peculiar to
shear transformations in steels [10].

Treatment of experimental data

A temperature dependence of the transformed fraction in quenching was conventionally
evaluated in terms of the thermal expansions, and the considered near-isothermal origination
of bainite was verified by TEM and EBSD as follows.

Recognition of microstructures by TEM. Various microstructural constituents in quenched
steel have been discriminated by TEM; they are lath martensite (LM) and bainite (LB),
auto-tempered martensite (AM) and granular bainite (GB). The first and second of them are
ascribed to domains of near-parallel laths whose thickness does not exceed 0.8 um; then LM
is separated owing to its relatively high dislocation densities (p > 6.5-10'° cm™) and usually
finer (< 0.3 pm) laths. It is kept in mind as well that bainitic domains usually contain more
amounts of retained austenite.

Close dislocation densities diminished with respect to harder constituents are peculiar
to both AM and GB, where domains of the former are recognizable owing to large (several
microns) dimensions. Besides, this phase contains characteristic rod-like particles of
cementite oriented along three crystallographic directions. Such precipitations remain thin
because of relatively slow carbon diffusion at the transformation temperature.

Analysis of crystal curvature statistics. Determined by EBSD, the GAM measure of crystal
curvature is due to both the dislocation density in structural elements and inhomogeneous
phase stresses. Thus, there are two characteristic scales corresponding to the dislocation
spacing and lath thickness. To extract each of the related contributions is problematic
[11]; at the same time, their integral effect enables a rough discrimination between various
constituents of the transformation product [12 — 15]. As neighboring crystals may have
overlapping ranges of curvature, an analysis of its overall statistics (spectrum) rather than
local data is preferable as shown in Ref. [5, 16]. Making use of this expedient, we will fit to
a right tail (higher curvature range) of the experimental GAM spectrum a virtual lognormal
part presumably involving martensite constituents: the LM and AM fractions. Although the
latter have lower dislocation densities, its GAM keeps high according to strong phase stresses
of martensite. Thus, the fraction of bainite constituents can be evaluated by subtracting the
fitted spectrum from the experimental one. Relevance of this approach will be confirmed by
TEM results and independent dilatometry data on the transformation kinetics.
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Results and discussion

Transformation kinetics. A temperature dependence of the transformation degree F according
to dilatometry data is represented in Fig. 1, a. In general, it fits perfectly with the Koinstinen —
Marburger equation [6] with nucleation temperature 7, of about 300°C, though above the latter
a minor part of transformed phase deviates from the atﬁlermal model. Besides, a near-isothermal
(presumably bainitic) segment appears at the maximum slope of this curve after a notable amount
of the preformed martensite. This particular effect is supported by Fig. 1, b showing a rather
smooth time dependence of the transformed fraction that excludes experimental artifacts. The
most plausible explanation of the considered finding is intensive adiabatic heating due to the
exothermal transformation. According to the diagram in Fig. 1, a, the portions of about 13%
and 8% of the transformed matter are not due to athermal martensite [6] but contain alternative
phases thermally activated, at 7> 7, and during the above-considered stage, respectively.

a) b)
F T,deg C
08" 290
280 -
0.6~
270
0.4
260
0.2 250
‘ ‘ ‘ 240 . : : : : :
0 100 200 300 T, deg C 86 88 9 02 94 96 98

Fig. 1. Transformation kinetics in quenching low carbon martensitic steel: (a) the whole diagram where
the insert indicates an isothermal stage; (b) time dependence of the temperature and the transformed
fraction within the period that includes the isothermal stage.

A dashed line in (a) corresponds to the athermal transformation according to the
Koinstinen — Marburger equation (see Ref. [6])

TEM data. TEM results for microstructures of LM and AM, as well as of LB and GB,
are presented respectively from Fig. 2 to Fig. 5. As previously described, these results enable
assessment of the considered constituent fractions. Dislocation densities in each of them were
determined on several fields under identical diffraction conditions while the foil thickness was
evaluated by the electron energy loss spectroscopy. Foils were oriented to get (110) planes very
slightly deviated from the reflecting (“two-beam”) position. Thus, high orientation gradients
near dislocation cores result in dark traces of dislocation lines on the light field images with a
high magnification. Besides, lower magnifications were applied to show a general appearance of
transformation microstructures.

The light field image with a typical LM microstructure is represented in Fig. 2, a and the
diffraction pattern in Fig. 2, b confirms a specific orientation of (110) planes. The LM occupying
about 33% of the analyzed foil has thin and straight inter-lath boundaries where streaks of
retained austenite and, sometimes, fine carbides are observed. The lath thickness varies from 50 to
290 nm and its average value is 160 nm. The average dislocation density of 7.0-10'° cm 2 evaluated
in this most hard constituent exceeds the above-mentioned limit of 6.5:10" ¢m™ that would
ensure accurate assessments by TEM.

Fig. 3, a—c represents corresponding TEM results for AM that is a type of martensite formed
at higher temperatures. Moreover, Fig. 3, d images thin elongated particles of cementite oriented
along three crystallographic directions and peculiar to this microstructure type. Its measured
volume fraction equals 37% and structural units reaching 2—3 pm in width are rather large for the
whole analyzed area of 720 um?. As expected, their evaluated dislocation density of 5.4:10'° ¢cm ™2
proved to be reduced relative to that of LM.
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b) 9]

Fig. 2. TEM images of lath martensite: (a) general appearance by a light field image,

(b) a diffraction pattern at (110) planes in the reflecting orientation,
(¢) dislocation traces imaged by dark streaks within the laths

b)

Fig. 3. TEM images of auto-tempered martensite: (a) general appearance by a light field image,
(b) a diffraction pattern at (110) planes in the reflecting orientation,
(¢) dislocation traces imaged by dark streaks, (d) a dark field image of oriented carbide particles

According to the above-considered data, a martensite fraction of nominally martensitic steel
quenched at very high cooling rate of 60°C/s reaches only 70% so that a notable residual fraction
is presumably due to LB or/and GB phases. The following TEM and EBSD results represented
in Figs. 4, 5 and 6, respectively, should verify this uncommon finding and then enable evaluation
of the LB-to-GB proportion.

It is very hard to recognize LB and separate the latter from LM based only on morphological
signs. Indeed, the thickness of GB laths varies from 80 to 900 nm and often approach values
of up to 250 — 300 nm that is close to an upper bound for martensite laths. The average
dislocation density of LB is 6.5-10'° cm ™2 rather close to measured 7.0-10' of LM though still
enabling discrimination between the two microstructures. Besides, as previously mentioned, their
recognition is facilitated by more perfect and straight inter-lath boundaries in LM. As to the
conventional discrimination between bainite and martensite in terms of carbide distributions, this
way is hardly applicable to the considered steel since its carbon content is too low. TEM results
for LB are shown in Fig. 4, and the fraction of this phase is 17%.
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¥ 0.5 ym

b)

Fig. 4. TEM images of lath bainite microstructure: (@) general appearance by a light field image,
(b) a diffraction pattern at (110) planes in the reflecting orientation,
(¢) dislocation traces imaged by dark streaks

GB elements have sizes from 0.5 to 0.7 um and occupy a 13% fraction of the analyzed foil
area; their average dislocation density is 5.2-10'° cm™2. TEM results for this phase are shown in

Fig. 5.

a)

2o A Il , ,
Fig. 5. TEM images of granular bainite microstructure: (a) general appearance by a light field image,

(b) a diffraction pattern at (110) planes in the reflecting orientation,
(¢) dislocation traces imaged by dark streaks

b)

0.8
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G, deg

200 nm
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Crystal curvature by EBSD. The
fractions of steel constituents were evaluated
using EBSD from the distribution of crystal
curvature by a method suggested in our
earlier study [5]. GAM spectrum derived by
EBSD on the analyzed section is shown in
Fig. 6, where a lognormal distribution
(dashed curve) fitted to its right tail
according to Ref. [5] corresponds to
martensite constituents. To allow properly
for the latter, deviations of fitted values
from the lower right part of this plot are
neglected, so that a remaining sum of
LB and GB constituents is attributed to

Fig. 6. A plot of probability density p versus crystal the spectrum part situated left from the
curvature G expressed by GAM function in low lognormal approximation. Thus, assessed
carbon martensitic steel quenched at the cooling rate fractions of martensite (LM plus AM) and
of 60 deg C/s. A lognormal distribution is given by a bainite (LB plus GB) equal 80% and 20%,

dashed curve
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Combined analysis. In order to compare results provided by the three independent techniques,
they are listed in Table. The martensite fraction of 79% derived from the transformation kinetics
(see Fig. 1) fits 80% according to EBSD analysis much better than this could be expected.
However, the TEM data, the representativeness of which is limited, should be analyzed with a
special care. On the one hand, the corresponding 70% of martensite fraction could be accepted as
satisfactorily close to the previous estimates of 79% and 80%. On the other hand, the difference
is still notable and hence, suggests plausible corrections of the TEM results as follows. To comply
with dilatometry and EBSD data, the martensite fraction should be increased by about 10% at
the expense of bainite constituents. Specifically, it would be reasonable to reduce the GB rather
than LB fraction as far as the former usually appears in the considered steel at much higher
temperatures. As shown on the same specimens [5], this regularity agrees well with the statistics
of paring of the transformation variants admitted by the inter-phase orientation relationship.
In general, taking these reasons and Fig. 1 into account, both the deviation from the athermal
transformation at 7> T, and the near-isothermal stage at 7' = 280°C are mostly due to the lath
type of bainite.

Table

A comparison of results obtained by independent methods

Volume fraction (%) of phase constituents
Method Martensite Bainite
Lath | Auto-tempered | Lath | Granular
Transmission Electron Microscopy 37 33 17 13
Dilatometry 79 in sum* 21 in sum
Electron Backscatter Diffraction 80 in sum 20 in sum

* An immediate result of the athermal transformation regardless of subsequent auto-
tempering.

Summary

A combined analysis of dilatometry, TEM and EBSD results confirms the near-isothermal
formation of lath bainite in the middle of martensitic temperature range when quenching
low carbon steel. Besides, a comparison of this independent data suggests the appearance of
mostly the same bainite type at temperatures slightly above 7, that leads to deviations of the
transformation kinetics from the athermal martensite model [éj.
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Annortanug. B craTtbhe TipencTaBiIeHBI pe3yJabTaThl MCCIEIOBaHUS BO3MOXHOCTUA U3MEPSITh
cBoiictBa K*(892)*- u (1385)*-pe30HaHCOB B CTOJKHOBEHUSIX siep BUCMyTa Bi npu sHepruu
9,2 I'»B ¢ momoupio 3KcnepuMeHTadbHOi ycTaHOBKU (DY) MPD Ha yckoputene NICA.
ITpociexxeHbl 3aBUCUMOCTH KJIFOUYEBBIX IMapaMeTPOB IMPOIIECCOB OT IOIEPEYHOr0 MMITYJIbca
JUTSL pa3IMYHBIX MHTEPBAJIOB IO LEHTPATbHOCTU CTOJIKHOBeHUI Bi + Bi B 061acTu OBICTPOT OT
—0,5 mo 0,5+ mocpencTBOM MOAEIBHBIX pacueToB. [1oIydeHBI OIIEHKN MacCOBOTO Pa3pelIcHUs
DY MPD, sddexktuBHOoCcTU peructpauuu B Y MPD u crieKTpoB 110 TTonepeyHOMY UMITYJIbCY
st K*(892)*- u £(1385)*-pezonancoB. [IpoBeaeHa oreHKa oobeMa BbIOOpPKM maHHbIX (Bi +
Bi)-cTonkHOBEHMIA, TTO3BOJISIONIE BOCCTAHOBUTD cBoiicTBa K*(892)* n £(1385)* ¢ mocratouHO
XOpOIIel TOYHOCTBIO JIUISI MCCIIEMOBAHMST POXIEHMST 3TUX PE30HAHCOB.
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Introduction

One of the main goals of experiments on collisions of relativistic heavy nuclei is to construct
a phase diagram of quantum chromodynamic (QCD) matter and to study the properties of such
matter at high temperatures and baryon densities. Convincing evidence for production of strongly
interacting quark-gluon plasma (QGP) has been obtained in collisions of heavy nuclei at ener-
gies achieved at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory
(BNL, USA), the Super Proton Synchrotron (SPS) and the Large Hadron Collider (LHC) at the
European Organization for Nuclear Research (CERN, Switzerland) [1, 2].

© bepnnukos . A., Usanumies . A., Koros [I. O., Manaes M. B., Psa6oB A. 10., 2025. WUznatens: Cankr-IletepOyprckuit
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The evolution of the QGP is successfully described by hydrodynamic models assuming the
presence of local thermal equilibrium and a number of specific initial conditions [3, 4]. The
collision of relativistic heavy nuclei begins with primary nucleon-nucleon interactions. This is
followed by the pre-equilibrium phase and production of QGP. As the system formed in collisions
of relativistic heavy nuclei expands and cools, the process of hadronization begins, with the QGP
subsequently transforming into colorless hadrons. Quarks and gluons are trapped inside hadrons.
A dense and hot gas is produced from stable hadrons and resonances. The system reaches chemi-
cal freeze-out, at which inelastic collisions among hadrons cease, and the yields of stable particles
are extracted [5].

After chemical freeze-out, the hadrons continue to interact with each other through elastic
or pseudo-elastic (scattering through an intermediate state) scattering, exchanging momen-
tum. The system reaches a stage when the mean free path of hadrons becomes significantly
larger than the size of the system, i.e., the so-called kinetic freeze-out occurs. At this stage,
a momentum distribution of hadrons is formed, their composition no longer changes and
the hadrons move freely towards the detector devices. Since the temperatures of chemical
freeze-out and the quark-hadron transition are close to each other, the phase between chem-
ical and kinetic freezing is called hadronic [6]. The late hadronic phase of collision between
relativistic heavy nuclei is a unique medium for studying the hadron system at high tempera-
tures and densities. Understanding the processes occurring in excited hadronic gas is of para-
mount importance for interpreting the observables used to characterize chemical and kinetic
freeze-out, the hadronic phase, and, more broadly, the time evolution of a system formed in
collisions of relativistic heavy ions. The properties of the hadronic phase are investigated by
measuring hadron decays of short-lived resonances [7]. The lifetime t of short-lived hadronic
resonances is rather short and comparable to the duration of the hadronic phase (about 10
fm/c [8]). In this context, short-lived hadronic resonances are sensitive probes for studying
the hadronic phase. Hadronic resonances with the shortest lifetime, such as p(770) meson (t
~ 1 fm/c [9]), decay during the hadronic phase. Their daughter particles can be scattered by
the surrounding hadrons in dense hadronic matter, changing the momentum and direction of
motion. As a result, the initial information about the resonance from which they originated
is lost.

Due to the lack of correlation between the daughter particles, the resonance cannot be recon-
structed by the standard invariant mass analysis, and the measured yield appears to be suppressed
compared to the expected value [8]. Other observables of the resonances also change, such as the
shape of the transverse momentum spectrum, mass, width, etc. The situation is further compli-
cated by recombination effects, where hadrons in the hadronic gas recombine to produce new
resonances, leading to an increase in the yield compared to its initial value. The intensity of these
two processes depends on the lifetime of the hadronic phase, the density of the hadronic medium,
the cross section of interactions between resonance decay products and other hadrons, and the
lifetime of the resonances themselves.

The predominance of one effect over another can be investigated by studying the ratio of the
resonance yields to the yields of long-lived hadrons with the same quark composition as a func-
tion of collision centrality. Hadronic resonances with a long lifetime, such as the ¢(1020) meson
(t = 45 fm/c [9]), most likely ‘survive’ the hadronic phase and decay in vacuum after kinetic
freeze-out. This feature of such resonances is used for comparison with the production of short-
er-lived resonances in reference measurements [10].

In addition to different lifetimes, hadronic resonances have different quark composition, mass,
baryon number and strangeness. Therefore, comprehensive analysis of resonance production
allows to understand not only the properties of the hadronic phase and its evolution, but also
other effects peculiar to dense and hot nuclear matter. These are, for example, the mechanisms
of hadronization in the region of intermediate and large transverse momenta, the dynamics of
processes and reactions forming the transverse momentum spectra of particles, the excess yield
of baryons relative to mesons, the excess yield of strangeness, etc. [10]. Hadronic resonances are
produced in sufficient numbers. Daughter particles of their hadronic decays can be detected using
detector setups, and their properties can be easily reconstructed by the invariant mass method
even for cascade resonance decays.
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The following resonances with dominant hadronic cascade decays play a special role for sys-
tematic study of hadronic resonances [9]:

Elementary particle Lifetime t, fm/c
¥(1385) baryon ............... ~ 5.01,
2(1385)* baryon .............. ~ 545,
K'(892)" meson ............... ~ 3.84,
K'(892)” meson ............... ~ 3.83.

These resonances have lifetimes comparable to the lifetime of the hadronic phase. Similar
to K'(892)° and p(770) mesons, they decay during the hadronic phase. Depending on the pree
dominance of rescattering or recombination effects, their yield may be suppressed or excessive,
compared with the reference measurements of the yield of quasi-stable particles with a similar
quark composition. Experimental observation of the predominance of a specific effect for a wide
range of resonances allows to more accurately define the cross sections of hadronic interactions
to describe the known hadronic processes for simulation of the hadronic phase.

The quark compositions of (1385)-(uss), (1385)*-(dds) baryons as well as K'(892)"-(su) and
K'(892) -(us) mesons include strange quarks; unlike the ¢ meson, they are open-strange. This
property of these resonances allows to explore the production of strangeness more comprehensively
by measuring their production together with the production of ¢ mesons. The different number of
quarks included in the resonances under consideration also makes it possible to use them to study
the excess yield of baryons relative to mesons, the mechanisms of hadronization, etc.

In the near future, after the Nuclotron-based lon Collider (NICA) at the Joint Institute for
Nuclear Research ( Dubna, Russia) is commissioned, an experiment on studying the processes
during collisions of heavy nuclei (Multi-Purpose Detector (MPD)) will begin at the collider facility
[11]. It is expected that the first colliding systems at the NICA will be the nuclei of bismuth (Bi +
Bi) and xenon (Xe + Xe) atoms at a center-of-mass energy (per nucleon pair) \/S_NN =7.0-9.2 GeV.

Systematic study of the production of resonances in collisions of relativistic nuclei at the
energy of NICA is one of the main objectives of the MPD experiment, continuing the research
on the production of resonances at the SPS, RHIC and LHC accelerators.

Preparations are currently underway for the launch of the collider facility. Measurement tech-
niques are developed and potential observables are estimated based on model calculations. Special
attention is paid to the development of complex algorithms, validated based on model calculations.

The goal of this study is to determine the possibility of measuring the properties of hadronic
resonances of Z(1385)~ and X(1385)*baryons as well as K'(892)*-(su) and K'(892) -(us) mesons
using the MPD setup in the NICA accelerator in collisions of bismuth nuclei at VS, = 9.2 GeV
in hadron cascade decay channels

¥(1385) — A+,
(1385 > A+ (A —p+m),

K'(892) — K+,
K'(892) - K +n (K,—n"+m)

in the rapidity range |y| < 0.5 and depending on the collision centrality.

Experimental setup of the MPD and computational procedure

This facility is one of the two large detector systems at the NICA accelerator, optimized for
studying dense and hot matter formed in collisions of relativistic heavy ions. The facility includes
a central part, which has a large time projection chamber, a time-of-flight detector and an elec-
tromagnetic calorimeter (located inside a superconducting solenoid). Detectors are connected to
the central part from the front and back, which are used to select events, measure the vertex and
time of interaction, as well as collision centrality of heavy ions. The most detailed information
about the detectors of the experimental MPD setup, their parameters and efficiency evaluation
can be found [11]. The paper describes the capabilities of the Time Projection Chamber (TPC)
for reconstructing charged particle tracks and particle detection, as well as the Time-Of-Flight
(TOF) detector for particle detection.
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The MPD experiment, like the entire NICA facility, is under construction and is scheduled to
be launched in the coming years. In view of this, efforts are underway to reliably simulate colli-
sions of heavy ions at energies expected at the NICA accelerator in both the collider configuration
and the configuration with fixed-target collisions. Detailed modeling of the responses of various
detector subsystems included in the MPD experimental setup is also carried out in order to eval-
uate the capabilities of the experimental setup to recover signals from various kinds of physical
processes that are supposed to be studied in the MPD experiment, in particular, those occurring
during collisions of different systems at different collision energies.

In this paper, we analyze data obtained by simulating collisions of Bi nuclei at energy
\/S_MV = 9.2 GeV. The UrQMD event generator, one of the most well-known and popular soft-
ware packages for reliable simulation of heavy ion interactions in the energy range expected at
the NICA accelerator, was used to simulate Bi + Bi collisions in a wide range of target param-
eter values. The studied resonances were declared stable particles in the input settings of the
event generator.

Since the goal of this work was to explore the possibilities of a future MPD setup for recon-
structing signals from cascade resonance decays, this setting was used to minimize distortion
of the results obtained. The distortions are caused by the effects of the late hadronic phase in
the interaction of heavy relativistic ions (rescattering and regeneration of daughter particles in
hadronic gas). The simulated (Bi + Bi) collision events obtained by the UrQMD generator were
then used to simulate the response of the MPD using the MpdRoot software package [11]. This
package serves as the main tool for both simulating and processing the results obtained by the
MPD setup. It contains the most up-to-date, accurate and detailed geometry of all detector sub-
systems, described using the GEANT software package, as well as tools for reconstructing charged
particle tracks, signal processing of electromagnetic and hadronic calorimeters, particle detection,
etc. The MpdRoot package was also applied to simulate the decay of the studied resonances in
accordance with their tabulated parameters using the GEANT software package [9].

In this paper, we studied the decays of the following resonances in cascade modes (with the
presence of a secondary vertex):

K'(892)y - K +n* (K, — " +m),
(1385 > A+m (A—p+m).

Analysis of such decays is peculiar in that the secondary vertex of the decay of K; mesons and
A baryons must be reconstructed before reconstructing the signal from the decay of the studied
resonance. Since the inner tracking system will not be assembled at the first stage of experiments
with the MPD setup (in the future it will allow more accurate reconstruction of secondary verti-
ces), this study was aimed at optimizing the selection of candidates (by the required criteria) for
secondary vertex from the decay of K, mesons and A baryons (in particular, using tools from the
MpdRoot software package). It was necessary to minimize the background level in the resulting
distributions without significant loss of useful signal. More efficient algorithms were used for
reconstructing charged particle tracks, and the data sample for (Bi + Bi) collisions was increased
to 50 million collisions, compared with those described in [12, 13] (where it was 5 million), con-
sidering the capabilities of the MPD setup for measuring the properties of K(892)* and (1385)*
resonances in (Au + Au) collisions at energies \/S_NN = 4.0, 7.7 and 11.0 GeV [12] and Bi + Bi
collisions at energies VS, = 9.2 GeV [13]. In addition, the detector subsystems of the MPD setup
were described in more detail based on new information.

Thanks to the application of new optimized algorithms and a larger-scale study, we obtained
for the first time new interesting results reflecting the dependence on the collision centrality
(which is the most important).

The properties of K'(892)" and K'(892) resonances as well as X(1385)* and X(1385)" res-
onances are close, while their hadronic decays differ by the pion charge. This paper consid-
ered averaged sums to expand statistics and facilitate the reconstruction of the properties of the
studied resonances.

[K*(892)" + K*(892) 1/2 and [E(1385)" + X(1385)1/2.
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Events with a reconstructed interaction vertex within 130 cm along the z axis from the geo-
metric center of the experimental setup were selected from the total sample. This requirement
is imposed because constant trigger efficiency must be maintained along the z-coordinate of the
interaction vertex. We estimated the centrality of events based on information about the multi-
plicity of charged particles reconstructed in the TPC detector [10].

A comprehensive technique was developed and improved to reconstruct the signal from the
decays of the studied resonances taking into account the topology of the decays, the parameters
and capabilities of the MPD, as well as possible background processes distorting the reconstructed
signal. For each event, all the analyzed tracks of charged particles were tested for several criteria
to select the tracks to be used to reconstruct the signal from the decays of the studied resonances.
All tracks should be identified either as pions or as protons (depending on which type of particles
were selected at this stage) using information from the TPC and TOF detectors. Only the most
accurately reconstructed tracks were considered for selection; the selection criteria used were the
minimal number of points in the TPC used to reconstruct the track and the maximum pseudora-
pidity of the reconstructed charged particle track.

To select pions from direct decay of K(895)* and X(1385)* resonances, the distance of
the closest approach between the reconstructed track and the primary interaction vertex was
also checked.

A separate stage was the selection of candidates and the reconstruction of the secondary decay
vertex of K, mesons and A baryons. In addition to the track selection criteria described above, the
criterion of the minimal value of the parameter > was used for the selection of pions (protons)
for matching the reconstructed track to the primary vertex of the interaction. The tracks selected
in this way were combined into various n*n~ (pn~) pairs in the case of reconstruction of the sec-
ondary vertex from the decay of K mesons (A baryons). Each analyzed pair was checked against
the criteria for daughter particles from the decay of K mesons or A baryons:

maximum distance between two tracks at the secondary decay vertex;

reconstruction quality of the secondary vertex (maximum value of y?);

minimum distance between the primary and secondary decay vertices;

maximum angle between the vector connecting the primary and secondary vertices and the
vector of the reconstructed momentum of K meson (A baryon).

As a result, only pairs that passed all the selection criteria were used to reconstruct the invari-
ant mass of the n*n~ (pn~) pair to isolate the signal from the decay of K¢ mesons (A baryons).

Fig. 1 shows examples of the distributions of the reconstructed invariant masses for n*n~ and
prn pairs before and after applying the selection criteria. Evidently, applying these selection
criteria significantly suppresses the background component of the distributions, which makes it
possible to isolate signals with minimal background fraction from the decays of K mesons and A
baryons for further analysis.

For the purpose of further analysis, candidates for decay of K¢ mesons and A baryons in the
range of 2 standard deviations from the tabulated mass of the K, meson or A baryon were
selected from the distributions shown in Fig. 1, b, d. Candidates for K, mesons (A-baryons)
selected in this way were combined with charged pions that passed all the selection criteria,
generating the distributions of invariant masses for nK; (nA) pairs. The obtained distributions
contained, in addition to the signal from the decays of the studied resonances, a significant
combinatorial background, which was evaluated by the event mixing method. Close values of the
z-coordinate of the collision vertex position and the multiplicity of reconstructed event particles
were selected for each analyzed event to evaluate the combinatorial background. The method
described above was used to reconstruct the invariant mass of nK, (nA) pairs, however, the pions
for this pair were taken from the analyzed event, and candidates for K; mesons (A baryons) were
taken from selected similar events. The distribution of invariant masses obtained by event mixing
was normalized by the analyzed distribution in the invariant mass region, where no useful signal
was expected; then this distribution was subtracted from the analyzed distribution. Fig. 2 shows
examples of the distributions of invariant masses for of nK and nA pairs before and after subtract-
ing the combinatorial background.

The distribution formed after subtracting the combinatorial background was fitted to a com-
posite function to calculate the yields of K'(892)* and £(1385)* resonances in (Bi + Bi) collisions
at \/S_NN = 9.2 GeV, obtained after applying all selection criteria.
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Fig. 1. Invariant mass spectra for pair of oppositely charged pions zz (a, b)
__and proton-n~ pair (¢, d) in collisions of bismuth (Bi + Bi) nuclei
at \'S w = 9.2 GeV before (a, c) and after (b, d) applying the selection criteria
Spectra were reconstructed in the transverse momentum range
0.4 < p,<0.6 GeV/c for both pairs

The fitting function includes a convolution of the Breit—Wigner function (to describe the spec-
tral shape of the resonance) and a Gaussian (to account for the mass resolution of the MPD), as
well as a polynomial to account for the residual background. The integral of the Breit—Wigner
function convolved with the Gaussian was taken as the yield.

The mass resolution for each analyzed transverse momentum range was estimated by con-
structing the distribution of the difference between the values of the generated and reconstructed
mass of the studied resonance. This distribution was fitted to the Gaussian, and the width obtained
from the fit was taken as the mass resolution [10]. Fig. 3 shows the dependences of mass resolu-
tion of the MPD setup on the transverse momentum value in the case of decay reconstruction.

K'(892)* — K+ (a) and 2(1385)" — A + 7= (D).
Fig. 4 shows the distributions of decay reconstruction efficiency.
K'(892)* — K +m*and £(1385)* — A + 7 (b)

in (Bi + Bi) collisions at \/S_NN = 9.2 GeV in different centrality bins. The distributions were
obtained as a function of the transverse momentum value. Although the reconstruction efficiency
is small at low transverse momenta in the case of K’(892)* mesons, it still exceeds zero, while in
the case of £(1385)* baryons, the efficiency drops to zero, imposing restrictions on the transverse
momenta that are minimally achievable for signal reconstruction from baryon decays. As the trans-
verse momentum increases, the reconstruction efficiencies of K'(892)* and X(1385)*resonances
increase, reaching a value of 0.2, after which they remain stable. This means that the maximum
achievable values of the transverse momentum are limited only by the statistical sample collected.
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Computational results

To construct the dependence of invariant yields on the transverse momentum (the so-called
transverse momentum spectrum), the differential yields were calculated for each of the consid-
ered transverse momentum ranges and centrality bins of (Bi + Bi) collisions using the following
formula [10]:

d’°N N(p;)
dp,dy N,&(p,)Ap, Ay’

where N(p,) are the yields of K'(892)*- and Z(1385)*-resonances; N, is the number of collisions
analyzed; p,, GeV/c, is the transverse momentum of K'(892)*- and X(1385)*-resonances; Ap,,
GeV/c, is the transverse momentum range within which the yields of these resonances are deter-
mined; Ay is the rapidity range from —0.5 no 0.5; &(p,) is the detection efficiency of K'(892)*- and
¥(1385)*-resonances, equal to the geometric acceptance of the MPD for the studied hadronic
resonance decays multiplied by the average decay probabilities for each channel

K'(892)" — K, + n* and £(1385)" — A + 1"

ey
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Fig. 5. Reconstructed transverse momentum spectra (symbols) and similar spectra
initially generated by event generator (lines) for K'(892)* (a)

and X(1385)* (b) resonances in the rapidity range [)| < 0.5

These data correspond to the same collisions and energies, for the same centrality bins
and notations as in Fig. 4. For clarity, the enlarged spectra are shown in one graph
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The transverse momentum spectra for K(892)* and £(1385)* resonances are shown in Fig. 5.
The spectra were obtained for various centrality bins of (Bi + Bi) collisions at \/S_NN = 9.2 GeV
in the rapidity range |y| < 0.5. The real transverse momentum spectra of K'(892)*- and x(1385)*
resonances generated by the event generator are also shown for comparison. Evidently, the spec-
tra are similar, which confirms the adequacy of the analytical procedure we developed. It can
also be seen from the obtained transverse momentum spectra that for measuring the properties of
K'(892)* and Z(1385)* resonances in hadron cascade decay channels

K'(892)" — K, + n* and (1385)" — A + 1",

depending on the transverse momentum and collision centrality, a sample exceeding 50 million
(Bi + Bi) collisions is sufficient.

Conclusion

The paper reports on the feasibility of measuring the properties of K(892)* and X(1385)*
resonances in collisions of bismuth nuclei at energy \/S_NN = 9.2 GeV at the MPD experimental
facility that is part of the NICA accelerator complex. The study was performed by simulating the
collisions of bismuth nuclei and reconstructing the following hadronic cascade decays:

3(1385) — A+,
(1385 > A+ (A —p+m),
K'(892) — K+,
K892y - K +n (K,—n"+m).

The dependences of the main process parameters on the transverse momentum were obtained
in these decays, for various centrality bins of (Bi + Bi) collisions in the rapidity range from —0.5
to 0.5. It was established that the accumulation of over 50 million of these collisions is sufficient
for reconstructing the properties of K'(892)* and X(1385)* resonances with satisfactory accu-
racy to study the production of K'(892)* and X(1385)*resonances in a wide range of transverse
momenta: from 0 for K°(892)* mesons and from 0.2 for (1385)* baryons to 2.5 GeV/c for both
resonances and centralities of (Bi + Bi) collisions with a 10% bin for central and semi-central
collisions, as well as with a 30% bin for peripheral ones.
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Abstract. This paper puts forward a new method of solving the problem for calculating the
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OBPATHAA 3AAAYA CUCTEM AUDDEPEHLUNATIbHbIX
YPABHEHUM B CBA3U C U3YYEHUEM NOJTYNMPOBOAHUKOBbIX
MATEPUANTOB U BUOMEAULIMHCKUX NMPOLLECCOB
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AnHoTtanusa. B paboTe mpencTaBieH HOBBIM METOJ PEIIeHUs 3aJa4d BBIYMCICHUST alipuopu
HEU3BECTHBIX M HE TOTAIOIITIXCS ITPSIMBIM U3MEPEHUSIM ITapaMeTPOB, BXOISIINX B COCTaB CUCTEM
nrddepeHINATBLHBIX YPaBHEHWH, aIeKBATHO OTTUCHIBAIOIINX UMCIOIINECS 9KCIIEPUMEHTAIbHBIC
JaHHBIC, HO HE MMCIOIIMX aHAJUTHUYCCKON (hOpMBI pelieHus. 3agayd TaKOro poia HepemKo
BCTpEYAIOTCs MpU (PU3MYECKUX MCCIIEIOBAHUIX TTOJIYIIPOBOIHUKOBBIX MAaTEPUAIOB, a TAKXKE B
2JIEKTPOHUKE, OMOopU3NKe U MeAULIMHCKON (u3uke. HoBu3Ha 3akitouaeTcs B MpeasIOXKEeHHO
HUlee YMCICHHOro pacyeTa YaCTHBIX MPOM3BOAHBIX, YTO MO3BOJIMIO MPUMEHUTD IS PELIESHUS
TaKoil 3amauyd MeTOH HeJIWHEWHOoW ammpokcuMmauuu JleBeHOepra — Mapksapara. Ha
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KOHKPETHBIX IIpUMepaxX IMOKa3aHO, YTO ITOTPELIHOCTh BBIYMCICHMS 3HAUYCHUIN IapaMeTpOB
OKa3bIBaeTCs HE 0O0JIbIIE MOTPEIIHOCTH 3KCHEPUMEHTATbHBIX TaHHBIX.
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Introduction

Systems of ordinary differential equations (ODEs) with solutions in the form of periodic nonlinear
undamped oscillations are widely used for mathematical modeling of physical, chemical and bio-
logical self-oscillatory processes [1—4, 10]. Generally, the argument in these solutions is the time z.

Real processes in living and nonliving matter commonly include a large number of separate
subprocesses or stages, often incredibly complex, especially in complex processes of current flow
in semiconductor materials [10] or biological processes [3—6, 13]. Ideally, their model descrip-
tion should include a large number of related variables, which complicates the analysis, leads to
ill-posedness of models and instability of model solutions, typically obtained numerically, since it
often turns out that analytical solutions to such models do not exist.

In view of the above, models have to be simplified for clarity and stability, the number of
variables is reduced; some unimportant reactions (as judged by the researchers) are neglected and
others are combined into sets to quantify (albeit incompletely) the influence of those numerous
reactions that do not determine the overall qualitative course of the given process.

To preserve the quantitative adequacy of simplified models that include such combined reaction
sets, it is necessary to correctly define their rate coefficients acting as de-facto fitting parameters.

Notably, even the rates of individual biochemical reactions or the values of some parameters of
new semiconductor materials are also known quite approximately; the data from different authors
vary greatly.

Models can include unknown or ill-known parameters. It would be optimal to be able to cal-
culate and refine their values to obtain new quantitative physical information.

If the variables that make up the solution of the ODE system are measured experimentally,
it becomes possible to calculate unknown parameters to compare computational and experi-
mental model results. Such an inverse problem of the ODE system can become the basis for
indirect experimental measurements, when unknown parameters cannot be measured directly
but can be calculated through a known relationship (model) with other measurable quantities
and/or variables.

The goal of this paper is to develop a procedure for solving such an inverse problem and test it.

Problem statement

In general, the problem is formulated as follows. Experimental data are available about the variables
u(t), W(t), w(t), ... , measured (with an error) at k points in time 7. There is also a system of ODE:

i = f(t,i,7,W,..,a,b,c,...)
v =g(t,i,v,W,...,a,b,c,...)
; (1)

W= h(t,i,v,W,...,a,b,c,...)

© Tonosuukuii A. I1., 2025. Uznarens: Cankr-IlerepOyprekuii monurexnuueckuii yuusepeutet [letpa Benukoro.
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with N components of the solution

>

u(t,a,b,c,...),v(t,,a,b,c,..),w(t,,a,b,c,...),....

It is assumed that system (1) has no analytical solution and that the components of solution (1)
can only be found numerically.

Let us also assume that these components can adequately match the experimental data, denoted
below as

= (8., = V(1) %, = W(,)....

Let the initial conditions of all equations (1) be set at the conditional time origin 7;; then the
ODE system (1) is the Cauchy problem. It is required to find unknown numerical values of the
parameters a, b, c, ... included in system (1), minimizing the functional of sums of square devia-
tions of the solution components in system (1) from the corresponding experimental data:

k k
S =>li(t,a,b,c,..)—u,] + Y [(t,a,b,c,..)—v,] +
i=1 i=1
(2)

k
~ 2 .
+> [W(t,a,b,c,..)—w, ] +... > min.

i=1

The number of sums in the functional § is equal to n, the number of those variables of
system (1) for which experimental data were obtained.

Notably, it was found in the course of this study that it is unnecessary to obtain the experi-
mental data for all N variables of system (1). Data on a smaller number of variables » < N, and
often only on a single variable is sufficient to calculate the parameters with acceptable accuracy.

A problem similar to the one formulated in this section was posed earlier in [5] for the model
of the Belousov—Zhabotinsky reaction [6]. The experimental data in [5] were modeled by solv-
ing a direct problem; no additional model error was introduced in these data. The parametric
search for the minimum S was carried out in [5] using the Hooke—Jeeves method [7], which is a
variant of the coordinate descent method [9]. The method is direct, so that inverse problem (2)
was actually solved by searching over solutions to direct problem (1). For such methods of
solving inverse problems, convergence is guaranteed only in a very small neighborhood of the
minimum; it is also characterized by long calculation times and low accuracy of the results. The
calculation accuracy for three reaction rates given in [5] turned out to be rather unsatisfactory:
12, 14, and 420%.

Algorithm for solving the problem

An alternative method is proposed in this paper to find the parameters minimizing functional
(2), which is close in theory to the Levenberg—Marquardt nonlinear approximation method [11],
including elements of gradient descent along with preconditioning and regularization.

Since solution (1) exists but the analytical form of its components

u(t,,a,b,c,..),v(t,a,b,c,..),w(t,a,b,c,...),...

remains unknown, we are forced to assume a nonlinear dependence of the components on the
parameters a, b, c, ... . Therefore, to find the latter, it is advisable to apply one of the methods
for nonlinear minimization of the functional S.

All such methods are based on linearization of deviations

u(t,a,b,c,..)—u;v(t,a,b,c,.)—v;w(t,a,b,c,.)—w; .., etc.

of relatively small increments of the parameters da, db, dc, ... .
Let us assume that a certain initial set of parameters is known from physical considerations:
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ay,b,,Cy,... = Py-

Here it makes sense to immediately try to solve system (1) with the initial parameter set p,,
calculate the relative residual of the form

k k
. D it 0,0y, )=, T D [9(8,a0,by,C00e ) =V, T
)=l 4=l
n 2 2

Po = +
. 12 (3)
D [W(t,,a9, by, Cope) = W, T

+ i=1

+...

and compare it with the relative experimental error p.

If it turns out that p, = p, we can assume that the required parameters were found. However,
this is generally not the case, and p, > p. If the value of p, is excessively higher than the value
of p, it is worthwhile to refine the initial set by trial and error, varying q,, b, c,, ... , finding p,
from expression (3) and comparing the values of p, and p.

We should note that the time dependences of some components of solution (1) often take the
form of a sequence of narrow pulses with a large duty cycle. Practice shows that reliable conver-
gence is guaranteed when the pulses of solution (1) overlap with the corresponding experimental
data by at least 10%.

Next, we expand the deviation in the ith position:

u(t,a,,b,,c,,...)—u;v(t,a,,by,¢y,...) —v;; W(t,,a,,b,,¢p,...) — W;; 4)

in the vicinity of a,, b, c,, ... into a Taylor series with respect to increments of parameters da, db,
de, ..., retaining only the linear terms of the expansion:

2
k ~ ~
5= {ﬁ(ti,ao,bo,co,...)—ui+au(ti)| da+a”(;gi)| db+..1 "

a |Po |Po

i=l1

ov(t,)|

a

Po

2
+[v(t,.,a0,b0,c0,...)—v,. + da+ava(£f)| db+..1 o (5)
Po

2
+ ﬂz(t,.,ao,bo,co,...)—wi+8W(t”)| da+aw(t")| db+...| +..¢.
da ob |

|Po Po

Thus, problem (2) turns out to be linearized with respect to the increments da, db, dc, ... .
Then, as in the linear least squares method, we should find the partial derivatives

S oS oS
d[da]’ d[db] o[dc]”

9

equate them to zero and obtain a system of linear algebraic equations (SLAE) with respect to the
unknowns da, db, dc, ... :
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A [dal+ A, [db]+ A [dc]+...= A,
A, [dal+ A, [db]+ A, [dc]+...= A,

6
A [dal+ A,[db]+ A [dc]+...= A, ®)
y =Zk: oi(t)| oi(t,)| +6ﬁ(t[)| ov(1,)| +8ﬂ/(ti)| on(t,)| L
“ i=l aa |Po ab |Po aa |P0 ab |Po aa |P0 ab |Po , (7)
o (An N
AaO:—Z ott;) [ﬁ(tl.,ao,bo,co,...)—ul.]+M V(¢,ay,0y,Cp0-) =V, ]+ p
i=1 aa Po aa Po

The main problem with applying the linearization method to find the parameters of con-
trol systems is that, unlike other nonlinear minimization methods (including the Levenberg—
Marquardt method), it is impossible to calculate partial derivatives in (7) analytically, since it was
initially assumed that system (1) does not have an analytical solution.

In this paper, it is proposed to find derivatives numerically.

Let us define an initial set p, = a,, b, ¢, ..., and initial conditions of system (1) from the exper-
imental data. We solve system (1) numerically and find the components of the solution

u(t,,a,,b,,c,,...), v(t,,a,,by,¢c,y,...), ..., etc.

After that, we define a small increment to parameter a,, such that [34| < |a,|, and leave all other
parameters unchanged. Substituting @, + da into system (1) instead of a, we solve it with the
same initial conditions and find

u(t,,a, +96a,b,,c,,...), v(t,,a,+90a,b,,c,,...) ..., etc.

Next, calculating the relation

u(t,,a,+9da,by,c,,...) —u(t,,a,,by,¢,,...)  Su(t;,a,,by,cy,...)
da da

we obtain a numerical equivalent of the partial derivative

; ®)

aii(ti,a,b,c,...)|

oa »,
Partial derivatives —| for the remaining components of solution (1) are found similarly.
o odl, . o
Then a small increment is given to the parameter 5, and numerical analogues —| , etc., are
found similarly. -

As a result, the problem of calculating all the elements of SLAE (6) is successfully solved.
The solution to SLAE (6) is a vector

dp =[da,db,dc,...].

Ostensibly, problem (2) should be solved iteratively, defining an initial parameter set p,, con-
structing and solving a SLAE (6), finding dp and then p = p,+ dp. After that, it is necessary
to check whether the quantity S in Eq. (2) decreases when p, is substituted instead of p,. If
it decreases, then p, is taken for p, and the next iteration begins: system (1) is solved again,
SLAE (6) is composed, and so on, until the value of .S is stabilized as it decreases monotonically.

136



4 Applied and Computational Mathematics

So far, everything seems logical, since we describe the well-known Gauss—Newton method for
finding the minimum. However, we found in this study that this method is basically unsuitable
for solving inverse problems of ODE systems in practice. If this method is used, the value of §
often does not decrease at all when the initial approximation is not sufficiently close to the set of
parameters giving the minimum, and/or when the matrix 4 from SLAE (6) is ill-conditioned [12].

Solving inverse problems of ODE systems by the Gauss—Newton method, generally yields
S(p,) > S(p,) instead of S(p,) < S(p,) at first iteration, and S(p,) often turns out to be much larger
than S(p,). This is because physical considerations often give such a set a, b, ¢, ... that neither
the increments of the parameters da, db, dc, ... , nor the deviations (4) are sufficiently small to
neglect the higher terms of series (5). Then all expressions starting from (5) are, strictly speaking,
incorrect, i.e., do not correspond to the problem. However, all these expressions would corre-
spond to it if the increments da, db, dc, ... were small.

Therefore, we propose, firstly, the same preconditioning procedure with matrix A as in the
Levenberg—Marquardt method [11], called scaling, where matrix A is transformed into matrix R:

Lor, 7.
o L T oo 4

, where Vm,n>0r, =-—2— 9)

T Tw b J4, 4

It is also necessary to recalculate the elements in the column of free terms of SLAE (6):
Vm> 07, = Ay /[ A - (10)
The scaled SLAE replacing SLAE (6) takes the following matrix form
Rz=R,, (11)

and the components of its solution z, (their number is equal to the number of required parameters)
are related to the components of the solution of SLAE (6) by

¥m >0 [dpl, = z,/\[4,. - (12)
SLAE (11) turns out to be much better-posed, and its solution is more stable than that of

SLAE (6).

Secondly, to further improve the well-posedness of SLAE and accelerate the convergence of
the method, we propose, based on the results from [11], to introduce additional regularization:
a positive number p should be added to the diagonal elements of the matrix R (which is positive
definite and whose eigenvalues are all positive). In addition to reducing the condition number
of SLAE (12), introducing the coefficient u, according to Levenberg [11], forcibly makes the
increments of the parameters small.

As a result, instead of SLAE (6), we need to solve the following SLAE:

(R+ 1wz =R,, (13)

where [ is the identity matrix.

The quantity p must be refined during the solution of the problem. In the first iteration, it is
recommended to take p = 0.1—0.3.

After composing SLAE (6), converting it to form (13) and finding a solution, we should per-
form inverse scaling of Eq. (12), thus calculating the increments of the required parameters da,
db, dc, ... . Next, we find

p,=p, t+tdp=a,+da,b,+db,c,+dc,..=a,b,c,, ...
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Next, the found values of the parameters a,, b,, ¢, ... are inserted into system (1), solved, and
the residual p, is calculated:

Z[”(tlaal’blacl’ Z[v(tz’al’bl’cl’ )= v]
P :; k +-= k +
2 2V
i=1 =1
12 (14)

k
D [t a,,b,¢5.) =W,

+ i=1

+...

Now we should check whether there will be p, = p. If that is the case, then the required
parameters were found (these are a, b, ¢, ...), and the problem was successfully solved.

End of calculations.

If p, > p,, the iteration is not counted, the value of u should be increased (approximately by
1.5 times) and it is necessary to return to the beginning of solution (13). Occasionally, the ratio
p, > p, suddenly appears in the course of calculations after the first iteration. Then the procedure
for increasing p can help restore convergence and stability. If p has reached an excessively large
value (exceeding 2), this indicates an error in the formulation of the problem.

End of calculations.

On the other hand, if p, < p,, but still p, > p, then p, is taken as p, and p, as p,. Then it is nec-
essary to reduce the quantity p (multiplying it by 0.6—0.9) and start the next iteration: construct
SLAE (6) again, etc.

Iterations are carried out until § stabilizes and p, becomes approximately equal to p.

Example solutions of inverse problems of ODE systems

In this section, two well-known models that can be called classical are considered as examples.
The fourth-order Runge—Kutta method with a posteriori error estimation [8, 9] was used in this
work to numerically solve system (1).

Brusselator model of autocatalytic reaction (Model I). The Brusselator model [13] was initially
created by Prigogine and Lefever as a computational experiment, i.e., to find and establish a rea-
sonable physico-chemical mechanism of periodic biochemical reactions. Subsequently, the model
made it possible to study the properties of dissipative structures in various nonlinear systems,
including those of a non-chemical nature. The model does not relate to any specific reaction,
therefore, the values of all rates of the hypothetical intermediate stages of the reaction were fitting
parameters, selected so that the solutions of the model equations exhibited an oscillatory behavior.

The ODE system proposed in the [13] has the following form:

x=a—(b+1)x+x’y;
y=bx-x"y .

The variables x(#) and y(¢) are proportional to the concentrations of the substances participat-
ing in the reaction and can be measured experimentally. The values of parameters a and b were
assumed to be unknown.

The error of the model experimental data for the time functions x(#) and y(#) was taken as
about 5% for this example. The starting approximations for the values of parameters a, and b,
were selected by trial and error. As a result, a, = 1.0; b, = 2.5 were taken. The dev1at10n of x (t)
and y,(7) from the experimental data amounted to 97% (Flg 1, a, b).

The results of the algorithm after 18 iterations are shown in Fig. 1, ¢, d: the found parameter
values were a = 1.09; b = 3.16; the error did not exceed 1.3% (model values of 1.1 and 3.2), which
can be accepted as a good result.
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Fig. 1. Solution of inverse problem of ODE system for model I
with respect to x(¢) (curves /) and y(f) (curves 2);
the graphs show the experimental data (symbols) and calculation results (lines):
variables calculated from the initial parameter approximations (a); limit cycle plotted from
the experimental data and from the initial approximations (b); variables with optimal values
of parameters and experimental data (c); limit cycles plotted from variables with optimal values
of parameters and from the experimental data (d)

The above example shows that if there is experimental data on the time dependence of the
concentrations of reagents and products of a particular reaction, it is possible to quantify the
rates of the intermediate stages of this reaction (which is the essence of an indirect experiment),
establishing the mechanism of their course based on this.

Oregonator model of periodic reaction (Model III). This model was proposed by Field and Noyes
in [6] and is a good example of the simplified models mentioned in Introduction. It describes the
mechanism of an entire class of reactions such as the Belousov—Zhabotinsky reaction including about
80 different stages. Reducing such a complex reaction to a system of only three equations for the con-
centrations of the principal reagents, the authors inevitably had to subdivide the entire range of inter-
mediate reactions into a small number of complexes with some effective rates; attempts to refine these
reaction rates are still made with varying success [5]. However, the purpose of this example was not
to study the reaction itself but to identify the advantages of the algorithm proposed in this paper com-
pared with algorithms used by other authors to solve the inverse problem of the same ODE system.

The corresponding system of equations takes the following form [6]:

x=a(x+y—qgx’ —xy);
y=2hz—y—xy; . (15)
z=(x-2)/2

The initial values of the parameters, selected by trial and error, were:

a,=30.0; g, = 0.005; 1, = 1.0,
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Fig. 2. Example solutions of inverse problem of ODE system (model 1I): experimental
values (symbols) and components of solution of system (15) with initial approximations
of parameters (lines) (a, ¢, e); comparison of components of solution of system (15)
with optimal values of parameters (lines) found with experimental data (symbols) (b, d, f)

The input error of the experimental data was about 5%. The deviation of the initial variables
x,(0), y,(?) and z,(?) from the experimental data was 84% (Fig. 2, a, ¢, e). The results of the algo-
rithm are shown in Fig. 2, b, d, f. After 21 iterations, we obtained:

p, =5.17%; a =34.6, ¢ = 0.0059; h = 0.758,
the deviations of the parameters from the model values (a = 33.3; ¢ = 0.006; # = 0.75) are no
more than 3.9%, which can be accepted as a good result.

It is important to note that the accuracy of the results obtained by the method for solving the
inverse problem of ODE systems proposed in this paper turned out to be of the same order as
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the experimental data (this is also true for Model I) and significantly exceeds the accuracy of the
above-mentioned results obtained by the direct Hooke—Jeeves method used in [5] for the same
Oregonator model.

Both examples given here show that the presented algorithm for solving the inverse problem
of ODE systems without analytical solutions can yield satisfactory accuracy for indirect measure-
ments of the values of the parameters included in these ODE systems.

Results and discussion

If only one parameter a is unknown in the inverse problem of ODE system, then instead of the
(rather complex) linearization algorithm presented above, it is advisable to minimize the quantity

S = Zk:[ft(ti,a)—ui]z + Zk:[ﬁ(ti,a)—vi]z +Zk:[ﬂ/(tl.,a)— w T +...— min,

using a simpler golden ratio algorithm [9], which, of course, should include the algorithm for
solving system (1). It is common to try to avoid iterative solution of the direction problem by
searching in the solution of inverse problems, due to the duration of the calculation and the unsat-
isfactory accuracy of the solutions obtained. However, in the case of a single unknown parameter,
the golden ratio method combines fast convergence with good accuracy of the parameter value.
On the other hand, the approach proposed in this paper is preferable for two or more parameters,
since the golden ratio method turns out to be unsuitable, and other methods for solving inverse
problems based on repeatedly solving the direct problem by searching over a multidimensional
grid require much time while the accuracy of the results remains mediocre.

There are problems where it is required to calculate not the constant values of the parameters
included in the ODE system but an unknown function f{#), which is also part of ODE system
(1) not related to the components of its solution. Then, if it is possible (for example, for physi-
cal considerations) to represent this function as a dependence on a finite number of parameters
ft, a, b, ...), then the proposed method for solving the inverse problem of ODE system can be
applied and the numerical values of these parameters can be determined as described above.

It should also be noted that the solutions of ODE systems are very sensitive to parameter
values. On the one hand, this complicates the choice of initial parameter values guaranteeing
reliable convergence of the method (however, the preconditioning and regularization included in
the proposed method significantly improve its convergence). On the other hand, such sensitivity
makes it possible to consequently achieve good accuracy in calculating the required parameters
even with noticeable errors in the experimental data.
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AnHortanus. MccienoBaHbl BO30YXXI€HHbBIE COCTOSIHMSI HAHOPa3Me PHBIX ITOJIYIIPOBOIHUKOBBIX
kpuctamioB CdS ¢ oObeMHBIM TUIOM JjerupoBaHus. [IpogeMOHCTpUpPOBAHO, YTO B HUX
criekTpax (OTOMOTIOMIECHNUST JOMIUHUPYET TMTAaHTCKWI TUITOJNBHBIN pe3oHaHc. [Toka3aHo, 4To
BapbUPOBaHNE BHICOTHI ITOTEHIIMAJILHOTO Oapbepa Ha TpaHWIIaX HAHOYACTHUII MOXET IIPUBOIUTH
K M3MCHCHUIO XapaKTepa KOJUICKTUBHON MOIBI OT KOJICOAHWIT 3JICKTPOHHON IIJIOTHOCTHU
[UIA3MOHHOI'O TUIA K PEXUMY Pa3MEPHOIrO KBAaHTOBAHUSI, B 3aBUCUMOCTH OT pa3Mepa YaCTULIbI
M 4Kcjia CBOOOMHBIX HOCUTEJICH 3apsiaa.

KioueBble clioBa: MOIYIIPOBOTHUKOBEIM HAHOKPUCTAIUI, CYAbMUI KaaMUs, JETUPOBAHHUE,
IUTAa3MOHHBIM pe30HAHC, MHOTOYAaCTUYHOE BO30YKICHIE
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Introduction

The advances in nanoelectronics in recent decades have led to an interest in creating funda-
mentally new materials, whose properties differ from those of the corresponding bulk compo-
nents. A burgeoning field is quantum plasmonics, which includes the study of interaction between
electromagnetic radiation with matter at the nanoscale [1—7]. Doped semiconductor nanocrystals
show promise in this field [4, 8—13].

A characteristic feature of such nanoscale systems is the presence of dipole resonances in their opti-
cal spectra. The position of the resonance line in the spectra of semiconductor nanoparticles depends
on a number of parameters, in particular, on carrier density, properties of the medium and doping type,
which can be generally defined as surface or bulk [8, 14—17]. In the first case, free carriers are injected
into the bulk of the semiconductor nanoparticle by donors located on its surface [18, 19], and in the
second case, the charge density of free carriers is distributed over the entire bulk of the crystal and is
neutralized by the dopant charge [8, 10, 14, 17]. The difference in doping methods produces a signif-
icant difference in the behavior of the dipole resonance mode excited in semiconductor nanoparticles.

As shown in [20—22], the specifics of the electronic configuration of nanocrystals with surface
doping [18, 19] is that only angular degrees of freedom are excited in the collective dipole mode
upon interaction with an external electromagnetic field, while the electron motion in the radial
direction does not occur and the electrons oscillate tangentially relative to the boundary of the
system inside a relatively thin spherical layer.

In the case of bulk-doped semiconductor nanoparticles [12, 15—17], the dipole plasmon can
be described in the adiabatic approximation [23, 24] by a model of harmonic oscillations of an
entire system of delocalized electrons relative to the center of the positively charged core, in the
direction normal to its surface.

It was found in [20, 21] that due to the peculiarities of the electronic structure of surface-doped
nanocrystals, the frequencies and oscillator strengths of their plasmon modes are almost com-
pletely determined by the contribution of correlated excitations from a single dipole transition
between single-particle HOMO and LUMO levels, which made it possible to describe the optical
properties of such systems within a simple two-level model [21, 25].

The situation is different for bulk doping. Evidently, for theoretical description of the collective
excited state, it is necessary to take into account the contributions of at least two single-particle
channels connected by correlation interaction. On the other hand, the interaction of the har-
monic mode with the surface of the nanocrystal in the presence of a potential barrier between
the semiconductor particle and its dielectric medium leads to splitting of the resonance line into
several separate modes [25].

The optical characteristics of nanoscale semiconductor crystals with various types of doping
are considered in [17], demonstrating that the spectra of dipole excitations in such systems show
a transition from size quantization with a small number of free carriers to plasmon oscillations
with an increased number of free charge carriers. Additionally, it is also established in [25] that
regardless of the doping approach used, the optical spectrum of nanoparticles is dominated by
the resonant dipole mode whose nature depends both on the dimensions of the system itself and
by the type of doping and its degree, i.e., the number of delocalized charge carriers. In this case,
the transition from the size quantization mode to classical plasmon oscillations of the electronic
system occurs both as the number of electrons increases and as the geometric dimensions of the
system increase. The very nature of plasmon oscillations, depending on the degrees of freedom
involved, can vary from the translational type, where the electron cloud moves in the direction
normal to the surface of the system, to the collective rotational mode, where only angular degrees
of freedom are excited, while motion in the radial direction practically does not occur.

© UnaroB A. H., Kynpusinos I'. A., 2025. M3natens: Cankr-IleTepOyprckuit monutexHudyeckuii yauusepcuret [letpa Benukoro.
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The goal of this study is to investigate the dependence of many-particle excited states in the
electronic system of bulk-doped semiconductor nanocrystals on the height of the potential bar-
rier at the boundary and on the geometric dimensions of the system, considering the example of
cadmium sulfide (CdS) crystals.

Our approach is based on a self-consistent quantum mechanical description of many-particle
excitations in a system of delocalized charge carriers.

Calculations of the ground state of the system were carried out in the local density approxima-
tion (LDA) taking into account the local interparticle exchange interaction by numerically solving
the self-consistent Kohn—Sham equations [26].

The photoabsorption spectra of nanocrystals of various dimensions were obtained using the
random phase approximation (RPA) with local exchange interaction (RPAX) [27, 28]. The sys-
tem of atomic units | = 7 = m, = 1 is used in the study.

Theoretical approach

We consider n-doped CdS nanocrystals with bulk-type doping in a dielectric medium. Let us
consider an electrically neutral system of fermions coupled by the Coulomb interaction. We define
negative particles as electrons with an effective mass in the conduction band »7",. In the case consid-
ered in this paper, the full Hamiltonian A is the operator of the total energy of a system of N electrons
interacting with each other via the Coulomb potential V'in an external field with the potential U, (r):

—ZN: p;

The motion of delocalized electrons within the bulk of the nanoparticle is restricted by the
boundary of the conduction band near the surface. The external potential U, (r) restricting the
motion of delocalized electrons is described as a spherically symmetric potential well whose geo-
metric parameter R is determined by the given dimensions of the nanocrystal, while the positive
charge under bulk doping is assumed to be evenly distributed throughout the entire volume of the
system. Thus, the external potential generated by this charge within the framework of the model
used takes the form of the potential of a uniformly charged sphere with the charge Z = Ne in a

dielectric medium [17, 25]:
2 2
Ne3 P - 1+i R*|, O0<r<R,
2¢ R g,

2
Ne
€,r

1 N
ext(rl-)+EZV(r,-,r_,’»>- (D

Upi(r) = ()
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where U is the phenomenological parameter characterizing the height of the potential barrier at
the interface between the nanocrystal and the dielectric medium (this height is commensurate in
order of magnitude with the electron work function from the bulk material of the semiconductor);
g,, &, are the dielectric constants of the CdS nanocrystal and its dielectric medium, respectively;
e is the elementary charge.

The Coulomb pair interaction between electrons at points r, and r, is screened as a result
of polarization of both the semiconductor material itself (indicated by the subscript 1) and the
medium (subscript 2), so that multipole decomposition of the interparticle interaction potential
at r,r,< R can be written as follows:
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where r, _ are, respectively, the largest and smallest of the radii r, Y, (n, ) are the spherical
components of the electron wave function whose position in space is determmed by the position
vectors r, and r, respectively; L is the total orbital moment of the system.

The 1nterpart101e interaction in the ground state of the system is described using the Local
Density Approximation (LDA) where the single-particle wave functions of electrons ¢(r) satisfy
the self-consistent Kohn—Sham equations [26]:

A,

(U, (t)+ U, (r)+ U (1)) ,(r,) = Ed,(r), 4)

where E; are the single-particle electron energies; U,(r) is the corresponding Hartree potential;
U(r) is the local exchange potential.
In the case of the system with filled shells, the Hartree potential is written as

Uy(r)= [V (rx)p,(r)ar, 5)

where the bulk density of electrons p (r) is calculated by summation over all filled single-particle states:

P. (r)= 22 I(I)j(r)d)l(r)

The local exchange potentials in the Dirac—Slater approximation U (r) were defined as

U,(r)=—(e"/&)(3p,(r)/m)". (6)

For spherically symmetric systems with closed electron shells and isotropic angular depen-
dences r(r) and U(r), the cumulative index i denotes

i: (n5 l, m’ G)’

where n is the radial quantum number; /, m are the angular momentum and its projection; o is
the spin projection.

Single-particle wave functions for such systems are written as the product of radial, angular,
and spin components [29]:

nl(r)

(I)nlmo( ) - Im (e’ (p) xc' (7)

RPAX was used to describe many-electron correlations.
In this approach, the wave function of the excited state ECD k) is represented as a superposition
of single-particle excitations of the particle—vacancy type [28]:

|@,) =2 (Xdna, + Y, a6, )|@,), ®)

im

where |CDO> is the ground state of the system; 6*, ¢ are single-particle creation and annihilation
operators; X, @, Y ® are the amplitude coefficients for forward-in-time and backward-in-time
amplitudes, respectively (characterizing the contribution of the corresponding particle—vacancy
pair to the many-particle excited state |CI) k> ); the subscripts i, m here and below to denote filled
and unfilled single-particle states of the electronic subsystem.

The excited states of the many-particle system with filled shells possessing spherical symmetry
are characterized in the spin-orbit (LS) coupling approximation by the total angular momentum L
and its projection M, therefore, all single-particle particle—vacancy excitations in superposition (8)
have the same multipole. To describe the optical properties of the systems considered, it is suffi-
cient to consider only dipole transitions from the ground state |CDO> to excited multiparticle states
|®@,) with L =1, M = 0.
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The amplitude coefficients X® and Y® in superposition (8) are determined by solving the
matrix equation of RPAX:

uz"® =nQ, 2", )

where Q, are the eigenvalues of the matrix U:

A B X®
_ (k) _
U—(_B* _A*J, Z _(Y“‘J' (10)

The elements of Hermitian matrices A, B are expressed in terms of single-particle energies £
and Coulomb matrix elements of interparticle pair interaction taking the form

(aB[V 1) =8, 0 80, [ 0, (1,1) 6, ()8, (' )drdr’ (an

with single-particle functions obtained by solving Egs. (4), where the potential V(r,r’) is deter-
mined from expression (3).
Matrices A and B relate the single-particle excitations within the electron system:

=00 o, +<m|U|mj>,

tm ,jn ij " mn>in

12
B, = (if|U|mn), (12

where o, = E — E, including both direct (Hartree) and local exchange interactions within RPAX:

(aB|U|ym) =2{(aB|V|[ym) +{ m)s (13)

where

V (r,r') :—6%‘£2(;)] 3(r-r'), (14)

while the local exchange potential U is determined in accordance with expression (6).

The positive eigenvalues Q, are the transition energies between the ground state |CDO> and
the correlated excited states [d, ) (8). The energy spectra of excited states obtained by solving
Egs. (9) and (10) and the corresponding wave functions allow to describe the processes associated
with excitation of the system by various external perturbations. In particular, the response of the
system to an external electromagnetic field is determined by the spectrum of dipole excitations.
The oscillator strengths f, for dipole transitions between the ground and the kth excited state are
described by the formula

f,=2m D}Q,, (15)

and satisfy the Thomas—Reich—Kuhn sum rule, i.e., Z Ji=N.
The dipole matrix elements D, (in the length cahbratlon) are calculated by summation over all
single-particle excitations:

Dk = Z(Xt(r::)dtm + Yir(nk)dmi )’ (16)

where d, = <ilgym> are the single-particle dipole amplitudes for the particle—vacancy pair, and
the amplitude coefficients X® and Y% are normalized by the condition
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(17)

Results and discussion

This section discusses the calculation results for dipole excitation spectra of spherically sym-
metric bulk-doped nanoscale CdS quantum dots containing 8 delocalized electrons, forming two
closed shells with the configuration 1s?2p° in the ground state in the central field approximation,
characteristic for such systems. Such a simple system was chosen as an example for illustrating the
main factors associated with the influence of the potential barrier at its boundary on the spectral
characteristics of the nanoparticle, aiming to minimize the number of independent parameters in
the model used. Calculations were performed for different radii R of the nanocrystal and potential
barrier heights U at its boundary.

Fig. 1 shows the distributions of oscillator strengths calculated by Egs. (9) and (16), or (which
is the equivalent for the local exchange potential) by Egs. (A9) and (Al8) (see Appendix It can
be seen from the graphs for radii R = 1 and 6 nm that spectrum in the limit of ‘free’ systems (at
U = 0) for both values of R consists of one dominant plasmonic line containing from 90% (at
R=1nm) to 100% (at R = 6 nm) oscillator strengths, which is typical for harmonic oscillations of
electron density as a whole. It turned out that the results obtained using the complete basis of sin-
gle-particle excitations (denoted as RPAX in the
a) graph) are almost identical to the results taking

Ly e I into account only two ground-state transitions:

1 i U=6.0 eV 2p — 3d and2p — 2s (see Eq. (A19) of Appendix)
RS over the entire variation range of the barrier
height. There is a noticeable difference between
the RPAX spectra, for which each excited state is
described by linear combination (8) and the line
distributions of single-particle transitions. This
indicates a significant contribution of many-parti-
cle correlations to the formation of dipole modes
|CI) > (see Fig. 1), which have a collective nature.

It was important to establish the influence of
potential barrier height on the distribution of oscil-
lator strengths in the studied spectra. We found that
as this height increases, the dominant line of the
collective mode splits into two distinct components
and the relative distribution of oscillator strengths
between them depends on the geometric dimen-
sions of the system. Moreover, as discussed below,
 2p-2s when a harmonic mode interacts with a potential
e o barrier at the nanocrystal boundary, the contri-
butions of single-particle channels 2p — 3d and
2p — 2s are redistributed between the two observed
lines of collective modes as the potential barrier
height increases. In other words, there is a signifi-
cant dependence of the corresponding amplitudes

80

2p-3d 5 RPAX
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Oscillator strength, %
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'
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e ——

0 b —— T
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|
'
I
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Energy of the transition, eV

Fig. 1. Energy distribution of oscillator

strengths for CdS quantum dots with N = 8
electrons, nanocrystal radii R = 1 nm (a)
and 6 nm (b), at different potential barrier
heights (U = 0.0 and 6.0 eV)
Results of exact RPAX calculation (see Eq. (9))
are shown by solid lines, results accounting for
only two ground-state transitions (see Eq. (A19)
in Appendix) are shown by dotted lines; oscillator
strengths for these transitions are shown in single-
particle approximation (dashed lines)

X ®and Y, ® on the height of the barrier.

As seen from Fig. 2, the distribution of elec-
tron density in the ground state of the system
at different radii depends on the height of the
potential barrier. This naturally leads not only to
a noticeable shift of the resonant frequencies to
the right as the height of the barrier increases (see
Fig. 1), but also to a transformation in the radial
dependence of the transition density p® (r). The
latter is defined for the kth collective mode (8) as
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Fig. 2. Spatial distributions of electron density for ground state
of CdS quantum dots with N = 8 electrons, nanocrystal radii R = 1 nm (a, b)
and 6 nm (¢, d), at potential barrier heights U= 0.0 eV (a, ¢) and 6.0 eV (b, d)
Radial density distributions of dipole transitions corresponding
to RPAX spectral lines with frequencies Q, and Q, are also shown

Pl (r) = (@, [3p(r)| @)= X (X5, (r)d, (r)+ Y5, (r)d,(r)). (18)

h<F,p>F

where Fis the Fermi level energy of the system, and ¢(r) are single-particle wave functions (7).

In this case, there is not only a shift in the transition densities following the shift of the elec-
tron density itself to the center of the system, but also a qualitative transformation in their radial
dependencies. This is most noticeable for a smaller nanocrystal (see Fig. 2, a, b). It follows
therefore that a change in the barrier height causes a redistribution between the contributions of
single-particle channels during the formation of the corresponding excited state (8), i.e., the ratios
between the amplitudes X® and Y™ change significantly. Clearly, this concerns the redistribution
between the contributions of single-particle channels 2p — 3d and 2p — 2s. Importantly, in the
absence of a barrier for modes with the frequency Q, the maximum transition density is observed
near the interface. This is typical for surface plasmon modes where electron density fluctuations
occur in the direction normal to the boundary. On the other hand, a significant part of radial
density of the transitions is distributed over the bulk of the system for oscillations with the fre-
quency Q,, which is typical for excited states in which rotational degrees of freedom make the
main contribution [21, 22, 25].

As seen from Fig. 1, these modes are practically absent in the spectrum of excited states at
U = 0 and the dominant line corresponds to almost 100% of the oscillator-strength sum. This
indicates that electron density fluctuations in free nanoparticles exhibit the behavior of a surface
plasmon harmonic mode. On the contrary, as follows from the graphs in Figs. 1 and 2, b, d, two
dominant lines with the frequencies Q, and Q, are clearly observed in the presence of a potential
barrier at the nanoparticle boundary in the spectrum of its dipole excitations, where almost the
entire sum of the oscillator strengths is also concentrated. The maximum distribution of the tran-
sition density near the surface, characteristic for surface plasmon oscillations, is already observed
for the frequency Q,, while a significant part of the transition density for Q, falls on the internal
volume of the system; this is especially pronounced for particles with smaller radii (at R = 1 nm).
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For more detailed analysis of the influence of potential barrier on the dipole spectrum of the
nanoparticles studied, we considered the dependences of oscillator strengths (8), frequencies,
and amplitudes X0 and Y® of collective modes, determining the contributions of individual
single-particle excitations to the correlated excited state within of RPAX, on the magnitude of U
at different geometric dimensions of the system. The absolute value of the backward-in-time
amplitude Y® for the single-particle ground-state transition, describing the contribution of cor-
relations in the ground state and generally comparable in order of magnitude to the corresponding
forward-in-time amplitude X® for collective modes, was chosen as one of the criteria for evalu-
ating the plasmonic behavior of the excited state cons1dered [25, 30].

Figs. 3—6 show the results of calculations performed for nanoparticles with radii R = 1, 4, 6
and 8 nm.

Excited states in nanocrystals of radius R = 1 nm. The graphs in Fig. 3 show that the oscillator
strength of the excited state oscillator with the transition frequency Q, ranges from 88 to 96% of
the sum rule for relatively small heights of the potential barrier U, while the contribution of the
mode with the transition frequency Q, remains negligible up to U = 2 eV, which is consistent with

the data in Fig. 1,a, where a single line is
b) observed in the RPAX spectrum. Rapid
i growth of the second spectral compo-
%0 :Q»K nent begins above 2 eV; the oscillator
o] strength of this component reaches the
magnitude of the first one at U= 3.5 eV,
after which the line with the frequency Q,
—— e, starts to dominate. At U= 8 eV, oscillator
b strengths of the two dominant modes are
virtually unchanged and correlate as

() 7(2,)=70/30,

which is typical for excitations with domi-
nant angular and radial degrees of freedom,
respectively [21, 22]. The frequencies of
both dipole excitations Q u Q,, as well as
the energy differences of single-particle lev-
els, increase with increasing barrier height,
which is observed in Fig. 1,b. At the same
time, the oscillator strengths of single-par-
ticle transitions 2p — 3d and 2p — 2s
remain virtually unchanged over the entire
range of U values considered, suggesting
that the redistribution of oscillator strengths
(16) is related to the correlation interac-
tion between these channels. This conclu-
sion is confirmed by the behavior of the
dependences of the amplitudes )(2(")3 ,and
X t for modes Q, and Q, (respectlvely)
w1th increasing barner helght It turned out
that the main contribution to the excited
Fig. 3. Dependences of main quantities on potential ~ state with a higher frequency Q, is made
barrier height U for CdS quantum dots primarily by the 2p — 3d channel at U=0,
with N = § electrons, radius R = 1 nm: while the contribution of the 2p — 2s chan-
frequencies of main collective excitations and energies nel 2 is relatively small. As the potential
of single-particle transitions (a); oscillator strengths (b);  barrier increases, the amplitude ratio begins
forward-in-time amplitudes X, for dominant single- to change rapidly, so that correlation mix-
particle components for excited states ing of channels occurs, their contributions
with frequencies Q, (¢) and Q, (d). become equal at U = 2.5 eV, after which

Insets: dependences of backward-in-time amplitudes ¥, on U  the component 2p — 2s dominates.

Energy, eV
Oscillator strength, %

Xop)
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The situation is reversed in the case of low-frequency excitation (with Q,): at first, the main
contribution to the oscillator strength is made by the 2p — 2s channel, but these oscillations still
remain practically unexcited at U = 0, followed by rapid increase in both the oscillator strength
and the amplitude of the 2p — 3d component, whose contribution begins dominate at U> 2.5 eV.
Ultimately, at U > 4.0 eV, it turns out that the modes are reversed with respect to the two
single-particle channels dominant in sum (8) compared to the situation with a free system.

This redistribution of contributions between the main single-particle channels can be explained
by the example of radial dependences of transition density (see Fig. 2). In the absence of the
potential barrier, the surface plasmon-type mode is effectively excited, characterized by the distri-
bution p, (r) corresponding to the line with the frequency Q, and the 2p — 3d channel, where the
radial component of the wave function P, () has no roots in the bulk of the system. The surface
plasmon behavior of this excited state is also confirmed by the relatively large absolute values of
the backward-in-time amplitude Y , d(’) ~ 0.20—0.15, characteristic for plasmon modes at small
barrier heights, as can be seen in the inset to Fig. 3,a. As the barrier further increases, the exci-
tation of electron density fluctuations in the near- surface region becomes less effectlve, and they
are replaced by fluctuations with the dominant 2p — 2s channel, where the radial component of
the wave function P, (r) has a root and the electron density is more uniformly distributed over the
volume. The absolute value of the amplitude Y _,," decreases rapidly, which indicates a transi-
tion to a size-quantization mode where the electron density is localized inside a region bounded
by the surface potential barrier.

Notably, the frequency Q, takes values very close to the single-particle energy difference
of the 2p — 2s channel, while its oscillator strength tends to the corresponding single-particle

value in the limit of large U (see Fig. 3, a,

a) b) b). These features of frequency behavior

028y ] confirm the transition of this mode from

collective plasmon excitations to almost
single-particle in nature.

For the second mode, where the oscil-
lator strength begins to dominate the
spectrum at U > 4 eV (see Fig. 3,b), its
frequency Q, retains, with increasing U,
a noticeable difference from the energy
difference of the channel E,; E , wWhich
/ becomes the main one for this mode.
foo. This suggests that the excitation is cor-
| related, but also localized in a potential

o o o
N N ]
S N i

Energy, eV
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Fig. 4. Same dependences as in Fig. 3
but for nanocrystal radius R = 4 nm
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well with the barrier U at its boundary.
The absolute value of the amplitude
Y, (2)3 , increases markedly with an increase
in U although it remains smaller than 0.1.
Thus, a state with the frequency Q, can
be described as collective excitation with
dominant rotational degrees of freedom.
Excited states in nanocrystals of radius
R = 4 nm. An increase in the radius of
the system to 4 nm leads to some changes
in its spectral characteristics. First, the
scale of all energies decreases by an order
of magnitude (see Fig. 4,a). At the same
time, both the frequencies of collective
modes and the differences of single-par-
ticle energies of the same single-particle
channels E, E and E,; E , making the
main contnbutlon at R = 1 nm, prac-
tically cease to depend on the barrier
height at U = 4-6 eV. In other words,
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b) the barrier more than an order of magni-

iz 100 tude higher than the maximum energy of
eo-& a single-particle dipole transition practi-

0] cally becomes infinitely high for this sys-

o
o

70] &\ tem. Thus, it turns out that the frequen-
cies Q and Q, of both RPAX modes dif-

0y fer significantly from the single-particle
B energy differences over the entire vari-
ation range of the barrier height, which
0.08 I means that interparticle correlations play
27 a significant role in the formation of both
[ 104 excited states.
| It can be seen from the dependence of
6 . . .
U ev U ev oscillator strengths on the barrier height
c) d) (Fig. 4,b) that the oscillator strengths of
Xl Xl single-particle transitions remain virtu-
ally unchanged both at R = 4 nm and at
R =1 nm over the entire range of barrier
heights U. As for collective modes, in the
case of the free system at U = 0, there is
also a single line with the frequency Q
in the spectrum, including almost 100%
of the sum rule, which is typical for exci-
tations of the classical surface plasmon
type. As in the previous case, oscillations

Energy, eV

o

9
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0.4

o o] with the frequency Q, are practically
' not excited and their oscillator strength
i val LT e . begins to manifest only with the appear-

vev Uev ance of the potential barrier. What is

more, unlike the situation at R = 1 nm,

the oscillator strength begins to markedly

Fig. 5. Same dependences as in Figs. 3 and 4 increase at small values (U < 0.1 eV) and

but for nanocrystal radius R = 6 nm upon reaching U = 7—8 eV, the oscillator

strengths of both modes take a value of

approximately 50% of the total value in the sum rule, becoming commensurate. Thus, for the

case R =4 nm, the effect of the potential barrier at U= 7—8 eV leads to the disappearance of the
clearly dominant line in the dipole spectrum of the nanoparticle.

Analyzing the graphs in Fig. 4, ¢, d allows to draw some conclusions about the distribution of
contributions of single-particle channels to correlated RPAX states (8). The same as at R =1 nm,
the forward-in-time amplitude of the dominant component X, (_’g ,exceeds 0.9 for the line w1th
the frequency Q, in the free system, but when a potential barner appears, it decreases sharply,
and the amphtude X (1 starts to dominate at U~ 0.5 eV. In this case, the component X (1)  does
not tend to zero (as was the case at R = 1 nm), but retains a finite Value of about 0.4, and thus
the excited state turns out to be mixed based on two channels coupled by correlation interaction.
The situation is reversed for the other mode with the frequency Q,: an increase in the barrier
height leads to an increase in the contribution of the 2p — 3d channel while the finite value of
the amplitude X, ;f 1. is retained.

Let us focus more closely on the dependences for the absolute values of the backward-in-time
amplitude for the more correlated 2p — 3d channel (see the insets in Fig. 4, ¢, d). For spec-
tral line 1, the absolute value of the amplitude Y, () in the absence of potential barrier reaches

about 0.3, i.e., it turns out to be of the same orderzagd)(zp _,.". This makes it possible to define this
mode as surface dipole plasmon with the harmonic frequency Q,. As the barrier height increases,
both amplitudes of the 2p — 3d channel begin to decrease rapidly, and mode 1 becomes close to
size quantization with dominant 2p — 2s component, but with significant correlations between

the channels.
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| o

a) b) The absolute value of the amplitude

e Y, ;3)3 ,for mode 2, whose oscillator strength

QO_& increases considerably at U = 2 eV, also

increases to about 0.2, and since the

' 1 2p — 3d channel is the main one for

s s this excitation at U > 2 eV, then, as with

g’ _ g © =) R =1 nm, this mode also becomes a cor-

I ey related many-particle state. The relative

g w0l contributions of both excitations to the

& ] sum of oscillator strengths turn out to be

I s B equal, and thus none of the modes can

4 o be described as purely radial or purely
rotational oscillations.

Excited states in nanocrystals with
radii R = 6 and 8 nm. Calculations indi-
cate that a further increase in the geo-
metric dimensions of the system leads to
a number of changes in the spectral char-
acteristics of the nanocrystal under study.
As the radius R of the system increases,
the energy of the single-particle levels
further decreases (Figs. 5,a and 6,a), but
the corresponding oscillator strengths for
the ground-state transitions Zp — 3 d and
2p — 2s virtually do not change com-
pared with the cases R =1 and 4 nm (see
Figs. 5,b and 6,b). The relative increase

b 7 T S 3 — 2 in the energy difference between excited
e vnev states in RPAX, the frequencies Q, and

Q, as well as the energy differences

between single-particle levels continues,

Fig. 6. Same dependences as in Figs. 3—5 which indicates a further increase in the
but for nanocrystal radius R = 8 nm role of interparticle correlations in the

formation of collective modes (8). As for
the oscillator strengths of collective modes, the situation turns out to be different compared to
the results shown in Fig. 3. As seen from Figs. 5, and 6,b, the potential barrier appearing at
the system boundary no longer leads to significant redistribution of oscillator strengths of dipole
modes. Despite the appearance of the spectral line with the frequency Q,, the contribution of the
mode with Q, (as follows from the data in Figs. 5,6 and 6,b) remains dominant, further gaining
dominance with increasing radius R and reaching large values of U in the limit (about 75% of the
total value in the sum rule) at R = § nm.

On the other hand, as in the situations discussed above, the interaction of the electron system
with the potential barrier leads to redistribution of the contributions of single-particle channels
to the collective excited state. The increase in the potential on the surface of the nanoparticle
still causes a redistribution of amplitudes of single-particle channels X¥ in collective excitations.
However, the contributions of the transitions 2p — 3d and 2p — 2s remain of the same order over
most of the entire variation range of U (see Figs. 5, ¢, d and 6, ¢, d). Thus, significant interchannel
correlations in both excited states ensure their many-particle nature both in the absence of the
barrier and in its presence. Furthermore, it follows from the dependences for the absolute value
of backward-in-time amplitudes Y¥(U) shown in the insets that the ratio of the coefficients |¥/X
turns out to be smaller than or approximately equal to 0.2 for all values of the barrier height U,
which serves as an indicator of plasmonic nature of both collective modes.

Thus, it can be concluded for the considered system with eight delocalized electrons (N = 8)
that the appearance of a potential barrier at its boundary at R > 4 nm does not lead to a tran-
sition to the size quantization for any of the modes, while electron density fluctuations retain
the character of dipole surface plasmons. The same conclusion is can be drawn by analyzing the
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radial dependence of transition density for the system with R = 6 nm (see Fig. 2,d), which has a
maximum at the outer boundary of the electron density for both excited states in the presence of
the potential barrier with the height U = 6 eV at the nanocrystal boundary.

Conclusion

We considered the excited states in spherical cadmium sulfide nanocrystals of various dimen-
sions containing 8 delocalized electrons. The interparticle interaction of electrons with each other
is described by the Dirac—Slater local exchange potential. To account for the correlation effects,
the random phase approximation with exchange (RPAX) was used to describe the wave functions
of collective excited states.

It was found for the limit of free systems in the absence of a potential barrier at the boundary
that a dominant plasmon line with a frequency Q is present in the excitation spectrum. In
addition, there are two ground-state transitions in the considered systems; accounting for them
within RPAX vyielded results virtually identical to the results obtained accounting for full basis of
single-particle excitations. The dominant line turned out to be significantly correlated, i.e., it has
a many-particle nature.

The appearance of a potential barrier at the nanocrystal boundary leads to an increase in the
second resonant mode with the frequency Q,. For nanocrystals with the radius R = 1 nm, as the
barrier height increases, the modes change places and the second mode starts to dominate. This
effect disappears as the system’s dimensions increase. In particular, for nanocrystals with the radius
R = 4 nm, with sufficiently large heights of the potential barrier, there is clearly no predominant
mode, while the first line continues to dominate for larger systems at any height of the barrier.

Furthermore, as the dimensions of the system increase, interparticle correlations gain a more
prominent role in the formation of the dominant dipole modes.

As for the nature of the excitations, when the system’s radius is less than 4 nm, a transition
to size quantization occurs for the mode Q, with increasing height of the potential barrier. For
nanocrystals with larger radii, such a transition does not occur for any modes or at any height of
the potential barrier.

To summarize, we considered the influence of potential barrier height at the boundary and
the influence of the geometric dimensions of nanocrystals on the nature of excited states in CdS
nanocrystals containing 8 delocalized electrons and located in a dielectric medium.

However, to validate the obtained dependences and properties of spectral characteristics for
any such systems, it is necessary to study the excited states of nanocrystals containing a larger
number of free carriers.

Appendix

Application of two-level model within RPAX
If we assume that matrix elements (12) are real, Egs. (9) and (10) can generally be rewritten

in matrix form
A B X(k) X(k)
(B A] v )~ Ly | (AD

and as a system of linear equations:

(A2)

{AX“‘) +BY® =, X®
BX® +AY" =-Q, Y®

After sequential addition and subtraction of Egs. (A2), we obtain, respectively, equations of
the form

(A+B)(X® +Y®)=0Q, (X® -Y®)

(A-B)(X® - Y®) =0, (X® +Y¥) (A3)
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Expressing the difference (X® — Y®) on the right-hand side of the first equation in (A3) as
(X*-Y?)=0, (A-B)" (X©+Y?), (A4)

we obtain the following equation for the vector (X® + Y®W):
(A+B)(X?+Y")=0} (A-B) ' (X© +Y®) (AS)

After premultiplying and postmultiplying Eq. (A5) by the matrix (A — B)™/> and using the
obvious relation

-2

(A-B)”?(A-B) "’ =1, (A6)

Eq. (A5) can be reduced to a more symmetrical form:
(A-B)"(A+B)(A-B)")(A-B)"* (X" +Y") =0} (A-B) " (XV+Y"). (A7)

If we introduce new notations

172

F=(A-B)”(A+B)(A-B)

Z(k) _ (A _ B)—I/Z (X(k) n Y(k)) (A8)
then the matrix equation with respect to the eigenvectors Z® takes the form
FZ" =07V, (A9)

Now it remains to determine the normalization condition for Z® in accordance with Eq. (17);
it follows the identity

(X(k) n Y(k))(X(k) _ Y(’”) — Z(Xi(rf) I Y(k))(Xi(’io _ Y(")) =1. (A10)

im im
im

It follows from Egs. (A7) and (A3), respectively, that
(X©+Y®)=(A-B)"Z¥, (A1)

-1/2

(X(k) _ Y"‘)) -0, (A- B)_l (X("’ n Y(")) =0, (A-B) "Z%. (A12)

Thus, according to equalities (A10)—(Al2), normalization of the eigenvectors follows
the expression

> () (0 -70) =0, (A-B) (A-B) U X (20) =0, T (2] =1 (a13)

We assume that the eigenvectors pbtained by solving Eq. (A9) are initially normalized in accor-
dance with the condition Z Z,.(,f) =1, so their elements should be subsequently renormalized

to satisfy the requirement

S(z0) =a (A14)

im
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In turn, this transforms expression (16) for the oscillator strengths as follows:

D, =0,y d,((A-B)"2") , (A15)

m

where the elements of the vector Z® are normalized by unity, i.e., |Z®]| = 1.

Now, after considering the general case, let us examine the special one, when the interpar-
ticle exchange interaction is described in the local density approximation, for example, using
local exchange potentials (6) and (14). In this case, the elements of matrices (12) turn out to be
equal, namely

([ ) = (10| ).

and, consequently, the following equations hold true:

A+B=wn+2U, AL
A-B=w, (Al6)
and, thus, expressions (A8) take the following form:
F=0"(0+2U)e",
75 — @12 (X(k) _+_Y(k)). (A17)
In turn, the oscillator strengths (A15) are now expressed in terms of the elements of the
eigenvectors Z® as
-2 1/2 (k)
Dk - Qk Z(’oim dimZim . (Al 8)

Thus, applying the RPAX equation in the form (A9) taking into account expressions (A17)allows
to reduce the dimension of the matrix by two times compared to the initial expression (10), but
unfortunately, this makes it impossible to independently analyze the contribution of the forward-
in-time and backward-in-time amplitudes to superposition (8) characterizing the many-particle
excited state.

If the dominant contribution to superposition of single-particle excitations (8) is given by only
two ground-state transitions, conventionally denoted by the subscripts 1 and 2, the matrix equa-
tion (A9) takes the form of a system of two linear equations:

(@ -0, (0,+20,,)) 2" -2(00,) " U,2? =0,
(A19)

1/2

“2(w0,) Uy Z" +(Q -0, (0, +2U,,)) 2% =0,

where o,, o, are the frequencies of the corresponding transitions and the condition U, = U, is
satisfied for matrix elements.

The condition that the determinant of system (A19) be equal to zero implies a second-order
algebraic equation with respect to the squared frequencies of collective excitations Q:

Qf + b + ¢ =0, (A20)
where
b=—(o +o}+2(0U, +o,U,)),

i (A21)
¢ =0, ((co1 +2U,,)(», +U,,) —4U12).
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It is easy to verify that in the limiting case of non-interacting particles at

>

_ _ 2 2 2.2
U,=0, b——(co1 +(02) and ¢ = o, ®,

we obtain the following trivial solution:

Q,, = %(((’)12 + (Di)i\/((olz + w;)z _4@1203§) = {wl :

®,
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YCJIOBUS MYBJIUKAIIAUA CTATEN
B xkKypHane «Hay4dHo-TexHH4ecKHe BeIOMOCTH
Cankr-IleTepOyprckoro rocynapcTBEHHOTO MOJINTEXHUYECKOTO YHUBEPCHUTETA.
DU3UKO-MaTEMaTUYECKUE HAyKI»

1.0BIIIME MOJIOKEHUA

Kypnan «Hayuno-texanueckue Beromoctu CaHkT-IleTepOyprekoro rocyjapcTBEHHOTO ITOJIMTEXHUYECKOTO YHHBEP-
curera. OU3NKO-MAaTEMAaTUUECKUE HAYKW» SBISETCS MEPUOANYECKUM MEUaTHbIM HayYHBIM PELEH3UPYEMbIM U3JIaHHEM.
3aperucrpuposan B DenepanbHoi ciayxOe 10 Haa30py B chepe MHPOPMAIIMOHHBIX TEXHOJIOTHH M MAacCOBBIX KOMMY-
nukanuit (CuperensctBo [T NedC77-52144 ot 11 nexabps 2012 r) m pacnpocTpaHseTcst 10 IOAIMHCKE areHTCTBA
«Pocrieuars» (nHnekc n3nanus 71823).

C 2008 rozma »ypHaJl M3aBAJICS B COCTaBe cepHanbHOro m3nanus "HayuHo-texHmueckue Bepomoctu CITOITIV™.
CoxpaHsii IPeeMCTBEHHOCTh M NPOJ0/IKAS HAy4YHble M NMYOJIUKANUOHHbIC TPAJAHLIHH CEPHATBHOIO HM3JAHUS
«Hayuno-texuudeckue Begomoctu CIIOITIY», :xypHaa u3naBajiu noj ciBOCHHbIMU MeKAYHAPOIHBIMU CTAHAAPT-
HBIMH cepHaJbHbIMH HOMepamMu ISSN 1994-2354 (cepuaabhbrii) 2304-9782. B 2012 rogy oH 3aperucTpupoBaH Kak
camocrosTenbHoe nepuogndeckoe n3nanne ISSN 2304-9782 (Ceuuerenserso o perucrparmu [TH Ne dC77-52144 ot 11
nexadpst 2012 r). C 2012 . HavaT BBITYCK )KypHaJIa B ABYSI3bIYHOM O()OPMIICHUH.

Wznanne Bxoaut B IlepedeHb BeayIIMX HAy4HBIX PELEH3MPYEMBIX JKypHAJIOB M nm3nanui (nepeueHr BAK) u npu-
HUMAaeT JUIsl TIe4aTd MaTepralibl HAy9HBIX MCCJICIOBAHHUMN, a TAKXKE CTaThH JUIs OMYOJIMKOBaHMSI OCHOBHBIX PE3YyJIBTaTOB
JuccepTaluil Ha COMCKAHUE YUYEHOH CTENEeHM JOKTOpa HayK M KaHJIuAaTa HayK 10 CIEAYIOIIMM OCHOBHBIM HayUHBIM
HanpasieHusiM: @u3nka, Maremarnka, MexaHuka, BKII04as cieayronye mudpsl HayyHbIX crierpanbHocTei: 1.1.8.,
1.19,13.2.,133,134.,13.5.,13.6.,13.7,13.8,1.3.11., 1.3.19.

XKypnan npencrasien B Pedeparusnom xypuane BUHUTU PAH u BrimtoueH B (hoHA HaydHO-TEXHHUYECKOW JIMTEpa-
typsl (HTJI) BUHUTU PAH, a takxe B MexxayHaponHO# cucteMe 1o nepuogundeckuM mananusm «Ulrich’s Periodicals
Directory». MnnexkcupoBan B 0a3ax naHHbIX «Poccuiickuii naaekc HaygHoro nutuposanus» (PUHII), Web of Science
(Emerging Sources Citation Index).

[TeproauuHOCTb BBIXOMA )KypHAJIa — 4 HOMEpA B TOJ.

Penakius xypHaia coOioaeT npaBa MHTEILIEKTYaJIbHON COOCTBEHHOCTH M CO BCEMH aBTOPAaMM Hay4HBIX cTaTei
3aKJIFOYAeT U3JaTelbCKUN JINIEH3UOHHBIN TOTOBOP.

2. TPEBOBAHMUS K TIPEJCTABJISIEMBIM MATEPUAJIAM
2.1. OdopmieHue MaTepHaJIoB

1. Pekomenayemslii o0beMm crareit — 12-20 crpanun ¢popmara A-4 ¢ yuerom rpaduueckux BiroxeHuid. KonmuectBo
rpaYecKuX BIOKCHUH (narpamm, rpauKoB, pUCYHKOB, (OTOrpaduil U T.I1.) HE IOIKHO MPEBBIIIATH HIECTH.

2. Yucno aBTOpOB CTAaThH, KaK MPABHUIIO, HE JIOJDKHO NPEBBILIATH MSTH YEJIOBEK.

3. ABTOpBI JOJDKHBI IPUIEPKUBATHCS ClIEyIONIeH 0000IEHHOI CTPYKTYpBI CTaThH: BBOJHAS YaCTh (AKTyaJbHOCTB,
cyliecTByolHe npoodiemsl — 0oseM 0,5 — 1 cTp.); OCHOBHAS YacTh (IOCTAHOBKA M ONMCAHUE 3a/1a4H, METOANKA HcCIIe-
JIOBaHUS1, U3JIOKEHNE U 00CY’KICHHE OCHOBHBIX PE3YJIBTaTOB); 3aKJIIOUUTENIbHAS YaCTh (IPEUIOKEHHS, BBIBOABI — 00BbEM
0,5 — 1 ctp.); ciimcok muteparypsl (opopmierne o FOCT 7.0.5-2008).

B criucku nmureparypsl peKOMeHAyeTcsl BKIIIOYaTh CCHUIKM Ha Hay4HBIC CTAaThbH, MOHOTrpaduu, COOPHHMKH CTarew,
cOOpHHKH KOH(]EPEHIHNH, EKTPOHHBIE PECYPChI C YKa3aHWeM JaThl 00OpaIieHus, ITaTeHThI.

Kak npaBuiio, HeKeJ1aTeJbHbI CCHUIKM Ha JNUCCEPTALMK U aBTopedepaTsl JuccepTanunii (Takue CChUIKH 10Ty CKal0T-
Csl, €CIIM PE3YJIbTaThl HCCIICOBAHUHN ellle He OITyOJIMKOBaHbI, MIIM HE IPECTABICHBI JOCTATOYHO TTOIPOOHO).

B crmcku nuTeparypbl He peKOMEHAyeTcsl BKJIIOYATh CCHUIKM Ha y4eOHHMKH, y4eOHO-METOIMYECKHE MOCOOUs,
koHcrekTs! Jekuuit, [OCToI 1 ap. HOpMaTHBHBIE IOKYMEHTBI, HA 3aKOHBI M TOCTAHOBJICHHS, @ TAKXKE HA apXUBHBIC JIOKY-
MEHTBI (€CJIH BCE K€ HEOOXOMMO yKa3aTh TaKHe NCTOUYHHKH, TO OHU O(OPMIISIOTCS B BHJIE CHOCOK).

Pexomentyemblii 00beM criMcka JUTepaTypsl st 0030pHBIX cTateld — He MeHee 50 MCTOYHMKOB, JJISI OCTaJIbHBIX
crareii — He MeHee 10.

JloJ1st ICTOYHMKOB JaBHOCTBIO MEHEE 5 JIET J0JDKHA COCTABIISTH HE MEHEE ITOJIOBUHBI. J[OITyCTHMBIN MPOLEHT CaMOIH-
TupoBaHus — He Bbie 10 — 20. O0beM cchUIOK Ha 3apyOeKHbIE HCTOYHUKH JIOJDKEH ObITh He MeHee 20%.

4. YK (UDC) odopmisiercst u popmupyercst B cootBerctBuu ¢ [OCT 7.90-2007.

5. Habop Tekcra ocymectsisiercst B peaakrope MS Word.

6. @opmyanl Habupatores B penakrope MathType (He Bo BctpoeHHOM penaktope Word) (Menkue popMyItbl, CHMBO-
JI6I 1 0003HAYCHUS HAOMparoTcs 6€3 NCIoIb30BaHMs pefakTopa Gpopmyin). Tadauubl HabuparoTces B ToM e hopMare, 4To
1 OCHOBHOH TeKcT. B Texcre OykBa «&» 3amMeHsieTcst Ha OYKBY «€» M OCTaBIISICTCS TOJIBKO B (DaMMIIHSX.

7. Pucynku (B dpopmare .tiff, .bmp, .jpeg) u Tadauupl opopmisitores B Buae otaenbHbX daiios. pudt — Times
New Roman, pazmep mpugra ocHoBHOTO TekcTa — 14, uaTepBait — 1,5. Tabnuie! 00161I10TO pa3mMepa MOryT ObITh HaOpa-
Hbl kerieM 12. [TapameTpsl cTpaHULBL: TOJIA ClIeBa — 3 €M, CBEPXY M CHU3Y — 2 cM, crpasa — 1,5 cM. Tekct pasmemiaercs
0e3 3HaKOB NepeHoca. Ad3anHbIi oTCTyI — | cM.
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2.2. IlpeacraBiieHne MaTepuajioB

1. IIpeacraBneHre Bcex MATEpPHAaliOB OCYIIECTBISICTCS B AJICKTPOHHOM BHJC Yepe3 JICKTPOHHYIO PEIaKIHIO
(http://journals.spbstu.ru). [Tocie perucrpamnuu B cucteMe 3JIEKTPOHHOM peJaKIMKA aBTOMAaTHYeCKH (GOPMUPYETCS
MePCOHANBHBIN IPOQUIL aBTOPA, TO3BONSIOLINI B3aUMOICHCTBOBATh KaK C pelaKIUeH, TaK U C PELIEH3EHTOM.

2. Bmecte ¢ marepuanamMu CTaThbH JOJKHO OBITH MPECTABICHO IKCIEPTHOE 3aKIIOUCHHE O BO3SMOXKHOCTH OILY-
OJMKOBaHMS MaTCPUAIOB B OTKPBITOM IEYaTH.

3. daiin cTaThu, MOJABACMBIIl Yepe3 AIEKTPOHHYIO PEAaKIIHIO, TOKEH COEPIKATh TOIBKO CaM TEKCT Oe3 Ha3Ba-
HUS, CIIMCKA JTUTEPaTyphl, aHHOTAIIMH U KIFOUEBBIX CIIOB, (aMHINi U cBeJcHUN 00 aBTOpax. Bee aTu mons 3amod-
HSIOTCS OT/ACIBHO Yepe3 DICKTPOHHYIO PEAaKIHIO.

2.3. PaccMoTpeHHe MaTepHaJIOB

[Ipenocrasnennsle Marepuassl (. 2.2) nepBOHaYalIbHO PACCMATPHUBAIOTCSI PEAAKIMOHHOW KOJUICTHEH M Iepeaa-
10TCsl ISl perieH3upoBanus. [locie ogoOpeHns mMaTepHalloB, COIIACOBAHUS PA3IMYHBIX BOIPOCOB C aBTOPOM (IIpH
HEOOXO0IMMOCTH) peJaKMOHHAast KOJUIETHsl COO0IIAaeT aBTopy perieHue od ormyOnnkoBaHUM cTaTbu. B ciydae oTkasa B
yOJIMKAIMK CTAaTh¥ PEIAKIUsl HAllPaBJIsIeT aBTOPY MOTUBHPOBAHHBIN OTKa3.

[Ipu oTKIIOHEHNN MaTepHasIOB U3-3a HAPYLICHHUS! CPOKOB I10/1a4H, TPEOOBAHMI 110 OOPMIICHHUIO MM KaK HE OTBEYa-
IOLIMX TEMaTHKE JKypHalla MaTepuallbl He IyOIHKYIOTCS U HE BO3BPAIIAIOTCSI.

PepakunoHHast KOJUIETHs HE BCTYMAET B JIMCKYCCHIO C aBTOPAMHU OTKJIIOHEHHBIX MaTepHaJOB.

[Ipu mocTymuieHNH B PEAAKIMIO 3HAYUTEIBHOTO KOJIMYECTBA CTATEH MX MPHUEM B OUEPEAHON HOMEP MOXKET 3aKOH-
yutca JOCPOYHO.

E-mail: physics@spbstu.ru,

Ten. penakuuu 8 (812) 552-62-16.
Caiir xypnana: https://physmath.spbstu.ru/
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