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Mass Spectrometric Studies of Valine Molecules by Electron Shock in the Gas Phase
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Abstract

Relevance. Valine is one of the eight amino acids not synthesised by the human body, necessary for the synthesis and
growth of body tissues, muscle coordination; regulation of nervous processes, nitrogen metabolism, and stabilisation
of the hormonal background. Since a-amino acids contain an asymmetric carbon atom, they can exist as optical isomers
(mirror antipodes) that play an essential role in protein biosynthesis. The structure of matter and the physical processes
that occur in it are studied using the method of mass spectrometry and spectral analysis. This indicates the relevance
of the problem that was studied in this paper.

Purpose. Mass spectrometric studies of the formation of ionic products of single and dissociative ionisation of the
valine molecule (C;H,; NO, with electrons according to the method of beams intersecting within the energy range of
bombarding electrons 6-70 eV. To consider the mechanisms of formation of the most intense ion fragments during

dissociative ionisation by electron shock.

Methods. The experiment was conducted on an installation with a monopole mass spectrometer of the MX-7304A
type, which belongs to the class of dynamic mass analysers with electron shock ionisation in the range of mass numbers
0-120 Da. The mass spectra of molecules were investigated at different temperatures of the source of molecules in the
range of 300-600 K.

Results. The obtained results are compared with the mass spectra of the D-, L-, and DL-enantiomeric forms of the valine
molecule with data from the NIST and SDBS databases. The features of the processes of formation of ion fragments
of valine molecules by electronic shock are analysed in detail, and the dynamics of the yield of ion fragments in the
range of evaporation temperatures of the initial substance of 300-440 K is also studied. The total relative ionisation
cross-section of the molecule under study was measured according to mass spectrometric method with an ionising
electron energy of 5-60 eV. Based on the results of experimental studies, a threshold section of the dependence of the
total relative cross-section of valine ionisation is determined and given in this paper.

Conclusions. A detailed analysis of the processes of formation of fragment ions in the mass spectra allows demonstrating
the influence of the structural forms of valine enantiomers on the redistribution of relative intensities of product ions

Keywords: electron, mass spectrometry, ionisation, amino acid
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Introduction

Among all the molecules present in a living cell, the first
place is occupied by proteins that account for at least half
of the dry weight of the cell. Proteins perform various
functions and serve as molecular tools by which genetic
information finds its real embodiment. To build all pro-
teins, whether they are proteins from the oldest bacteria
or from higher organisms, the same set of 20 amino acids
is used, covalently bound to each other in a certain se-
quence inherent only in this protein. Each amino acid, due
to the specific features of its side chain, has a chemical
individuality [1].

Valine is one of the eight amino acids not synthe-
sised by the human body. At the same time, this aliphatic
a-amino acid is necessary for the synthesis and growth of
body tissues, muscle coordination; regulation of nervous
processes, nitrogen metabolism, and stabilisation of the
hormonal background [2]. Valine belongs to a group of
simple aliphatic nonpolar a-amino acids that exist as vari-
ous conformers. Two types of amino acid isomerism are
known: structural isomerism, which is associated with the
structural features of the carbon skeleton and the relative
location of functional groups, and optical isomerism (spa-
tial). Since a-amino acids contain an asymmetric carbon
atom, they can exist as optical isomers (mirror antipodes)
that play an essential role in protein biosynthesis.

The structure of matter, mechanisms, and features
of physical processes occurring in it are investigated using
methods of interaction with slow electrons, which include
electron mass spectroscopy, i.e., the study of mass spectra,
temperature dependences of the occurrence of positive
ion fragments, dissociative ionisation of amino acid mol-
ecules under the action of low-energy (430 eV) electrons
and determination of the appearance energies of ionised
fragments [3; 4]. This indicates the relevance of the problem
that was studied in this paper.

Ionising radiation, interacting with a living organ-
ism, can cause various changes in the genotype due to
its effect on the genetic DNA and RNA macromolecules.
This radiation, penetrating the body, generates streams
of low-energy secondary electrons, the energy of which
can range from 0.1 to tens of electron volts [5]. Secondary
electrons initiate the processes of excitation [6; 7] and ion-
isation [8], which lead to destructive changes in DNA and
RNA. According to the existing ideas [9], it is with slow
electrons that the main part of destructive changes at the
molecular level of biostructures is associated, and the
main target is genetic macromolecules [10]. Assessment of
the effects of physical excitation and ionisation processes
caused by electron shock in biostructures requires obtain-
ing information about the most probable channels of frag-
mentation of biomolecules. This was one of the tasks of
this study.

The purpose of this paper was to investigate the
process of electron ionisation of valine molecules in the
gas phase according to mass spectrometric method at dif-
ferent evaporation temperatures of the first substance.

Mass spectrometric studies of valine molecules by electron shock in the gas phase

It was also important to compare the relative intensities
of practically all the peaks of the mass spectra obtained
in this study with data from other authors and from the
well-known NIST and SDBS databases. A detailed analysis
of the processes of formation of fragment ions in the mass
spectra allows demonstrating the influence of the struc-
tural forms of valine enantiomers on the redistribution of
relative intensities of product ions.

Materials and Methods

The experiment was performed on a monopole mass spec-
trometer MX 7304A, which was described in detail earlier [8;
11]. This mass spectrometer is a single-pole version of the
quadrupole analytical instrument and comprises an ion
source, an analysis system, and a useful signal detection
system. This device was placed in a vacuum installation
with oil-free pumping. The system provided a residual
gas vapour pressure of at least 210 Torr in working con-
ditions. The ion source of the mass spectrometer allowed
obtaining electron beams of regulated energy from 6 to 70 €V,
a current in the range of 0.05-0.5 Ma, with a minimum en-
ergy spread of DEY2 = 200 meV, where this value is the
full width at half the maximum electron energy distribu-
tion. The range of recorded masses was 1-120 DA, with a
resolution not worse than AM=1 Da. The concentration
of the valine molecules under study in the region of inter-
action with electrons was 10°°+10" cm?®. The temperature
of the source of molecules was maintained in the range of
300-600 K [2].

The mass scale was calibrated for isotopes of Ar
and Xe atoms, and control mass spectra were measured
for freon, sulphur hexafluoride, and krypton. The energy
scale was calibrated from the initial section of the ionisation
section of the Kr atom, which allowed determining the
electron energy with an accuracy of = 0.08 eV.

Valine of the Sigma Aldrich company was used for
research (purity 0.999, No. CAS72-18-4, the presence of
water molecules was excluded). The structural formula
of valine is represented by in Figure 1A. The experiment
was carried out in two stages: at the first stage, mass spec-
tra in the range of 1-120 Da were carefully measured at
ionisation energies (E) 20, 30, 40, 50 and 70 eV, and in the
second case, the energy dependences of the relative dis-
sociative ionisation cross-sections of the valine molecule
were measured in the energy range of ionising electrons
from 5 to 60 eV. The measurement method was reduced to
simultaneous measurement of fragment ions; for this, the
energy range was first set, then the test masses were set
(no more than 20), and the total measurement time was
calculated using the Formula (1):

Trun =ty XnxC ©)
where t, is the measurement time of a single fragment;

n is the number of fragments; C is the number of cycles
determined depending on the value of the useful signal.
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Figure 1. (a) structural formulas of valine and its enantiomers L-, DL-, and (b) D-forms

Results and Discussion

Before proceeding to the discussion of the results, it is advis-
able to consider the structural diagrams of the valine C.H, NO,
molecule shown in Figure 1 and its enantiomers of L-, DL-,
and D-forms. A distinctive feature of the valine molecule
is the presence of hydrogen atoms bound to 4 substitutes,
namely the 1%is a hydrogen atom, the 2™ is a carboxyl
COOH group, the 3" is an NH, amino group, the 4™, the
most significant is an alkyl group, i.e., a side chain of Ca
atoms, the composition of which determines the main
properties of this amino acid. Valine enantiomers should
have similar energy characteristics: ionisation potentials,
heat of formation, activation energies, and mass spectra
of fragments formed by dissociation of molecular ions.
Enantiomers differ only in vector characteristics, which
determine the properties of a molecule depending on its
structure. Notably, a-amino acids contain an asymmetric
carbonatom (C_-atom) and canexistasopticalisomers. The
carboxyl group can rotate, and the hydrogen atom can be
oriented both towards nitrogen and in the opposite direc-
tion. Conformational variability of molecules contributes

to the reorientation of flexible carboxyl (-COOH) and
amino (-NH,) groups (Fig. 1b), forming various intramo-
lecular hydrogen bonds. For example, the bond of a lone
pair of a nitrogen atom with a hydrogen of a hydroxyl
group (N...HO) or a bond between a hydrogen atom of an
amino group and a carbonyl oxygen atom (NH...O= B) and
hydroxyl (NH...OH) in groups.

Figure 2 demonstrates the mass spectrum of valine
with ionising electron energies Ue=70 eV and a molecular
source temperature of 393 K, as can be seen, the highest
intensity corresponds to ions with m/z = 28, 42, 56 and 72 Da.
Next, in the mass spectrum, the peak corresponding to
the mother ion (m/z=117) is practically absent, which is
inherent in aliphatic amino acids with low stability of the
molecular ion formed during ionisation [12]. Inherent in
most a-amino acids is that the main dissociation channel
upon electron impact is conditioned upon the breaking of
the C-Ca bond, and therefore, in the case of valine, an ion
with a mass of m/z=72 is formed as a result of the cleavage
of the COOH carboxyl group.

100 +
Valine
T=393 K
80 - E=70eV
=
2
@ 60 +
S
)
=
@©
o 40 A
v

20 A

0 10 20 30 40 50
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Figure 2. Mass spectrum of the valine molecule

Source: [2]



To analyse the mass spectra obtained by the au-
thors, it was interesting to compare the relative intensi-

ties of the mass peaks of the valine molecule from various

Mass spectrometric studies of valine molecules by electron shock in the gas phase

Table 1. Comparison of relative intensities of valine peak masses

NIST [13]

SDBS [14]

sources. This comparison is demonstrated in Table 1 from
the NIST [13], SDBS [14] databases and studies [15; 16; 29].

V.Vukstich P. Papp Jochi.ms OUR

DL- D- DL-Nor etal.[29] etal. [15] etal. [1 6i DATA
2 0.1 0.15 0.12
14 0.2 0.2 0.14 0.1 0.1 0.14
15 0.7 0.7 0.9 1.1 1.2 0.92
16 0.1 0.11 0.12
17 0.6 0.6 0.61 0.2 0.5 0.61
18 2.6 2.6 3.76 3.7 3.2 1.64 3.74
19 0.5 0.5 0.5 0.3 0.6 0.26 0.5
26 0.7 1.31 0.7 1.09 0.8 0.7 0.27 1.09
27 6.7 11.3 6.7 5.5 6.1 7.4 18.7 6.79 6 5.5
28 19.6 18.2 19.6 20.61 14.9 24.7 63.0 12.54 36 20.61
29 10.8 10.1 10.8 11.31 5.3 14.2 30.0 10.01 36 11.31
30 8.1 12.6 8.1 9.9 10.5 10.5 24.5 6.43 19 9.92
31 0.2 0.5 0.2 0.3 0.7 0.2 0.63 0.33
32 0.1 0.1 0.2 0.2 0.3 0.21 0.23
33 0.1 0.1 0.1 0.1 0.11
34 0.1 0.1
36 0.4 0.4 0.43
37 0.2 0.5 0.2 0.25 0.2 0.25
38 0.8 1.2 0.8 0.71 0.6 0.5 17.7 0.71 0.71
39 6.7 8 6.7 6.35 3.5 7.2 4.69 3 6.35
40 0.7 3.3 0.7 1.05 0.6 0.9 0.74 1.05
41 8.4 12.6 8.4 8.21 3.7 8.7 13.5 6.43 9 8.21
42 2.8 5.9 2.8 3.49 4.9 3.1 6.8 2.54 3.49
43 7.2 10.5 7.2 7.04 4.7 6.7 8.3 4.98 13 7.03
44 1.2 7.7 1.2 2.97 7.8 1.6 5.2 2.43 2.97
45 1.5 5.1 1.5 21 1.6 21 9.4 1.38 6 21
46 5.4 5.1 5.4 5.3 3.1 6.4 13.5 3.6 13 5.3
47 0.2 0.2 0.22 0.2
49 0.1 0.1 0.1 0.1
50 0.1 0.1 0.14 0.2 0.2 0.14
51 0.4 0.5 0.4 0.36 0.2 0.4 0.36
52 0.6 0.7 0.6 0.52 0.2 0.6 0.52
53 11 1.5 11 11 0.6 1.2 1.1
54 21 2.5 21 1.84 0.8 1.9 1.84
55 28.7 24.9 28.7 26.33 6.1 314 33.9 28.91 64 26.33
56 9.8 12.2 9.8 9.86 3 12 21.9 5.46 9.86
57 19.1 26.7 19.1 20.48 3 24.5 30.7 26.08 60 20.48
58 3.2 3.9 3.2 2.9 0.1 3.3 6.2 1.96 2.9
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Table 1, Continued

o wstm soes 14 vsicr pppp M O
DL- D- DL- L- DL-Nor D- etal. [29] | etal.[15] et al. [16]
60 0.2 0.5 0.2 0.22 0.1 0.22
67 0.4 0.6 0.4 0.31 0.2 0.31
68 0.5 1 0.5 0.44 0.2 0.3 0.44
69 1 2.1 1 0.77 0.1 0.4 0.77
70 2.5 2.9 2.5 2.16 1.1 2.1 1.78 2.16
71 0.6 1 0.6 0.57 0.2 0.6 0.57
72 100 100 100 100 100 100 100 100 100 100
73 5.7 5.3 5.7 5.28 4.9 5 5.66 5.28
74 34.5 13.2 34.5 30.46 24 34 24 35.82 45 33.46
75 14 8.6 14 12.35 2.1 15.3 10.4 13.67 12 12.35
76 0.6 0.5 0.6 0.43 0.1 0.42 0.43
77 0.13 0.1 0.13
78 0.1 0.1 0.12 0.1 0.12
79 0.1 0.1 0.14 0.14
81 0.4 0.4 0.28 0.1 0.28
82 0.5 0.8 0.5 0.41 0.1 0.3 0.37 0.41
83 0.5 1 0.5 0.44 0.2 0.44
84 1 1 1 0.96 0.8 0.96
85 0.4 1.5 0.4 0.54 0.3 111 0.54
88 0.5 0.43 0.3 0.43
91 0.2 0.2 0.23 0.23
92 0.1 0.1 0.11 0.11
93 0.1 0.1 0.13 0.13
95 0.1 0.1 0.12 0.12
96 0.3 0.3 0.34 0.34
97 0.3 0.3 0.22 0.1 0.22
98 0.2 0.6 0.2 0.27 0.3 0.27
99 0.2 1 0.2 0.28 0.28
100 0.2 1.8 0.2 0.42 0.1 0.42
102 0.2 0.3 0.2 0.28 0.3 0.28
117 0.2 0.25 1 0.12
118 0.3 0.33 0.22

The results of studying the mass spectra of enantio-
mers of the L-, DL-, and D- forms of the valine molecule,
obtained in various laboratories, presented in the table,
give the most complete picture of the processes of for-
mation of ion fragments. Comparison of the relative in-
tensities demonstrated in the table shows a satisfactory
agreement, but for some there are differences: not all ions
with masses m/z=2, 16, 34, 36 are detected; the relative
intensities of ion formation of fragments of enantiomers
of L-, DL-, and D-forms with masses m/z=28, 29, 57, 58
differ (see Table 1).

Enantiomers must have the same mass spectra
of ion fragments formed during dissociation of molecu-
lar ions [17]. However, analysis of the available data on
the mass spectra of fragments formed upon ionisation of
amino acids by electron shock reveals substantial differ-
ences for a number of D- and L-amino acids [16-18]. These
differences can obviously only be related to the different
probability of formation of any fragments according to
the structural formula of enantiomers.

Thus, the results presented in the table allow con-
sidering the mechanisms of formation of the most intense



ion fragments upon dissociative ionisation by electron
shock. As mentioned above, ionisation and electron re-
moval lead to a weakening of the bonds in the molecu-
lar ion compared to the neutral molecule. In all optimal
structures of the parent amino acid cations, the positive
charge is mainly localised on the carbon atom of the car-
boxyl group, and the dissociation process occurs due to
charge transfer to the carbon chain. This is confirmed
by the relatively low intensity (see Table 1) in the mass
spectrum of the COOH ion peak® (m/z=45). Analysing
the data of the most intense ion fragments presented in
the table, the processes leading to their formation can be
suggested as follows:

m/z=72. The main most intense ion fragment oc-
curs as a result of effective dissociation of the parent ion
of the valine molecule upon CC bond break [2] with the
formation of a neutral fragment of the COOH carboxyl
group according to reaction (2):

CsH{1NO, + e~ = NH,(CH;3),(CH), + (COOH) + 2¢~ (2)
m/z=74. The ion with this mass has a peak with
an intensity of 33% of the main one and is associated with

the dissociation of the side chain and the formation of the
C,H, propyl (3):

CsH,,NO, + e~ > NH,CHOCOOH + (CH,),CH + 2e~ (3)

m/z=>57. The appearance of a rather intense (20%
of the main) peak of such a mass is associated with disso-
ciation of the amino group and the formation of neutral
water and propylene C,H, molecules (4):

CsH;;NO, + e~ > NHCHC(OH)* + H,0 + CH,CHCH, + 2e™ (4)

m/z= 39, 41, 43. These peaks belong to hydro-
carbon ions and amino and carboxyl groups (5-7) are not
involved in the formation of these fragments:

CsHy1NO, + e~ = CHCHCH* + C,H4NO + H,0 + 2e~ (5)
CsHy;NO, + e~ - CH,CCHs* + C,HsNO, + H + 2e~  (6)
CsHy;NO, + e~ - (CH3),CH* + NH,CH,+CO0, + 2~ (7)

m/z= 27, 28, 29, 30. Unambiguous interpreta-
tion of peaks in this group is complicated by the alterna-
tiveness of the occurrence of certain neutral fragments,
which is manifested in different intensities of peak masses
obtained by interaction with electrons and photons (Ta-
ble 1). For example, the appearance of the peak m/z=28

may correspond to isobar CO* and CH,N* ions according to
the following reactions (8):

CsHy4NO, + e~ » CO* + NH,CH(OH)CH(CH;), + 2e~ (8)
or (9)
CsH {NO, + e~ - NHCH* + COOH + CH;CH,CH; + 2e~ (9)
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Preference should be given to reaction (9), since the
formation of this HC-NH fragment dominates the processes
of dissociation of amino acid molecules [19].

Analysis of the interaction processes of an electron
with the valine molecule under study suggests that the
carboxyl — COOH group - is initially separated due to a
simple break in the bond between C -C, atoms.

The consequence is the formation of the main peak
of the most intense in the mass spectrum with m/z=72.
Energetically remarkably close to the process of separa-
tion of the entire carboxyl group is the separation of two
neutral fragments H and CO,, which is energetically more
beneficial than the separation of two neutral OH and CO
fragments [20].

Notably, in the mass range m/z=2-20, the interpre-
tation of the appearance of peaks in the mass spectrum
is quite difficult due to probable alternative channels of
dissociative ionisation. This is especially true for the peak
with m/z=2, which was also found in [14] for L- and DL-
form enantiomers (Table 1).

The comparison of the relative intensities of mass
peaks made in Table 1 with the data in NIST [13], SDBS [14],
aswell as in [15; 16] generally indicates a satisfactory agree-
ment between them, and the evaporation temperature of
valine molecules is given only in [14], which may make
adjustments to the values of mass peaks. However, a
more thorough analysis of the available mass spectra of
fragments formed during electron shock ionisation of
amino acids reveals substantial differences for a number
of D- and L-amino acids [14; 16; 17]. Therewith, there are
noticeable differences in the mass spectra of ions-frag-
ments of compounds used by the authors [29] to identify
2,3-diaminopropanic acid. A more complete analysis of
processes using theoretical calculations of the energies,
lengths, and bond orders of mother, daughter fragment
ions, and neutral molecules should be the result of a separate
study, similar to the one conducted in [16] for photoionisa-
tion processes.

Undoubtedly, the influence of the temperature of
the molecules under study on the dissociative ionisation
process is essential [21-23]. This is also evidenced by the
study [24]. Fig. 3 demonstrates the temperature dependences
for the most intense ions of NH fragments,(CH3),(CH)*
(m/z=72), NH,CHCOOH* (m/z=74), NHCHC(OH)*
(m/z=57), (CH,),CH* (m/z=43), CH,CCH,* (m/z=41)
and CH, (m/z=15). Three segments are observed in Figure 3:
a segment with an almost linear increase in intensity, a
segment with exponential growth, with saturation in the
temperature range of 400-418 K and a sharp decline, the
cause of which is the beginning of decomposition of the
substances under study [2]. Features on the measured
dependences — the change in the slope of the curves at
some temperatures, apparently, should be attributed to
the passage of the processes described above (2-9).
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When the potentials on the deflecting electrodes
of the mass spectrometer were turned off, the total (total)
current of positive ions to the collector formed as a re-
sult of the interaction of the valine molecules under study
with electrons was measured. By smoothly changing the
energy of ionising electrons, it is possible to obtain the
energy dependence of the total relative cross-section of
the formation of positive ions in a given range of electron
energies.

Figure 4 demonstrates the energy dependence of
the total relative ionisation cross-section of the valine
molecule in the energy range 5-60 €V, and also shows the
threshold section of this dependence, which is approxi-
mated according to the least squares method [19; 22]. Ev-
idently, the fitting results correlate well with the exper-
imental curve, which allows determining the ionisation
energies of the valine molecule, which turned out to be
equal to: E; =8.66+0.22 eV.
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Figure 4. Energy dependence of the total ionisation cross-section of the valine molecule. On the tab: threshold
section of the experiment point, solid approximation

The authors of this study compared it with the
data of other authors [26-28] (see Table 2). In addition, the
best agreement is observed with experimental data from

the studies [15; 25] and with calculations according to the
G3MP2 method [16].

Table 2. Value of the ionisation energy (eV) of the valine molecule

Experiment Calculation
Electronic shock Photons G3MP2 OVGF
Our data [25] [26] [15] [16] [16] [27] [28]
8.66% 0.20 8.71 9.86 8.91+0.05 8.9 8.89 9.54 9.50




Conclusions

Experimentally, the mass spectra of the valine molecule
were investigated according to the mass spectrometry
method in the range of mass numbers 0-120 Da within
evaporation temperatures of the initial substance at 300-
440 K. A detailed analysis of the processes of formation of
ions-fragments of valine molecules by electron shock-was
carried out. It was shown that the difference in the struc-
tural forms of valine enantiomers is reflected in the mass
spectra as a redistribution of the relative intensity values
of daughter ions. Information on the relative mass inten-
sities of the L-, DL-, and D-form valine molecules obtained
in various laboratories provides a more complete picture
of the processes of ion fragment formation.

Mass spectrometric studies of valine molecules by electron shock in the gas phase

cross-section of the ionisation of the valine molecule by
electrons in the energy range of 5-60 eV and the approx-
imated threshold section of the energy dependence of
the cross-section, the ionisation energy of the valine mol-
ecule was determined, which turned out to be equal to:
E =8.66+0.22 eV. This ionisation potential is compared
with the available experimental and theoretical data, which
showed a satisfactory agreement of the results obtained by
the authors with the compared data. In conclusion, mass
spectrometric studies of amino acids by electron shock in
the gas phase provide rich information about their unique
properties, allow determining the degree of fragmentation
in the process of interaction with electrons, and evaluate

As a result of measurements of the total relative  the parameters of intermolecular bonds.
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Mac-cneKTpoMeTpUYHi JOCTiIKeHHA MOJIEKYJI BAJIiHy
eJIEKTPOHHUM yZlapoM B ra3oBiii ¢asi

Asnna IropiBHa BysnrakoBa

[HCTHTYT enexTpoHHOi disvku HAH Ykpainu
88017, Bysn1. YHiBepcuTeTChKa, 21, M. YXKropoz, Ykpaina

AHoTaria

AxTyanbpHicTb. BasiH € ofHi€l0 3 BOCBMHU aMiHOKMCIOT HECHTE30BAHUX JIFOACHKUM OPTaHisMOM, HeOOXiqHOO st
CHHTE3Y i pOCTY TKaHWH Tijla, M>S30B0Oi KOOPJMHALIl; pEry/II0BaHHS HEPBOBUX IIPOIIECIB, a30THOI0 06MiHYy, cTabimizarrii
ropMoHaIbHOTO GOHY. OCKITbKY A-aMiHOKHUCIOTH MiCTSITh aCUMETPUYHUI aTOM BYTJIEI[I0, TO BOHU MOXYTh iCHYBaTH
y BUIVIAZi ONITUYHUX i30MepiB (A3epKaTbHUX aHTHUIIOAIB), IKi BiZIirpaloTh BayKJIMBY POJIb B IIpoliecax 6iocHTe3y Oilka.
CTpyKTypy pe10oBUHHU Ta Gi3uyHi [IPOIieCH, AKi Bi0yBatOThCSA B Hil IOCTIIKYIOTh 32 IOIIOMOTO0 METOAY Mac-CIIEKTPOMETPil
i crleKTpasIbHOTO aHauti3y. 110 CBiAYUTh PO aKTyalbHICTh 3a/1adi, AKa JOCTIPKyBaIacs v il poOOTi.

MeTa. Mac-crieKTpoMeTpUYHi AOCTi)keHHA yTBOPEHHA iOHHUX IIPOAYKTIB OAHOKPATHOI Ta AUCOLiaTUBHOI ioHi3allii
mosexyu Baniny (C;H, NO, erexTpoHaMu METOAOM Iy4KiB, IO [IEPETHHAIOThCA B Alana3oHi eHepriit 6ombapayonx
eJIeKTpOoHiB 6—70 eV. PO3IIAHyTH MeXaHi3MM yTBOPEHHS HAMiHTeHCUBHIIINX iOHiB-QparMeHTiB IpU AMCOIiaTUBHIN

ioHi3allil eleKTPOHHUM Y/IapOM.

MeTtoau. ExciepuMeHT IPOBOAMBCA Ha YCTAHOBI 3 MOHOIIOIBHUM Mac-CIeKTpoMeTpoM Tuiy MX-7304A, axuii
BiJHOCUTBCA L0 KIacy AUHAMIYHUX aHa/li3aTOPiB Mac 3 ioHi3alli€lo eJleKTPOHHUM yapoM Y Jialla30Hi MacOBUX YHCe
0-120 Da. Mac-cneKTpu MOJIEKYJI JOCTiZPXKEHO 3a Pi3HUX TeMIlepaTyp JsKepesa MoyeKyJ1 B AianasoHi 300—-600 K.

PesynbTaTu. [IpoBe/ieHO MTOPIiBHAHHA OTPUMAaHUX Pe3YJIbTaTiB 3 Mac-criekTpamu D-, L- Ta DL-eHaHTioMepHUX dopm
MOJIEKY/IH BasiHy 3 ZaHuMu 6a3 NIST Ta SDBS. /leTasbHO MpoaHaTi30BaHO 0COOJIMBOCTI MIPOLIECiB YTBOPEHHS 10HIB-
¢dparMeHTiB MOJIEKyJ BaJIiHy €JIeKTPOHHHUM yZapoM, a TaKOX JOCI[KEHO AMHAMIKy BUXOJY iOHiB-GpparMeHTIB B
iHTepBaJi TemIlepaTyp BUIIAPOBYBaHHA BUXigHOI pedoBuHU 300—-440 K. Bysno mpoBeZieHO BUMIpIOBAaHHS ITOBHOT'O
BiTHOCHOTO Tiepepi3y i0Hi3allii ZOCTiKyBaHOI MOJIEKYJIN Mac-CIIEKTPOMETPUYHUM METOJOM 3 €HEPTi€lo ioHi3yrounx
eleKTpoHiB 5-60 eV. 3a pe3ysibTaTaMH eKCIIepUMEHTAJbHUX [OCT/)KEHb BU3HAUEHO Ta HaBEeJEHO B JjaHill pobOoTi
TIOPOTOBY AIUITHKY 3a/I€?KHOCTI TOBHOT'O Bi/JHOCHOTO TTepepi3y ioHi3allii BaiHy.

BucHOBKHU. /leTasbHUH aHai3 IPOIIECiB yTBOPEHHS i0HIB-PpparMeHTiB y Mac-CIIeKTpax Z03BOJIAE€ II0KA3aTH BIUIMB
CTPYKTYpPHUX GOPM eHaHTIOMePiB BaJIiHY Ha ITePEPO3MOALT BiJHOCHUX iIHTEHCUBHOCTEH i0HIB-TIPOJYKTIB.

Ki1r04o0Bi cj10Ba: eleKTpoH, Mac-CIIeKTPOMETPist, i0Hi3allist, aMiHOKHCIOTa
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Abstract

Relevance. The study of photonuclear reactions plays a defining role in the formation of modern ideas about high-
localized collective excitations in nuclei of the giant resonance type. The giant dipole El-resonance (GR) is the main
feature in y-quantum absorption cross-sections of nuclei. The presence of isotopes with multiple isotopes makes it
possible to trace the evolution of GR characteristics from changes in the number of neutrons in the nuclei. One such
element is tellurium.

Purpose. The purpose of this research is an experimental and theoretical study of the cross-section of #Te(y, n)*'Te
reaction in the region of giant El-resonance energies.

Methods. The study of the cross-section of (y, n) reaction on *Te isotope was performed on the bremsstrahlung y-beam
of the M-30 microtron of the Institute of Electronic Physics of the National Academy of Sciences of Ukraine. The yield
curves were measured in the range of maximum gamma-quantum energies E,  =10-18 MeV. The reaction cross-section
was calculated by the inverse matrix method. When registering the reaction products, an activation technique was
used, while the gamma activity of the products was recorded by the spectrometric method. The theoretical calculations
of the cross-section for the **Te(y, n)"*'Te reaction were performed using the TALYS-1.9 software package.

Results. The measured experimental yield ratios of the *Te(y, n)»Te and *'Te(y, n)*Te d=Y*'/Y* =f(E )
reactions allowed the experimental cross-section for the **Te(y, n)**Te reaction to be calculated. The cross-section
has a single hump shape with a maximum at an energy of ~ 15.3 MeV. It was approximated by the Lorentz curve
with the parameters 80=(274.1i2.1) MB, E, (15.27+0.10) MeV, F0=(4.76iO.08) MeV. The cross-section obtained was
compared with similar cross-sections for *Te and *'Te isotopes, as well as with theoretical calculations according to
the TALYS-1.9 program.

Conclusions. The obtained cross-section for the *Te(y, n)"*Te reaction is consistent with the evolution of the
parameters of (y, n) reaction cross-section on tellurium isotopes **Te(y, n)'*Te with a change in the number of neutrons.
The theoretical approaches used are satisfactorily consistent with the experimental data. This agreement indicates the
main contribution of the statistical mechanism to the cross-section of the considered (y, n) reaction and a relatively
small contribution of semi-direct processes.
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Introduction

The main feature in the gamma-ray absorption cross-sec-
tions of atomic nuclei in the 10-20 MeV range is the giant
Elresonance (GR). The study of its characteristics has played
an important role in the formation of modern understand-
ings of nuclear collective perturbations. Therefore, an
empirical study of the GR parameters was carried out as
a direct measurement of the o, cross-section both by the
absorption method [1; 2] and by summing the cross-sec-
tions of the partial decay channels of the El resonance,
i.e. by summing the (y, n), (y, 2n), (y, 3N), etc. reaction
cross-sections [3]. Recently, the focus of research on giant
dipole resonance has largely shifted from the study of its
gross characteristics and taxonomics to the study of par-
tial channels of GR decay with fixation of specific isolated,
isomeric states of daughter nuclei [4].

The growing interest in the study of photonuclear
reactions in the region of 10-20 MeV, which is observed to-
day, can be associated with several reasons, in particular,
both with the need to obtain missing information about
the cross-sections of photonuclear reactions, for example,
for astrophysical calculations, for which there is a need [5],
and with the creation of fundamentally new intensive
sources of quasi-monochromatic gamma radiation [6; 7].

To date, cross-section for the **Te(y, n)**' reaction has
not been explored. A detailed study of the evolution of giant
resonance characteristics from changes in nuclear mass for
124130Te heavy isotopes was carried out in the work [8]. The
work was performed on a beam of quasi-monochromatic
photons from positron annihilation on the fly. The measure-
ment was performed in the range of gamma-ray quantum
energies of 8-26 MeV. By registering neutrons, was deter-
mined the complete cross-section of photoneutron reaction
s At the same time, the possibility of 1n, 2n, and 3n neutrons
escape was determined experimentally.

Natural tellurium samples are known to con-
tain very few light isotopes *Te, *Te: Te (0.09%),
2Te (2.4%). That is why, until recently, photoneutron
cross-sections on them have not been studied. Such stud-
ies began to be conducted only with the advent of highly
enriched targets of light tellurium isotopes [8]. However,
getting such targets is very difficult and expensive.
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The purpose of this paper is to study the cross-sec-
tion for the *Te(y, n)®Te reaction in the energy range
10-18 MeV, as well as to compare the results with theoretical
calculations.

Materials and Methods

This study presents the results of studying targets in the
form of disks of high-purity vitreous tellurium oxide TeO,
with a diameter of 25 mm and a thickness of 2 mm. Natu-
ral tellurium was used. Despite the insignificant content
of Te in the studied samples, the present activity of ' Te
was accurately recorded and identified. Measurement of
the Te(y,n)"*'Te reaction yields was performed using the
activation technique. Gamma radiation from the decay of
reaction products (y, n) was recorded.

Irradiation of the studied samples was carried out
in the Department of Photonuclear Processes Institute of
Electron Physics of the National Academy of Sciences of
Ukraine on a braking gamma beam of the M-30 micro-
tron, the parameters of which are given in [9]. The aver-
age current was 5 pa, monitoring was performed every
1.2 seconds and was recorded. The energy of accelerated
electrons was changed by changing the number of orbits
of the electron beam (within a wide range) and changing
the magnitude of the conducting magnetic field strength
(within one number of orbits). The value of the conduct-
ing magnetic field strength was controlled by the method
of nuclear magnetic resonance. The irradiation was
performed in the maximum energy range of the brems-
strahlung gamma-ray beam 10-18 MeV in increments of
AE=0.5 MeV.

The irradiation time t__ it was 20 minutes at high
energies and 2 hours near the threshold (y, n) reactions,
irradiation time, and measurements were selected from
the optimal conditions for recording gamma lines from
the decay of daughter nuclei. The error of recording
equipment was less than 5%. Measurements of the re-
duced gamma activity of the studied targets were per-
formed on a 175 cm® HPGe detector (2 keV resolution for
a 1332 keV ®°Co line). A typical instrumental gamma spec-
trum is shown in Figure 1.
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Figure 1. Instrumental gamma spectrum of an irradiated TeO, target



Results and Discussion

Along with the measurement of gamma lines from the decay
of Te obtained in *Te(y, n)"*™¢Te reaction gamma lines
were measured from '®Te decay obtained in **Te(y, n)"*™tTe
reaction, that were used to calibrate **Te(y, n)"?Te reaction
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yield. The cross-sections for the **Te(y, n)*Te reaction were
taken from [8]. Basic spectroscopic parameters from the
decay of both the main and isomeric states of isotopes *Te
and Te is shown in Table 1[10-13].

Table 1. Main spectroscopic parameters

No. Isotope B, J” E_ (KeV) E (KeV) Iy o (%)
1 12mTe 11/2- 294 212 154 days 81.4
2 2sTe 9.834 1/2* 573 19.16 hours 80.3%
3 1¥mTe 11/2 105 696 33.6 days 2.6
4 12%Te 8.419 3/2* 456 69.6 min 7.7
The table shows the following values: B — thresh- T, ) - half-life,  — intensity. Experimentally obtained ratios

olds of (v, n) reactions, J” - spin parity, E__ — energy of the
isomeric level, E - energy of the analytical gamma line,

Ny = Y51 /Yy = €12 - b12(Ay - @, “fol Az @1 f1) - (N1 /Ny).

where ¢, — coefficient that takes into account miscalcula-
tions and pulse overlays, b, — the ratio of the content of
the corresponding isotopes in the target (b,,=b,/b)), A -
decay coefficient, ¢ ,=&ka, where § — photoefficiency of
analytical gamma-ray line registration during the decay
of ground states, k — coefficient of self-absorption of these
lines in the material of the target under study, a — the
intensity of analytical gamma lines, f — time function:
f)=[1-exp(t )]-exp(t, J)[1-exp(t  J](t, L. ,t,...—times
of irradiation,cooling and measurement), N — the number
of pulses under photo peak of analytical gamma lines.

Both Te and " Te tellurium isotopes have isomer-
ic states and thus in the reaction (y, n) both their ground
states and isomeric states are populated. At the same
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of the ground state excitation yield of isotope "'Te (Y,)
to the ground state excitation yield of isotope *Te (Y,,):

)

time, the total yield (y, n) of the Y_ reactions, related to
the excitation yields of the ground Y, and the isomeric
state Y _is as follows:

Yo=Y, + Y, =Y,(1+Y,/Y)=Y,(1+d) (2

Experimentally obtained isomeric ratio of d yields
for ¥'Te and "®Te isotopes is described in [14]. Studying
the ratio of population yields in (y, n) reactions of the
ground states of tellurium isotopes can be determined by
Ynm/Yan"’ — ratio of the total reaction yield (y, n) on **Te
isotope until the complete **Te(y, n)*Te reaction yield,
(Fig. 2). The root-mean-square error is less than 1% and
does not exceed the point size.

E.ymaxs MeV

Figure 2. Dependence of the Y '**/Y ™ yield ratio on the maximum energies of the braking beam spectrum

Using the cross-section for *'Te(y, n)'*Te reaction
in [8] and the resulting experimental dependence n=Y /Y **
from the energy of the inhibitory gamma spectrum, the
cross-section for the **Te (y, n)?Te reaction can be

calculated. The calculation was performed by the inverse
matrix method [15] in increments of 1 MeV. The resulting
reaction cross-section (y, n) is shown in Figure 3.
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Figure 3. Te(y, n)**Te reaction cross-section

As can be seen from Figure 3, the resulting cross-sec-
tion has a single-humped shape with a maxim at an energy
of ~15.3 MeV, the result of approximation of the cross-sec-
tion by the Lorentz curve is shown as a solid curve:

o(E) = 0 E2T2[(E? — E2) + E2T¢] 3)

Here o, E,, G are parameters. The approximation
was carried out using the least squares method. The fol-
lowing parameter values are obtained: o,=(274.1+2.1) mb,

E =(15.27+0.10) MeV, G,=(4.76+0.08) MeV.

Figure 4 shows a comparison of the cross-sections
for the *Te(y, n)"*Te reaction with cross-sections for (y, n)
reactions on *Te and **Te heavier tellurium isotopes [8].
The evolution of cross-sections from light to heavy iso-
topes is observed. General trends can be noted: shift of
the '*Te cross-section threshold in the direction of higher
energies and some growth of the *Te and *Te cross-sections
is most likely due to an increase in the mass of these isotopes.
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Figure 4. Comparison of (y, n) reaction cross-sections on '**Te, *Te, *'Te isotopes

In order to compare the obtained experimental
cross-sections with theoretical estimates, calculations of
the cross-sections for the **Te(y, n)"*Te reaction are per-
formed using the TALYS-1.9 software package [16]. For
theoretical evaluation, the following scheme is used: a
target core with the following characteristics (Z, N,) and
spin parity (J,, ) absorbs a dipole gamma quantum with
E energy and forms a compound nucleus with excitation
energy E_(E = Ey) and the spectrum of possible spin and
parity values (J, 7). The total absorptions section o__ is
calculated using the parameterized characteristics of the
giant E1 resonance. The decay of the excited nucleus oc-
curs in accordance with the Hauser-Feshbach statistical
mechanism [17]. Additionally, the impurity of semi-direct
processes is considered, which was a fraction of a percent
at the energy E =12 MeV and 8% at energy E =18 Mev.
Neutron emission at specific levels (zones) of the daughter

nucleus was calculated using T, permeability coefficients,
which were based on the optical model. At the same time,
specific discrete levels from the RIPL-3 base were taken to
the excitation energy of the daughter nuclei E=3 MeV [18].
At higher excitation energies, the spectrum was considered
continuous, described by the density of levels p(E, J, m)
and was divided into a certain number of energy bands.
In this case — 50. The effective permeability coefficient T,
was determined for each band.

The density of p levels was described in two ap-
proaches: the constant temperature model and the ener-
gy-shifted Fermi-gas model [16; 19]. Results of calculating
the cross-section for the ?Te(y, n)*'Te reaction and their
comparison with the experiment are shown in Figure 5.
Light circles indicate the result of calculations using the
constant temperature model, triangles — the energy-shifted
Fermi-gas model, dark dots — the experimental results.



The figure shows that both theoretical approaches used
give very similar results and are in satisfactory agreement
with the experimental data. This agreement indicates
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the main contribution of the statistical mechanism to the
cross-section of the considered (y, n) reactions and, accord-
ingly, a relatively small contribution of semi-direct processes.
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Figure 5. Comparison of (y, n) reaction cross-sections on '**Te, *Te, *'Te isotopes

Conclusions

The presented experimental studies of the *Te(y, n)"*'Te
reaction were carried out on the bremsstrahlung gam-
ma-ray beam of the M-30 microtron of the Institute of
Electronic Physics of the National Academy of Sciences of
Ukraine in the maximum energy range of the bremsstrah-
lung spectrum E _ =10-18 MeV. The activation method
was used in the measurements.

As a result of the measurements performed, the ra-
tio of the *Te(y, n)**'Te total reaction yield to **Te(y, n)"*Te

total reaction yield was determined, which allowed, us-
ing the cross-section for the ®'Te(y,n)*Te reaction [8],
calculate both the absolute yield and the cross-section
for the Te(y,n)"?Te reaction. Theoretical calculations
of the (y, n) reaction cross-section for *Te isotope have
been performed. Calculations were performed using the
TALYS-1.9 software package. In the process of comparing
theoretical and experimental results, their satisfactory
agreement was obtained.
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BuBueHHs nepepisy peaxuii '2*Te(y, n)'*'Te akTuBalitHUM MeTOZOM

3o0a MuxaiutiBHa biran, Ilerpo CepriiioBud /lepeukei,
Bonogumup Muxaitnosud Masyp, Oxcana MuxaiiiiBHa ITon

[HCTUTYT enexTponHOi disvku HAH Ykpainu
88017, Bys1. YHiBepcuTeTChKa, 21, M. YXKropoz, Ykpaina

AHoranig

AxTyanbHicTb. JlocmimkenHs GpOTOsIEPHUX peakliii Biirpae BU3HaYaabHy posb ¥ GOPMyBaHHI CydYacCHUX YsIBJIEHb
PO BUCOKOPO3TAIIOBaHI KOJEKTUBHI 30yKEHHS B spaX THUITY TraHTChKUX PE30HAHCIB. ['iraHTChKUM JUITOJBHUMN
El-pesonanc (I'P) — rosoBHa OCOOJHUBICTH y Iepepi3ax IMOIVIMHAHHS Y-KBaHTIB siipaMu. HasBHICTH i30TOMIB i3
6araTOYMCIEHUMHU 130TOIIaMU ZIa€ 3MOTY IIPOCTEKUTH €BOJIIOIiI0 XapaKTepucTUK ['P Big 3MiHM YuciIa HEUTPOHIB B
sappax. OJHUM 3 TAKUX eJIEMEHTIB ABJIAETbCS TETYP

MeTa. MeTot0 pobOTH € eKCcliepUMeHTAaIbHE Ta TEOPETUYHE JOCTKeHHA nepepisy peakuii " Te(y, n)*Te B obsmacti
eHepriii riranTcbkoro El-pe3oHaHcy.

MeToau. JloctimkeHHs mepepisy peakiiii (Y, n) Ha izorormi *Te mpoBOAWIOCS Ha rajbMiBHOMY Y-IIyYKY MiKPOTPOHY
M-30 IncTuTyTy enieKTpoHHOi ¢izuku HAH Ykpainu. KpuBi BUXozy BUMipIOBaIUCSA B iHTEPBaTi MAaKCUMaJIbHUX €HEPrii
FaMMa-KPaHTlB Eynzﬁx=10—18 MeB. [lepepi3 peaxiii pOIBPaXOBYBaBCH MeTozoM 06epHeHoI MaTpuiii. Y mporieci peecrp.auﬁ
MIPOAYKTIiB peaklii BHKOPHCTOBYBalacsd aKTHBAalliifHA MeTOAMKA, BOJHOYAC PpeecTpyBajaci IaMMa-aKTUBHICTh
MIPOAYKTIB CIIEKTPOMETPUYHUM MeTOZ0M. TeopeTUdHi po3paxyHKu nepepisy peakiii *Te(y, n)*Te mpoBoAWINCS 3a
JlorioMororo nporpamHoro naketry TALYS-1.9.

Pe3ynbTaTi. BumipsiHi eKcliepuMeHTaIbHi BiJHOIIIEHHS BUXOZIB peakiliii »Te(y, n)*Te i *Te(y, n)*Ted= Y, n' Ay nl »
=f (E, ) Aamu 3MOTy po3paxoByBaTH eKcllepuMeHTalbHul Tlepepis peakitii “Te(y, n)"'Te. Ilepepis Mae oHOrOp6Yy
dopmy 3 MakcuMyMoM IIpu eHeprii ~15,3 MeB. Bin anpokcuMyBaBca KpuBolo JlopeHIia 3 mapameTpamu 8 = (274,1+2,1)
M6, E; (15,27+0,10)MeB, T')=(4,76+0,08) MeB. TlpoBeZieHO TOPiBHAHHA OZEPXKAHOTO MEPepidy 3 aHAIOTiYHMMHU
nepepizamu i i3otomiB *Te i ®Te, a TaK0K TEOPETUYHUMH PO3paxyHKaMmu 3a mporpamoio TALYS-1.9.

BucHoBKku. OzepxxaHuii nepepis peakuii *Te(y, n)*Te y3romxyeTbcs 3 €BOJIOLIEI0 MapaMeTpiB mepepisis (y, n)
peaxiiii Ha i3oTomax Terypy *Te(y, n)'*Te 3i 3MiHOO YKc/Ia HEUTPOHIB. BUKOpHCTaHi TEOPETUYHI MiZAXOAY 3aI0BLIBHO
Y3TOZKYIOTBCA 3 €KCIIepUMEHTATIbHUMU JaHUMHU. Take Y3rOKeHH: CBiYUTH PO OCHOBHHUH BKJIaJ, CTATUCTUYHOTO
MeXaHi3My B Ilepepi3 po3mIAHYTOI (Y, n) peakuii i MIOpiBHAHO Manuii BKJIa/ HaIliBIPAMUX IIPOLECiB

Kimro4oBi cj10Ba: MiKpOTPOH, ra/ibMiBHE raMMa-BUIIPOMIHIOBAHHS, TIepepi3 GpOTOsIEpHOI peakilii, Te, raMMa-CIIEKTPOMETPist
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Abstract

Relevance. Considerable attention of researchers is drawn to nonlinear surface optical waves, as they are promising
for application in optical information processing systems, ultra-sensitive sensors, and modern telecommunications
components.

Purpose. To obtain an exact solution of the Maxwell equation system for TM-polarised nonlinear surface polaritons
propagating along the interface between an optically linear magnetic medium and an optically nonlinear medium with
saturated nonlinearity.

Methods. Analysis of the properties of nonlinear surface polaritons (NSP) and mathematical modelling of the
dependence of the permittivity of a nonlinear medium on the intensity are used.

Results. TM-polarised nanoparticles propagating along the interface of a magneto-optical medium and a nonlinear
optical metamaterial with a permittivity close to zero (ENZ-metamaterial) are studied. For NSP in such a structure, an
exact solution of the Maxwell equation system is obtained, considering the saturation effect of optical nonlinearity.
On this basis, the dependences of constant propagation on the total energy flux of NSP and energy fluxes in contact
media in the structure were investigated: magneto-optical ENZ-metamaterial with negative permittivity/nonlinear
self-focusing ENZ-metamaterial.

Conclusions. The NSP energy flow is positive in a nonlinear medium and negative in a linear one. As the saturation
level decreases, the NSP energy fluxes in the contacting media increase modulo, if the value of the NSP propagation
constant (NSPPC) is fixed. The lowest NSPPC value for guiding nonlinearity is obtained when the total energy flow of
the NSP becomes zero. As the saturation level decreases, the NSP propagation variable (NSPPV) increases. At a fixed
NSPPC, with a decrease in the magnetic permeability, the energy fluxes of NSP in the contacting media increase. When
the magnetic permeability decreases to zero and the NSP energy flux is positive, the NSPPV change range narrows

Keywords: guiding nonlinearity, propagation constant, permittivity of a nonlinear medium, magneto-optical metamaterial,
magnet, saturation
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Introduction

Nonlinear surface optical waves attract considerable at-
tention of researchers due to the possibility of their appli-
cation in modern telecommunications components, optical
information processing systems and ultra-sensitive sensors.

The properties of such waves are determined by
the dielectric and magnetic properties of the contacting
media at the corresponding frequency. Studies of TM-po-
larised nonlinear surface polaritons (NSP) propagating
along a single interface, as well as nonlinear waves in
multilayer structures, which were conducted earlier [1-3],
were limited by the values of parameters of natural materi-
als at optical frequencies, e.g., the magnetic permeability
of the medium was considered equal to one.

Metamaterials are artificially created composite
media, and the proper formation of their nanostructure
allows obtaining any desired values of material param-
eters [4-6]. This creates wide possibilities for controlling
the properties of electromagnetic waves [7]. For example,
surface polaritons can propagate along the surface of an
ENZ-metamaterial with an extremely high phase velocity [8];
in metal-ferromagnetic structures, the wave vector of a
surface polariton can be controlled using a weak exter-
nal magnetic field [9]; metamaterials with both near-ze-
ro permittivity and magnetic permeability (epsilon-and-
mu-near-zero (EMNZ)), which are also called zero-index
materials (ZIM), allow adjusting the phase delay surface
polaritons [10] and implement waveguides with exotic
properties [11]. The use of materials in which the transition
between phase-changed materials occurs under external
influence [12-14] is of particular interest for creating switch-
ing components of integrated optical devices.

The resulting ENZ-metamaterial for the optical
range [15] has a multilayer Ag/SiN structure. The real
and imaginary parts of its permittivity are simultaneously
close to zero in a wide spectral range. The ENZ-metama-
terial for near-infrared radiation was manufactured as a
multilayer Ag/Ge structure [16]. Magneto-optical meta-
materials were created as AU-core-Co-shell structured ar-
rays of metal microparticles [17], periodic arrays of Au/Ni
bimetallic plasmon ring resonators [18], and Ni nanowire
arrays embedded in an anodised aluminium oxide base [19].
Energy losses can be considerable in such metallic nano-
structures, which encourages the development of fully
dielectric magneto-optical metamaterials. The first fully
dielectric NIZ-metamaterial for infrared frequencies has
a structure comprising stackable silicon rods separated
by layers of silicon oxide [20]. The first NIZ-metamaterial
suitable for placement on an electronic chip for optical
frequencies was manufactured as an array of silicon col-
umns based on an insulator-silicon base [21]. Therefore, a
monolithic CMOS NIZ-metamaterial comprising a square
array of air holes in an insulator silicon wafer, which is
more suitable for standard planar technological processes,
was created [22].

Nonlinear ENZ-metamaterials are produced mainly
as structures consisting of layers of metal and nonlinear
matter located between them, or as a nonlinear medium

doped with metal particles [23-25]. The effect of local field
amplification in such structures [26] can lead to an in-
crease in their nonlinearity [27]. For example, the nonlinear
refractive index of a nonlinear multilayer ENZ-structure
Ag/TO, is six orders of magnitude greater than the non-
linear refractive index of the voluminous TO, [23]. High
local field values in such metamaterials can lead to satu-
ration of their nonlinear permittivity. The effects caused
by saturation of the nonlinear permittivity of metamaterials
can be studied for NSP based on the exact solution of the
Maxwell equation system for a nonlinear medium [1].

In this paper, the authors present an exact solution
of the Maxwell equation system for TM-polarised NPCs
propagating along the interface between an optically lin-
ear magnetic medium and an optically nonlinear medium
with nonlinear saturation. Using the obtained solution, the
authors investigated the dependence of the stable propaga-
tion of NSP on the total energy flux of NSP and energy fluxes
in contacting media for the structure: magnetic ENZ-meta-
material/nonlinear self-focusing ENZ-metamaterial. The re-
sults for the case of saturating nonlinearity are compared
with the case of guiding nonlinearity.

The purpose of this study was to obtain an exact
solution of the Maxwell equation system for TM-polarised
NPCs propagating along the interface between an optically
linear magnetic medium and an optically nonlinear medium
with saturated nonlinearity.

Materials and Methods

The authors considered a TM-polarised electromagnetic
wave propagating along the interface (plane z=0) of an
optically nonlinear medium with permittivity saturation
(region z>0) and an optically linear magnetic medium
(region z<0). The magnetic permeability of a nonlinear
medium is equal to one, and the permittivity is denoted as
€. The magnetic permeability and permittivity of a linear
medium are denoted by w, and €, respectively. Both envi-
ronments are non-dissipative. The problem is considered
homogeneous towards y. The electric and magnetic fields
of the NSP are written as (1-2):

E(7,t) == (E(2)expi(kx — wt) + c.c.),E(z) = (E,,0,E,) (1)
N ; o N

HFE ) = %(ﬁ(z)expi(kx — wt) +c. C.),ﬁ(z) =(0,H,0) (2)

The dependence of the permittivity of a nonlinear
medium on the intensity is modelled according to the fol-
lowing formula (3):

a(lEx|2+|Ez|2) ( )

2
E =6y =E,, = & & |E ) =& t+——Fr==
xx =z = E0 T & (| | O 7 14b(IExI?+IE,I)

where ¢, and are the linear and nonlinear parts of the
permittivity.

The authors believe that £,q, b, € M, are valid. Value
b is considered integral. Signs €,0, &, j, are arbitrary. The
permittivity (3) is a guide for weak fields and tends to the
saturation level £ =¢ +a/b at high intensities.

The problem is to determine the relationship between



the steady-state propagation and the energy flux of the
NSP based on the exact solution of the Maxwell equation
system for the NSP in the structure under study.

NSP at the interface between magneto-optical matter
and nonlinear metamaterial

Components of the NSP field. The components of the NSP field
correspond to the following system of equations (4a-4c):

dH__E

dé’_wx (4a)

‘I’lH:—SEZ (4b)
dE, mE. — il 40)
ac inE, =iu c

where n=k/q is the dimensionless steel distribution {(=zq
is the dimensionless coordinate; q = w/c. Magnetic field
H is considered valid and integral.

For a linear medium, the solution of system (4a-4c)
gives components of the NSP field that decrease exponen-
tially as one distances from the interface. For example,
the magnetic field distribution of the NSP has the following
form (5):

H({) = Hexp (k10 )
where (6):

ki = +(n* - &141)"/? (6)

H~ there is a value of the magnetic field at the interface
z=0.

For a nonlinear medium, the solution of system (4a-
4c) is based on the general solution obtained by Leung [28]
for an arbitrary function ¢,(|E|*), which allows expressing
the components of the NSP field in terms of € and deter-
mine the dimensionless coordinate { as an integral by &
within the range of € K €, where is the permittivity on the

0.8

0.6

0.4

QW)
Figure 1. Constant distribution dependence n from the
total energy flow of the NSP Q for magnetic permeability
w,=0.8 at the following saturation levels: 1) £ =0.26;

2) € =0.34; 3) g=+w
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surface of a nonlinear medium. Later, this general solu-
tion was developed [1] for the permeability expressed by
Equation (3). Using the solution [1] and boundary condi-
tions for the tangential components of the field, the con-
stant propagation of NSP can be expressed in terms € (7):

2 _ 182 (& — &)I(E — g9) — pd (€ — &)

S T DG —2) -t D e

where I(e~¢ ) and ](e~¢,) are determined by equations (9)
and (10) from [1].

NSP energy flow Q per unit length towards y con-
sists of the flow of energy in a linear medium QL and en-
ergy flow in a nonlinear medium QN. Both flows can be
obtained by using the expression for constant propaga-
tion (7) in equations (21) and (22) from [1].

Results and Discussion

Relationship between energy flow and steady-state
NSP propagation
Next, the authors consider the relationship between the
steady spread of NSP n and the energy flow of the NSP q
(per unit length towards yNSP energy fluxes in linear and
nonlinear media for NSP propagating along the interface
of an optically linear magnetic ENZ-metamaterial with
negative permittivity and an optically nonlinear self-fo-
cusing ENZ-metamaterial.

Calculations are performed for the following pa-
rameter values: , _ % — 1.06m linear permittivity

of the medium & =-0.2; linear part of the permeabil-
ity of a nonlinear substance £,=-0.04, Kerr coefficient
a=1.76x10"" m?/V* (typical value for a nonlinear optical
material multiplied by a gain factor of 400, as in Argyro-
poulos et al. [27]).

The relationship between the steady-state NSP
propagation and the total NSP energy flow per unit length
towards y is presented in Figures 1-3.

T D T

Q(W/m)

Figure 2. Constant distribution dependence n from the
total energy flow of the NSP Q for magnetic permeability
u,=10 at the following saturation levels: 1) £ =0.26;
2)e=0.34;3) g =+
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QW)

Figure 3.Constant distribution dependence n from the total energy flow of the NSP Q for magnetic permeability
u,=0.01 at the following saturation levels: 1) € =0.26; 2) £ =0.34; 3) g =+

Dependency graphs n=n(Q) are S-shaped. For
high nonlinearity, the total energy flux of the NSP is nega-
tive. The results shown in Figure 1 correspond to the value
of the magnetic permeability of a linear medium w,=0.8;

0.2
~se10” o 5410

Figure 4. Fraction of the NSP energy flow in a nonlinear
medium QN (1,2,3) and in a linear environment QL
(4,5,6) for magnetic permeability u,=0.8 at the following
saturation levels: 1) € =0.26; 2) € =0.34; 3) € =+

these graphs are remarkably similar to the graphs for the
non-magnetic case given in paper by A.D. Groza [29] (Fig. 3).
The fractions of the energy flux in a nonlinear medium
and in a linear medium are presented in Figures 4-6.

~ 1x10° — 50 0 510t 1=10°

Figure 5. Fraction of the NSP energy flow in a nonlinear
medium QN (1,2,3) and in a linear environment QL (4,5,6)
for magnetic permeability u =10 at the following
saturation levels: 1) £ =0.26; 2) £ =0.34; 3) g =+

0.4r

- e’

o 110

N, QL(Wim)

Figure 6. Fraction of the NSP energy flow in a nonlinear
medium QN (1,2,3) and in a linear medium QL (4,5,6) for
magnetic permeability u,=0.01 at the following satura-
tion levels: 1) £ =0.26; 2) £ =0.34; 3) g =+



The energy flow is always negative in a linear medium
and always positive in a nonlinear medium. The modules
of these energy fluxes are of the same order of magnitude.
Figure 2 and Figure 5 demonstrate the magnetic perme-
ability of a linear medium and the graphs are shifted to
lower values of the NSP energy flow.

In Figure 3 and Figure 6, the magnetic permeability
has a value close to zero , in this case, the graphs are shifted
to higher values of NSP energy fluxes.

In all cases, for the selected value of the steady-state
propagation of the NSP, the value of the share of the NSP
energy flux in the contacting media increases modulo
when the saturation level decreases.

Charts n=n(Q) intersect the axis n if the total en-
ergy flow of the NSP is zero. The value of the steady-state
propagation, which corresponds to the zero value of the
total energy flux of the NSP, is the smallest for the con-
trol nonlinearity and increases with decreasing saturation
level.

Conclusions

The paper presents an exact solution of the Maxwell equa-
tion system for TM-polarised nonlinear surface polaritons
propagating along the interface of an optically linear
magnetic medium and an optically nonlinear medium with
nonlinear saturation. The solution allows calculating the
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HeniHiliHi mOBepXHEBi MOJSIPUTOHU Oi/IA MeXi IOy MarHiTO-oNTUYHOI pEYOBHUHHU Ta
HeJIiHIHHOTO MeTaMaTepiary 3 6JIM3bKOI0 0 HYJIA AieJIeKTPUYHOIO ITPOHUKHICTIO

Anzpiit ImutpoBud I'po3a’, Mukosa IBanoBuy Cizenen?

'BizkpuTHI Mi>KHapOAHUM yHIBEPCUTET PO3BUTKY JitoarHu BH3 YHiBepcuTeT «YKpaiHa»
54003, Byz., 2-a BoeHHa, 22, M. Mukosais, YkpaiHa

"JopHOMOpPCHKUM HalliOHAIILHUH yHiBepcuTeT iMeHi [Terpa Morwiu
54003, Bys1. 68 JlecanTHuxkis, 10, M. Mukosais, YkpaiHa

AHoTaria

AxTyanbHicTh. 3HaUHa yBara JOCTiIHUKIB TPUBEPTAETHCA A0 HEMIHIMHNX TTOBEPXHEBUX ONITUYHUX XBUJb, OCKLTBKU
BOHU MAIOTh XOPOIIli IEPCIEKTUBU Y 3aCTOCYBaHHI B CHCTeMaX ONTHUYHOI 06po6ku iHbopMaliil, HaAIyTIUBUX CEHCOPax
i cydacHUX TeJIEeKOMYHIKaI[iHHIUX KOMIIOHEHTax

Meta. OTprMaTH TOYHE pillleHHA CUCTeMU PiBHAHD MakcBesia st TM-osspru30BaHUX HEMiHIMHUX TOBEpXHEBUX
TIOJIIPUTOHIB, 110 TOIMIUPIOIOTHCS B3ZIOBXK MeXKi PO3ZiTy MiXK OIITUYHO JIiHIMHUM MarHiTHUM cepeZIoBHUIIEM i ONITUYHO
HeJIiHIMHUM cepeZloBUIIEeM 3 HaCU4YeHOI0 HesliHiHHiCTIO.

MeToau. BukopricTaHO aHasli3 BIaCTUBOCTeN HeliHiMHMX ToBepxHeBUX nossiputoHiB (HIIIT) Ta MaTeMaTHYHe MOZe/IIOBAaHHSA
3aJIeXKHOCTI ZlieJIeKTPUYHOI IPOHMKHOCTI HeMTiHIIHOTO cepeZloBUILIA Bi/f iHTEHCUBHOCTI.

PesynbTaTu. loctimkeno TM-rionaprsosani HITT, 1110 TOIIMPIOIOTECA Y30BK MeKi ITO/IUTy MarHiTO-OIITUYHOTO CEPEJ0BUILA
Ta HeJTHIMHO-OITHYHOI'0 MeTamarepiany 3 O/IM3bKOIO 10 HYJIA AieIEKTPUYHO0 poHuKHICTIO (ENZ-MmeTamarepian). [yt HITIT
B TaKill CTPYKTYpi OTpUMAaHe TOYHE PillleHHS CUCTeMH PiBHAHb MakcBesUIa 3 ypaxyBaHHAM eeKTy HAaCUYeHHS OITTHYHOI
HestiHiMHOCTI. Ha 1iff 0CHOBI I0CTi/PKEHO 3aJIe?KHOCTI IIOCTIMHOTO MOITMPEHHS Bifl CyMapHOTo IOTOKY eHeprii HITIT Ta OTOKiB
eHeprii B KOHTAaKTHUX CEPEZOBUINAX Y CTPYKTYpi: MarHiToonTuuHuii ENZ-MeTamaTepian 3 HETaTUBHOIO JlieIEKTPUYHOIO
TIPOHUKHICTIO / HeTiHiHHWHM camodokycytounii ENZ-meramarepialt.

BucHoBku. Iotik eHeprii HIIIT € TO3UTHBHUM B HeJliHITHOMY cepeZOBUILi Ta HeraTUBHUM Y JiHiliHOMY. [Ipy 3MeHIIeHHi
piBHA HacudeHocTi oToku eHeprii HITIT y KOHTaKTyIOUMX cepejOBUINAX 3pOCTAIOTh 338 MOAY/IAMH, AKIIO 3HAaUeHH: CTasIol
po3noBciomkennsa HIII (CPHIII) ¢ikcoBane. HatimeHie 3HavyeHHss CPHIIIT Ay1s KepiBChKOI HETTiHIMHOCTI OTPUMYEMO,
KOJIM 3aTa/IbHUH eHepreTuuHuii notik HIIII crae HyneBuM. I3 3MeHeHHAM piBHA HacudeHHs [TPHIIII 36inbinyernes. [pu
¢ikcoBaniit CPHIIII npy 3MeHIIEHHI MarHiTHOI ITPOHUKHOCTI ToToku eHeprii HIIII y cepezoBuInax, 10 KOHTAKTYIOTh,
3pocTaroThb. Koy MarHiTHa IpOHUKHICTb 3MeHIIYeThCA 10 HysiA i ToTik eHeprii HITI mosutuBHUH, AianasoH 3MiHu CPHIIIT
3BYXKY€EThCA

KirrouoBi ciioBa: kepiBchbKa HETiHIHHICTD, CTaia PO3MOBCIO/KEHH, AieJIeKTPUYHA IPOHUKHICT HETIHITHOTO Cepe/IOBHIIa,
MarHiTo-oNTUYHUU MeTaMaTepiaa, MarHeTUK, HaC4eHHs
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Abstract

Relevance. The most modern and widely applied phenomenological theory, which well describes an entire range
of physical characteristics of such processes as elastic and inelastic proton-proton and antiproton-proton scattering
at high energies, is the Regge poles method in relativistic theory. Based on a simple amplitude, such as the dipole
pomeron, where the pomeron is the Regge pole, the researchers add different terms to it. Using such more complex
amplitudes, it is possible to explain well or satisfactorily together not only the experimental data for these reactions
obtained at the end of the last century, but also the latest ones obtained at the Large Hadron Collider.

Purpose. The purpose of this study is to find numerical values of the amplitude parameters at which the vicinity
of minimum of the differential cross-sections of elastic proton scattering on protons at high energies are satisfactorily
described, and to answer whether the parameters satisfy the obtained constraints.

Methods. To find the amplitude parameters, the least squares method is used and minima equations are obtained for
the squares of differences between the experimental and theoretical values of these cross-sections. These equations are
transcendental, and therefore, they are solved by approximation. Within the framework of successive approximations,
a method is selected that ensures fast convergence of the process, namely: the faster descent method or the gradient
method. Parameter errors are calculated using a covariance matrix. The statistical acceptability of the model is
determined according to the Fischer criterion.

Results. Numerical calculations from experimental data of differential cross-sections of elastic pp-scattering were
used to find the values of the parameters and the scale multiplier of the amplitude. Differential cross-sections are
calculated from the amplitude near the minima. The corresponding graphs of these cross-sections are presented. The
coincidence with the experiment is satisfactory in most cases, and in some cases, it is of high quality. A covariance
matrix is obtained, from which the errors of the model parameters are found. Under general conditions, restrictions on
the found approximate values of parameters are derived. It is shown that they satisfy the constraint. According to the
Fischer criterion, the statistical acceptability of the model was verified, which turned out to be positive.

Conclusions. The proposed simple amplitude ensures that the Froissart constraint and unitarity are met. It will serve
as a seed for constructing more complex amplitudes that will describe a wide range of experiments on proton-proton
and antiproton-proton scattering at high energies
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Introduction

Regge’s theory of complex angular moments in quantum me-
chanics, which is generalised to relativistic S-matrix in
terms of Mandelstam variables, which has been developed
for more than 50 years and is used to explain experimental
results obtained in processes implemented in high-energy
collisions of elementary particles. This primarily concerns
pp- and p p-scattering both elastic and inelastic. Over the
past 10 years, on the Large Hadron Collider has been obtained
data on differential cross-sections (and not only) of the
elastic pp-scattering at several energies [1-3]. Measurements
at the Collider when two protons collide with a total energy
of 7 TeV [2] in the centre of mass system turned out to be
decisive, since they were the first experiment after launching
the accelerator and showed the potential of the detector.

Phenomenological models of Regge require com-
plex amplitudes containing many terms and even more
parameters to describe a large database of experimental
data on the total and differential sections, the slope, and
curvature parameter of the last section, and the ratio of
the real part of the amplitude to its imaginary one at zero
transferred momentum. For example, to describe the to-
tal cross-section of scatterings in a wide energy region,
socalled reggeones are introduced, i.e., f- and w-mesons,
nonlinear trajectories with the intersept larger than 1 [4].
Adding such terms to the amplitude means that 6 added
parameters appear. To explain more physical quantities
in wide areas of variables, one needs to add other terms:
introduce a tripole pomeron, odderon [5-7]. Even more
parameters need to be considered if the spin structure of
the amplitude is factored [5; 8; 9].

Most models that simultaneously explain the phys-
ical quantities listed above necessarily contain in the am-
plitude the pomeron [4; 10] (and possibly odderon), its
trajectory, i.e., they take such a primitive amplitude as a
basis. The simplest one includes a dipole pomeron, and it
corresponds to the first degree Ins, where s is the square
of the energy of protons in the system of their centre of
mass. The tripole pomeron corresponds to In’s, etc.

Keeping in mind the optical theorem that relates
the amplitude to the total cross-section, instead of the
amplitude as a sum in degrees of logarithm, an expression
for the total cross-section of the process can be written.
However, the already tripole pomeron violates the uni-
tarity of the theory, which is often ignored in numerical
calculations, considering that the current high energies
are far from asymptotically large, where this violation be-
comes noticeable. To restore unitarity, as a rule, the am-
plitude over which the so-called eikonal transformation is
performed is used [11; 12].

In this paper, the authors investigate the simple di-
pole pomeron amplitude proposed in [13] and containing
two exponents with a dependence on the square of the
transferred impulse, i.e., the diffraction cone of the differ-
ential cross-section is described by a combination of two
exponents. To determine the model parameters within
the framework of regression (numerical calculations), the
least squares method will be used, which leads to equations

whose solutions are these parameters. Using them, differ-
ential cross-sections in the vicinity of their minimum will
also be calculated in comparison with experimental val-
ues. Parameter errors will be determined. Constraints on
parameters will also be obtained, the implementation of
which will be directly checked. The statistical acceptability
of the model will also be determined.

Materials and Methods

In [13], it was shown that the amplitude of a dipole pomeron
with two exponential dependences on the square of the
transferred momentum in the centre of mass system for
pp-scattering at high energies leads to the expression of a
differential cross-section of the process that has extrema,
including a minimum, as well as an experimental curve
for each energy of available experiments. The trajectory
of the pomeron is chosen so as not to break the unitari-
ty, i.e., its intersept (t=0) equals 1: a(t)=1+a't, where
a’=0.266 GeV?, t is the square of the transferred impulse
is specified. The amplitude has terms with independent
parameters a, b, ¢, which also affect the shape of the the-
oretical curve. It also has a common multiplier that sets
its scale. The specified amplitude has the following form:

s s
P(s,t) = isgo[e® + ce’!In(—i—)](=i—)*®1 (1)
So So

where the Mandelstam variables are s=(p,+p,)’ and
t=(p,-p,)% p, D, are the proton initial four-impulses, p,
is the four-impulse of a scattered proton, s,=1 GeV?, g is
the scale multiplier, a, b, ¢ are the mentioned parameters.

In amplitude (1), unknown parameters are found
using numerical calculations. To calculate the ampli-
tude parameters from experimental data of differential
cross-sections, the least squares method, which is widely
used in statistics, is used, which searches for the mini-
mum square of the difference between the theoretical and
experimental values of a physical quantity. The system of
three equations obtained using this method is solved by
the rapid descent method [14], or otherwise by the gradi-
ent method. It was chosen because upon performing cal-
culations in consecutive approximations, i.e., iterations,
it quickly converges to a solution. This method reduces
the amount of machine time upon calculations.

For compactness and convenience of solving a sys-
tem of equations, it is written in matrix form. This allows
creating simple and transparent programmes for finding
approximate parameter values.

The equations themselves are transcendental, so
they are solved approximately. This way, the parameters
will have errors. To determine these errors, a covariance
matrix is calculated, on the diagonal of which there are
squares of standard deviation, i.e., squares of errors.

For day, experimental data for the differential
cross-section of elastic pp-scattering at high energies exist
at eight energies from 23.5 GeV to 13 TeV. The limitation
of the model is that the proposed simple amplitude with
three parameters is only an initial one for construct-
ing more complex amplitudes. It is important that this



initial amplitude describes the minima of the specified
cross-sections and their vicinity. However, this descrip-
tion for each energy can only be made with its own set
of parameters.

As noted above, with a single set of parameter val-
ues, such description is possible with more complex am-
plitudes, which contain considerably more terms and,
accordingly, many more parameters.

The complete set of parameters, which is an approxi-
mateset, is subject to added verification. It lies in obtaining
an answer to whether the parameters satisfy the resulting
general constraints, which are written as inequalities. If
the result is positive, one can be sure that the accuracy of
calculations is sufficient. Substituting parameters in the
inequality showed that all of them are fulfilled, and the
obtained values are quite far from the limit values of the
constraints. Furthermore, the inequalities obtained earlier
in [13] are also satisfied.

However, to find out the adequacy of the model,
it is necessary to verify its statistical acceptability, which
was done using the Fischer criterion [15]. This simple sta-
tistical method is widely used in the regressive analysis of
experimental data by models, i.e., upon their theoretical
explanation. All values of the Fischer quantile turned out
to be less than the critical one, i.e., the model is statistically
acceptable.

=t; 2 2
fi=f(s,t;) = dolst=t) _mg” . [(eati + cebtin2)? + (E) ethi] (i
So 2

dt 52

Expanded form of Equation (2.1-2.3) for real func-
tions F,, they will be written as follows (4-9):

F=S(Rep - flL=0 @

Fy = S [(Rew — 12 =0 ©)

F3 = YL [(Fexp — fi] % =0 (6)
where:

Z—JZ = t;e9%i(ea% + cellilns)s2® ti Y]

ofi _ bt; at; bt; me\2 obt;| c2a't; g

—2 = t; [cePlilns(e®i + cePlilns) + () e?Pri| sl ®)
. ) )

% = [Zlns(e‘“i + cePlilns)elti + —”26 ethi] st €)

Functions F, can be considered the elements of the

matrix F (10):
Fy
Fe <F>
F3

To solve the system of Equations (4-6) according to
the rapid descent method, as in [14], an auxiliary function
is introduced as follows:

(10)
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Results and Discussion

According to the least squares method, wherein the square
of the difference between the experimental and theoretical
values of a physical quantity reaches a minimum, the am-
plitude parameters a, b and ¢ are found (1).

After differentiating the specified square by these
parameters and equating the results with zero, a system
of three equations (2.1-2.3) is obtained as follows:

lzil[(fi)exp - fl] % = (2-1)
lzil[(fi)exp - fl] % =0 (2.2)
lzil[(fi)exp - fl] % =0 2.3

In equations (2.1-2.3) (fl,)exp — experimental values
of these cross-sections at energies of 2.76, 7, 13 TeV [1-3],
23.5, 30.7, 44.7, 52.8 TV 62.5 GeV (for references to exper-
imental data at these energies, see [5]) for the squared
of transferred impulse ¢, (10 on both sides of the mini-
mum, except for the energy of 2.76 TeV, for which it was
impossible to do this from the data available), fl — their
theoretical values (3). In Equation (3) g=g,s,, w=0.3894
mb-GeV? — transfer coefficient from units where h=c=1,
to mb/GeV?.

)Za(fi) 3

So

& =F"F = F + F} + F# (1
where in expression (11) T is the matrix transposition sign.
Values of parameters that are the solution of the equation
®=0, are also solutions of the system of Equations (4-6).
On [ step of successive approximations, solutions
for parameters are obtained according to Formula (12):

F'W,W/[F,
Ay, =4, — wr,  (12)
AN VA A UUATA D
where (13):
a
4= (b) a3)
c
while the Jacobi matrix (14)
da 0db Oc
w= 9 0F 0F (14)
da 0db Odc
da 0db Odc
The elements of matrix (14) have the form (15-23):
oF afi dfi a%f;
a_al = 21 [_EE + ((fi)exp - fl) aaz] (15)
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0F _ 21 [_0fi0fi A i1
ab i=1[ ab aa+((f‘)exl’ fl)aaab] (16)

OF _ yo1 [_0fi9fi N 9%
ac i=1[ dc da + ((fl)e’(p fl) Baac] an

0F, _ yo1 [_0fi9fi N ) 9%
oa i=1[ da ab+((fl)exp fl)aaab] (18)

0F, _ 21 Afi df; 8% f;
= LR (We - 5E]

0F, _ yo1 [_0fi9fi N )9
ac i=1[ ac ab+((fl)exp fl)abac] (20)

9Fs _ <1 [ 0fidfi N _ ) 9%
da i=1[ da dc + ((fz)exp fl) Baac] @D

9Fs _ w1 [_0fidfi AV AN i
ab i=1[ ab ac+(OC‘)eXp fl)abac] (22)

aF. af; 0f; 82f;
a_j = %il [_ a_cla_cl + ((fi)exp - fl) aczl] (23)
Errors in the values of parameters (13) that occur

af (t;,A)
0Ag!

& —f(ti,A) =&~ Vi~ Zpe

where y=¢ - f(t, A); D, =0f(t, A)/0A,; AAk,=/Tk,—Ak,; m -
number of parameters.

After performing some transformations in (27), the
following equation is obtained (28):

Qumin = A6T(E —WDR™'DT)W(E — DR™*DTW) A& (28)
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Figure 1. Differential cross-section elastic
pp-scattering at Vs= 23.5 GeV

(A= Ap) + . = AE, = S0 Dy A Ay + .

when solving equations (4-6) are obtained from the diagonal
elements of the covariance matrix [15]. This matrix has
the following form (24):

B=S?R™!, R l=—_uwr (24)

where S? is the estimated value of the square of the standard
deviation 6% u is the multiplier before WF, in Formula (12).
This is the estimated value of [15] (25):

_ Qmin

n—m

52 (25)

where n is the number of experimental data used in cal-

culations, m is the number of parameters. Value Q_. by
definition (26):
Qmin = L& =7 =C-N"E -9 @6

where §is the column of experimental values of differential
cross-sections, ¥ is the column of theoretical values (3) of
these cross-sections when found g, a, b, c.

By entering a matrix-column 4§, elements of
which are A¢,=x-f, and using the decomposition by pa-
rameters at a fixed energy, the following expression (27)
is obtained:

(27)

where E is the unit matrix.

Together with experimental ones, Figures (1-8)
demonstrate theoretical cross-sections in the vicinity of
minima, which are calculated for the found values of pa-
rameters and the scale multiplier.
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Figure 2. Differential cross-section of elastic
pp-scattering at Vs=30.7 GeV
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pp-scattering at Vs= 44.7 GeV
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pp-scattering at Vs= 62.5 GeV
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Figure 7. Differential cross-section elastic
pp-scattering at Vs=7 TeV

As can be seen from the figures, the graphs of dif-
ferential cross-sections of the model up to an energy of
2.76 TeV are in satisfactory agreement with the experi-
mental data. Notably, the shapes of the theoretical curves
for all energies are similar to the experimental ones, but
Figures 6-8 demonstrate noticeable shifts between them,
but not in all sections of the curves. This means that in
these cases, the parameters found were farther from their
exact values, which exist only theoretically. The cross-sec-
tions in Figures 1-5 turned out to be the closest to the ex-
perimental ones, i.e., better parameters were found here
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Figure 4. Differential cross-section of elastic
pp-scattering at Vs= 52.8 GeV
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Figure 6. Differential cross-section of elastic
pp-scattering at Vs=2.76 GeV
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Figure 8. Differential cross-section of elastic
pp-scattering at Vs=13 TeV

than in earlier cases. The quality of parameters depends
on the choice of their zero approximation upon solving
equations. While this initial choice is quite arbitrary.
The worst agreement with the experiment is observed at
7 TeV. But in this case, the experimental errors are also
much larger than at other energies. The need to improve
the statistics of this experiment is drawn in the study [16].
However, the experiment for pp-scattering at 7 TeV has
not yet been repeated. In models with a larger number of
parameters, a better match with the experiment can be
achieved.
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The values of the scale multiplier and model param-
eters obtained from equations (2-4) are shown in Table 1.
Table 1 also demonstrates the parameter errors calculated

using the covariance matrix (24). They are insignificant,
except for the parameter c at energies of 2.76, 7, and 13 TeV,
for which they are 8.5%, 7.0%, and 4.4%, respectively.

Table 1. Values of the scale multiplier and parameters at different energies

No. Vs, GeV g a, GeV~2 b, GeV~2 c

1. 23.5 0.254 -0.3739+0.001 1.3990+0.004 -3.148+0.001
2. 30.7 0.3004 0.9523+0.002 3.95+0.005 -10.10%+0.005
3. 44,7 1.138 0.645=+0.00001 -0.562+0.000004 -0.01927+0.0003
4. 52.8 0.1823 -0.512+0.001 1.9365+0.002 -2.981+0.0007
5. 62.5 0.1763 -0.5436+0.0004 2.0406+0.001 -2.9406+0.0005
6. 2760 1.930 -2.8607+0.0010 -0.6804+0.0017 -0.2354+0.020
7. 7000 2.3825 -3.65+0.0002 -2.901+0.0002 -0.08563+0.006
8. 13000 1.536 -5.3738+0.0002 -4.2338+0.0002 -0.0912+0.004

In [13], a constraint on the parameters a, b, ¢ was
obtained provided that a>0, b<0, which is not common.
The following is a constraint for arbitrary valid values a
and b. Recall that the solution x=e(@?" (expression (9) for
equation (10) in [13]) is a positive number, i.e., only pos-
itive solutions of the quadratic equation are considered.
General view of such equation (29):

px2+qx+r=0 (29)

Positive solutions are obtained in the following
cases (30):
p>0, ~q+[q*-4pr>0,
p>0, -q—/q*-4pr>0,
p<0, -q+\/q?~4pr<0,
p<0, -q—/q*~4pr<0
For equation (10) in [13] p=a+a’L, q=—|c|L(a+b+2a’L),

r=c’(b+a’L)(L*+n*/4), L=In(s/s )]. Thus, for the parameters
a, b, c four groups of constraints are obtained (31.1-31.4):

1) p>0, q>0, r<0; a>0, b< -(a+2a’L); -a’L<a<0, b<-a’L,
b<|a|-2a’L;

2) p>0, q<0, r<¢?/4p; a>0, b> -(a+2a’L), (b+a’L)(L?+1?/4)<
<L*(a+b+2a’L)*/4(a+a’L); -a’L<a<0, b>|a[-2a’L, (b+a’L)

(L?+m?/4)<L?(a+b+2a’L)?/4(a+a’L) (31.1)
p>0, q<0, r>0; - a’L<a<0, b>- 'L, b>[a[-2a’L; (31.2)
p<0, >0, -a’L<a<0, b<- a’L, b<[a[-2a’L); (31.3)
p<0, <0, r>0; -a’L<a<0, b>-a’L, b>|a[-2a’L (31.4)

Table 2 demonstrates the calculated coefficients of
quadratic equation (29).

Table 2. Values of the coefficients of equation (29) and its discriminant factor

1. Vs, GeV

2. 23.5 6.3140 1.3056 -87.1414 1,291.52 1,454.05
3. 30.70 6.8485 2.7740 -591.1049 29,067.25 31,489.28
4. 44.7 7.5999 2.6666 -0.6043 0.0326 0.0342
5. 52.8 7.9330 1.5982 -133.4911 2,351.80 2,787.49
6. 62.5 8.2703 1.6563 -143.4081 2,598.50 3,104.19
7. 2,760 15.8460 1.3543 -18.2366 49.66 61.39
8. 7,000 17.7073 1.0601 -4.3508 4.19 4.46

9. 13,000 18.9454 -0.3343 -0.8144 2.42 -

In this table, for the collision energies at the found
values of the parameters, the coefficients of equation (29)
are given and for p>0 factor that is included in the dis-
criminant. Since all r are positive, then for (unique) p<0,
the discriminant is always positive, i.e., it does not give
any restriction on the coefficients. For the complete set of

parameter values, the coefficient q turned out to be negative,
this reduces the number of resulting irregularities that need
to be verified. This also applies to inequalities for which r<0.

Further, Table 3 demonstrates the calculated cor-
responding parts of the inequalities, which include the
model parameters.
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Table 3. Calculated values of the expressions from inequalities (31.1, 31.2, 31.4) and inequality (23) from the study [13]
for the corresponding values of parameters a, b and ¢

(31.1), 2)
30.70 0.9523 3.95 -4.5957 284.9<308.8
44.7 0.645 -0.562 -4.6881 87.9<92.2
(p>0) a<0 bS (b>) |al-2’L (bi%i)z(g;);;/(?fﬂ?Jr
23.5 -0.3739 1.3990 -2.9851 130.33<146.72
52.8 -0.512 1.9365 -3.7084 264.65<313.69
62.5 -0.5436 2.0406 -3.8562 300.50<358.98
2760 -2.8607 -0.6804 -5.5694 896.25<1107.88
7000 -3.65 -2.901 -5.7703 571.72<608.73
(31.2)
(p>0) a<0 b12 -a’L (<a<0) (b>) |a|-2a’L
23.5 -0.3739 1.3990 -1.6785 -2.9830
52.8 -0.512 1.9365 -2.1094 -3.7068
62.5 -0.5436 2.0406 -2.1998 -3.8060
2760 -2.8607 -0.6804 -4.2161 -5.5715
7000 -3.65 -2.901 -4.7109 -5.7715
(31.4)
(p<0),a(<0) b19 (a<)-o’L (b>) -a’L (b>) |a|-2a’L
13000 -5.3738 -4.2338 -5.0395 -5.0395 -4.7052
a b c (na’/2ya)? 4a/(nc)?
44.7 0.645 -0.562 -0.01927 0.2707 703.97

Table 3 shows numerical calculations of inequali-
ties (31.1, 31.2) and (31.4), and from (31.1) only the second
part was to be calculated. This is marked in the second
line. The reason is related to the signs of the coefficients
of the quadratic equation, as already explained in the pre-
vious paragraph. The same reason for the lack of inequal-
ity analysis (31.3).

The first column of the table contains the values of
the collision energies, and the second and third columns
contain the values of the parameters a and b. In the fourth
column up to end including the twentieth row, the calcu-
lated values of the left or right parts of the corresponding
inequalities are given, and in parentheses — the param-
eters that relate to the constraint. Similarly, the fifth col-
umn shows the values of the left and right sides of the
corresponding inequalities.

The last two rows of the table represent the results
of calculations of inequality (23) obtained in [13] with pa-
rameter constraints not under general conditions.

Table 3 demonstrates that for the entire set of

parameters a, b and c the inequalities are met. Notably,
for the corresponding a and b, the inequality (21) from [13]
is also performed: a | b |>(7a’/2)*=0.15.

The possibility of using the model for further gen-
eralisations is determined according to the Fischer crite-
rion [15]. It is characterised by the correlation of the re-
maining amount to the recovery amount. The first sum
considers the errors of calculations based on the theoret-
ical model, where there are both experimental errors and
errors from an approximate solution of equations, and
the second - only experimental errors. The Fischer quan-
tile is calculated according to the formula (32):

21 2
_ i=1[(fi)exp —f(S, ti)] 2
T oy21 ;12
i=1[(fi)exp - ﬁexp] m
where f, ” is the average value of the experimental data
sample, m is the number of parameters, n is the number

of selected experimental points. The resulting quantiles
are presented in Table 4.

(32)
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Table 4. Value of Fischer quantiles for collision energies

Tabular value of F for m=3, n=21 with

a probability of 95% [15]

1 23.5 0.030
2 30.70 0.020
3 44.7 0.068
4 52.8 0.049 3.07
5 62.5 0.0043
6 2,760 0.37
7 7,000 0.036
8 13,000 0.0072

In Table 4 for high energies at which there are ex-
perimental data of differential cross-sections of elastic
pp-scattering represented is calculated according to the
Fischer quantile formula (31). The sample average for each
energy is the arithmetic mean of 21 experimental points,
which was used in calculating the parameters. The third
column shows that with the most used 95% confidence in
practice, Fischer quantiles are less than the critical value.
Thus, the model is statistically acceptable.

Conclusions

In the amplitude of elastic pp-scattering, which con-
tains a dipole pomeron with a linear trajectory and its in-
tersept equals 1, and the diffraction cone of the differential
cross-section is described by two exponents, the values of
the parameters and the scaling factor were found by the re-
gression method involving the least squares method. With
these values, the differential cross-sections around their
minima were calculated for eight energies. They coincide
better with the experiment at energies from 23.5 to 62.5 GeV
than for energies of 2.76, 7, and 13 TeV. The difference be-
tween the experiment and the theory at an energy of 7 TeV
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ITpocTra Mozesb I OMKCY OKOJIy MiHiMyMy ndepeHIiaTbHOTO Iepepisy Ipy:KHOTO
PpO3CigHHA IIPOTOHIB Ha IPOTOHAX 32 BUCOKUX €Heprii
Hop6ept Mocunosuy Benne!, Onekxcanzgp Isanosud Jlenzaen?, 3oaTan 3oaraHosud Topuy?

'Y>KropoZcbKUii HalliOHAJIbHUN YHIBEPCUTET
88000, Byn1. YHiBepcuTeTChKa, 14, M. YKropoz, Ykpaina

THCTUTYT eneKTpoHHOI ¢isnku HAH Ykpainu
88017, Bys1. YHiBepcuTeTChbKa, 21, M. YKropo/, YkpaiHa

AHoranig

AxTyanbHicTh. HaiicydacHIIIow i MMPOKO 3aCTOCOBAHOK (pEeHOMEHOJIOTIYHOI0 TEOPIi€lo, AKa J06pe OIMUCYE LU
crieKTp Gi3sMYHUX XapaKTEPUCTHK TaKUX IIPOIIECIB K MPYKHE i HEMPYKHE IPOTOH-IIPOTOHHE Ta aHTUIIPOTOH-TIPOTOHHE
PO3CiAHHA 3a BUCOKUX €Heprii, € MeToZ MoJtociB Pe/ke B peIATUBICTCHKiM Teopii. BUXoAsuu 3 MpocToi aMILTITYAH,
HaTpUKJIaZ AUIIOJIbHOI TIOMEPOHHOI, Jie TOMEPOH € MOJIIocoM Pe/rke, ZOCTIAHVKY A0AAIOTh A0 Hei pi3Hi wieHHU. 3a
TOTIOMOTOI0 TAKUX CKIaAHILIINX aMIUTITY/ BAAEThCA 0Ope a60 3310BUTHHO TOSICHUTH Pa30M HE TiTbKHU eKCIIEPUMEHTATbHI
JlaHi ISl 3raflaHuX peaklliif, OTpUMaHi B KiHIli MUHYJIOTO CTOJIITTS, ajie ¥ OCTaHHi, oZiepXKaHi Ha BeslMkoMy aZipoHHOMY
KoJanzepi.

MeTta. MeTo10 CTaTTi € 3HAXO/PKEHHS YHCETbHUX 3HAUYEHb [TapaMeTPiB aMIUIITy !, IIPU SIKUX 33ZJ0BUIBHO ONHUCYIOTHCS
OKOJIU MBHIMYMIB AridepeHIiaIbHUX Mepepi3iB MPYKHOT'O PO3CisTHHSA IPOTOHIB HA IIPOTOHAX 32 BUCOKUX €HEPTil, a
TaKOJX BiZIOBLUIb HA IUTAHHS, YX 33J0BOJIBHSAIOT TapaMeTPU OTPUMAaHUM OOMEKEHHAM.

MeTozau. /s 3HaX0MKeHHS TapaMeTpiB aMILTI TN BUKOPUCTaHO METO/ HaMeHIITUX KB paTiB i OTPYMaHO PiBHAHHSA
MiHiIMyMiB /11 KBaZpaTiB Pi3HULIb Mi’K eKCIIepUMeHTaTbHUMH Ta TEOPETUYHUMU 3HaUeHHAMM 3a3HaueHuX nepepisis. Li
PiBHAIHHS TPAHCLEHTAEHTHI, TOMY PO3B’I3YIOTbCsI HAOIKEeHHIO. B paMKkax MoCTiZIoBHIX HAO/IMKeHb BUOPAHO METOZ, SIKUI
3abe3mevye MBUAKY 301KHICTb ITPOIIeCy, a caMe: METO/] CKOPIIIIOTo CIIyCKy ab0 rpaZiieHTHHM MeTo . [ToxubKu mapameTpiB
064KCIEHO 3a JOIIOMOTOF0 KOBapialliiiHoi MaTpuili. CTaTHCTUYHA PUHHATHICTS MOJEI BU3HAYeHO 3a KputepieM Pirrepa.

PesynpTraTu. YncesbHUMU PO3paxyHKaMH 3 eKCIIEPUMEHTAIbHUX JaHUX AudepeHliaTbHUX Mepepi3iB MpyKHOTOo
PPp-pO3CisTHHA 3HAWEHO 3HAYEHHS TapaMeTPiB i MacIITabHOTO MHOXKHHKA aMIUTITYAN. 32 aMIUTITYAO0 B OKOJIi MiHIMyMiB
obuucieHo AndepeHLianbHi nepepisu. [TpescTasieHo BifnoBiaHi rpadiku 1yx epepisis. 36ir 3 ekcriepruMeHTOM B OUTBIITOCT]
BUIJIKIB 33/I0BIIbHII, B OKPEMUX — AIKiCHUH. OTpUMaHO KOBapialliiiHy MaTpUINO, 3 sIKOi 3Ha/IeHO IOXUOKY [TapaMeTpiB
Mozesni. [Ipy 3araJibHUX YMOBaX BHUBeJEHO OOMe)XXeHHsI Ha 3Hali/leHi HabJbKeHi 3HaYeHHs napaMmeTpiB. [lokasaHo,
110 BOHY OOMEKEHHAM 33/I0BOJIbHAIOTE. 3a KpuTepieM dilrtepa BUKOHAHO IIepeBipKy CTAaTUCTHYHOI IPUMHATHOCTI MOZIeT,
1110 BUABIJIACA TIO3UTHUBHOIO

BucHOBKM. 3anporioHOBaHa IPOCTa aMILIiTy/ia 3a6e3nedye BUKOHAHHs oOMexeHHs: Ppyaccapa Ta yHiTapHOCTi. BoHa
CITy>KUTHME SIK 3aTpaBajIbHa I TOOYA0BY OGUIBII CKIaZHUX aMIULTYZ, IO OMMCYBaTUMYyTh LIKPOKE KOJIO eKCIIEPUMEHTIB
[IPOTOH-IIPOTOHHOT'O ¥ aHTUIIPOTOH-IIPOTOHHOI'O PO3CifIHb 32 BUCOKUX €HePTiil

Kirro4oBi cjioBa: amIutityza, mapaMeTp, AUONIbHU TOMEPOH, KoBapialjifiHa MaTpHILs
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Abstract

Relevance. From the theory of hydrodynamics, it is known about the interaction of a pair of vortices in inviscid fluids.
The relevance of the study is conditioned upon the presence of many studies of numerical simulations of the interactions
of two vortices or two cylinders, but the lack of research of practical installations for observing the effects of attraction
and repulsion in fluid media may slow down research in this area for practical application.

Purpose. The purpose of this study is a practical demonstration of the possibility of the effect of double interaction in
the air, with the calculation of the approximate magnitude of the force tending to attract or repel each of the cylinders.

Methods. In a practical experiment, a pair of plastic cylinders are used, which are driven by engines and rotate next
to each other in the air at atmospheric pressure. Numerical simulation of the effect shows the nature of the effect and
allows predicting the magnitude of the force generated by rotating cylinders on each other. The relationship between
the directions of rotation of the cylinders and the observed effects was verified by numerical simulation using numerical
simulation of finite volumes of OpenFOAM version 9.

Results. In a practical experiment, a pair of rotating cylinders started interacting at 5-7 cm in the experiment, which
at a smaller distance of 2-3 cm created sufficient force to stabilise the vibrations of one of the cylinders around the
thread for which it is suspended. Numerical simulation shows that a zone of high or low pressure is formed in the space
between the cylinders, depending on the direction of rotation. The rotation of adjacent disks with opposite directions
of rotation helps the circulation of the other cylinder to maintain the flow velocity in the gap, which reduces the fluid
pressure between the rotating disks and attracts them. Conversely, rotating disks with the same direction extinguish
and compress fluid flows in the gap, which increases the air pressure between rotating objects above the stationary
pressure and repels them.

Conclusions. The results of the study provide a better understanding of the processes of fluid interaction, link the
dependence of the interaction force on the parameters of the medium and cylinders, and demonstrate the practical
possibility of applying the effects of interaction in fluid media

Keywords: interaction of circulations, fluid vortices, cylinder rotation, numerical simulation
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Introduction

Inspired by the similarity of the effects of electromag-
netism and rotating vortices [1; 2], and the presence of
studies of vortices for water and air environments in the
19-20 centuries [3; 4], the author found most studies using
only numerical simulations to describe vortices [5-7]. This
paper describes a practical experiment of controlled at-
traction and repulsion of rotating objects in the air, shows
the possibility of practical use of these interactions, and
applies numerical simulation to determine the interaction
forces using kinetic pressure values. The practical experi-
ment was performed in an air stationary environment at
atmospheric pressure. This effect can be a solution for the
engineering problem of contactless interaction between
objects, when electric or magnetic fields can adversely affect
the engineering mission.

Materials and Methods

The equipment for the experiment (Fig. 1) involved two
smooth plastic cylinders with a diameter of 50 mm and a
length of 100 mm. They were driven by two independent
motors from used hard drives, powered by a 12-volt DC
source via controllers for brushless motors designed to
consume no more than 1.5 amperes. One of the cylinders
was suspended on a thin wire to the frame, and the second
was in a free position for manipulating it with a hand. The
suspended position of one of the cylinders was chosen
to capture a weak effect. The wire was used instead of a
thread to reduce the unwinding of the cylinder due to the
properties of the thread to unwinding under tension. The
air around the installation played the role of a viscous me-
dium through which the cylinders interacted. The air was
stationary with an atmospheric pressure of 769 mmHg and
a temperature of 25°C. The geometric dimensions of the
cylinders, the rotation speed, and the air conditions were
used to calculate the Reynolds number (1) for practical
experiment. When both engines were turned on, the cyl-
inders were unwound to a stable speed of approximately
revolutions per minute, which is equal to 26.2 m/s. The
rotation speed was measured by a digital tachometer with
an accuracy of 0.05%.

Figure 1. Experimental equipment
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 pairQR? 1185 X 1047 X 0.0252

= = 1
Regir, 56 % 10 49,707 (1)

Nair

where R, is the radius of the cylinder = 0.025 m; L, is the
cylinder length = 0.1 m; () is the cylinder rotation speed =
= 10* RPM=167 RPS= 1,047 rad’; p,, is the air density at
25°C = 1.185 kg/m’; u__is the kinematic viscosity [8] of air
at 25°C =15.6x10° m%; n__is the dynamic viscosity of air =
=p,, Xu,, =18.3x10° kg(mXs).

Having put each cylinder into rotation (Fig. 2), a
boundary layer of air would form on the rotating body of
rotation due to the condition of adhesion to the surface
of the body with the effect of “no slip condition”, which
means that at the boundary of a solid object, a viscous
liquid flows at zero velocity relative to this boundary (Fig. 3).
When each cylinder rotates, this creates a very thin “bound-
ary layer” around the cylinder, the air next to the cylinder
simply rotates with it at the same speed (Fig. 4). The cylin-
der literally drags air with it. And in the next layers, rota-
tion in a viscous medium creates a vortex-free circulation
of the flow in a circle around the cylinder.

ol

Figure 2. Geometry of the rotating cylinder
Source: [9]

Figure 3. Boundary layer above the rotating disk

Source: [9]

Figure 4. Circulation around the cylinder
Source: [9]

To confirm the causes of the observed effects,
OpenFOAM version 9 numerical simulation software with
the PISO algorithm was used. The results of calculations
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and graphs were obtained after a simulation lasting  this paper. The difference between simulations is presented
40 seconds. The results of 4 simulations are presented in  in Table 1.

Table 1. Boundary layer and environment parameters for different simulations in OpenFOAM?9

Boundary layer conditions in simulation Parameters of kinematic viscosity
of one of two cylinders and medium pressure
(file 0.orig/U) (transportProperties file)
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Attraction in the air vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-100007]1.56e-05;
rot = -10000.0/60%6.28*vector(0,0,1)™(Cf-vector(0.075,0.0, rhorho[1-300000]1.185;
0.0));
operator==(rot);
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Repulsion in the air vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-100007]1.56e-05;
rot = 10000.0,/60%6.28*vector(0,0,1)~(Cf-vector(0.075,0.0, rhorho[1-300000]1.185;
0.0));
operator==(rot);
#1};
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Attraction in water vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-100001]0.903e-06;
rot = -10000.0,/60%*6.28*vector(0,0,1)"(Cf-vector(0.075,0.0, rhorho[1-3000001]997.3;
0.0));
operator==(rot);
#1};
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Repulsion in water vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-10000170.903e-06;
rot = 10000.0/60%6.28*vector(0,0,1)~(Cf-vector(0.075,0.0, rhorho[1-300000]997.3;
0.0));
operator==(rot);

Results and Discussion cylinder approached, the more the hanging cylinder was

At the first start, the cylinder motors rotated in one direc- repelled, and the force generated by the flows was suffi-
tion, the manual cylinder was brought to the hanging cyl-  cient to keep the hanging cylinder from meeting the hand
inder and at about 7 cm or less, the hanging cylinder was  cylinder, and not allow the hanging one to return to the
repelled from the manual cylinder. The closer the hand  equilibrium position of the stretched wire (Fig. 5).

Figure 5. Demonstration of repulsion

Source: [9]



Changing the experimental conditions and rotating
the cylinders in opposite directions, the manual cylinder
was also brought to the hanging cylinder. Therewith, the
attraction of the hanging cylinder to the manual cylinder
was observed at a distance of 5 cm or less (Fig. 6). Not
removing the manual cylinder in time often led to contact
and unbalancing of the hanging cylinder.

Figure 6. Demonstration of attraction

When the hanging cylinder was unbalanced, to per-
form several experiments in a row, it was necessary ei-
ther to stop the hanging cylinder to balance it and start
it slowly, or to slow down its rotation on the thread by
repulsion or attraction in the air. This was achieved faster
with mutual repulsion than with mutual attraction. The
force of mutual attraction increased with the approach-
ing, and without prompt removal of the manual cylinder,
their collision led to an imbalance of the hanging cylin-
der. The high speed of rotation and the lack of support
points did not allow reducing the distance between the
cylinders less than 3 mm.

The vortices created by the cylinders are similar to
vortices generated under the water column in streams with
a negative longitudinal velocity gradient near the solid
boundary [10]. A pair of natural vortices were unstable [11]
and tended to unite with unidirectional rotation [12], and
with the opposite rotation, destruction caused the devel-
opment of the Crow instability, which leads to multiple
curvatures of the vortices [13]. Similar processes and re-
sults were demonstrated by E. Dormy and H.K. Moffatt [14].
They describe the behaviour of medium flows in conditions
of short distance, contact, and negative distance between
two cylinders. At the point of contact, the total interaction
force F, comprising viscosity forces, pressure forces and
contact forces, is F, zero.

Simulation of a single cylinder

As the velocity of the boundary layers increased, the vis-
cous airflow flowed around the cylinder, forming separate
vortex-free airflow circulations in the form of concentric
circles [15; 16] (Fig. 7). With a sharp start of rotation of the
cylinder, vortex flows may be observed at first, but after
a few seconds the circulation became vortex-free. Viscous
friction considerably affects the behaviour of the medium.
Due to the forces of viscous friction, the circulation of
fluid flows occurred around a rotating cylinder. In the
boundary zone of the air and the cylinder, the pressure

Effects of repulsion and attraction between rotating cylinders in fluids

was the lowest due to the high flow velocity (2), which is
consistent with the Bernoulli equation for viscous fluids:

0,2 2
P1+Pgh1+p71=

pY;
P, + pgh, +T+hL 2

Figure 7. Circulation of one cylinder in a simulation
with a rotation speed of 10*rpm

The velocity of fluid circulation around the cylinder
is inversely proportional to the distance from the cylinder
r* (3) (Fig. 8).

U_M itude

Figure 8. Distribution of the circulation velocity around
one cylinder in the simulation at a speed of 10* rpm

oL 3)

r2

When rotating, the cylinder carries away the ad-
jacent layers of air, causing its circulation. Vortex-free
circulations of a viscous medium cover the entire space
outside the cylinder, provided that the space around is
boundless. But if the space is limited, e.g., by walls, then
swirls occur near the walls. But the flow velocity in these
vortices was much less than the main flow near the cylin-
der, so they were not considered in the observations of
effects. The greater the viscous friction, the more stable
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the circulation, and the slower the circulation rate de-
creases, moving away from the cylinder. The velocity of
the fluid flow was different at the walls and away from
them. If one enters the transverse (perpendicular to the
velocity vector) coordinate of the distance from the cyl-
inder surface r, then the fluid velocity is a function of this
distance v(r) (Fig. 6). This dependence is determined by
the transmission of momentum in the transverse direc-
tion or otherwise by the velocity gradient, as in the case
of a viscous gas (4):

dv
]p =-nX E €]

The interaction force of adjacent layers touching
on the surface S is equal to (5):
dv

F = —
nxdxxS (5)

Moving away from the cylinders, the circulation
rate decreases, keeping the pressure close to stationary,
which is higher relative to the cylinder (Fig. 9).

of [—#]

[ (153 1 108 T

Figure 9. Distribution of kinematic pressure of one
cylinder in the simulation

Preparation of the grid for simulation

In the area near the cylinder surface where higher accuracy

is required, a fine mesh is used. Moving away from the
surface, the mesh becomes rougher (Fig. 10).

Figure 10. Computational grid

The effect of fluid attraction in the simulation

Two cylinders with a diameter of 0.05 meters at 0.025 meters
from each other were configured to rotate in opposite di-
rections, e.g., one cylinder was configured to rotate coun-
terclockwise and the other one — clockwise. The flows
converged between the cylinders, maintaining a circula-
tion velocity greater than zero, and lowering the pressure
between them (Fig. 11). The circulation rate of the fluid
flow between the cylinders did not decrease to zero, it
was maintained by the circulation of the adjacent cylin-
der (Fig. 12). The pressure difference P, | =P, outside the
cylinders and P, =P, between the cylinders created an
attractive force acting on each cylinder separately, directed
from the outside of each cylinder into the interior of the
space between the cylinders (Fig. 13).

Figure 11. Tracing of airflow circulation in simulation
with multidirectional rotation of the boundary
layer of air

Figure 12. Distribution of airflow velocities in
simulation with multidirectional rotation of the
boundary layer of air

Figure 13. Distribution of air pressure in simulation
with multidirectional rotation of the boundary
layer of air



The force arising from the difference between ex-
ternal P, and internal pressure P, was calculated using the
formula from the definition of pressure (6), and the pres-
sure difference as (7) [121]:
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Then the force F is equal to the product of the pres-
sure difference by the area of the surface experiencing
pressure (8):

F F =A P;,A (8)
P = " (6)
The simulation results (Fig. 14b) demonstrate that
where P =P, — P, =AP,, (7)  the minimum pressure between the cylinders is (9):
E——17 mz/ - P __17m2/ x 1.185 kg/m3 = — 20.145 P )]
o 52 2= 52 . g/m- = . a

B
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Figure 14a. Graph of airflow parameters near and
between cylinders with multidirectional rotation of the
boundary layer of air: Flow velocity

If one sets the pressure outside the cylinders to at-
mospheric stationary as P,=0 Pa because numerical sim-
ulation sets the stationary pressure as 0 m%s? where the
velocity of the fluids is minuscule compared to the veloc-
ity of the cylinder itself, then the pressure difference (7)

relative to atmospheric is (10):
AP, =0—(—20.145) = 20.145 Pa (10)

The contact area A of the external pressure towards
the space between the cylinders is equal to half of the sur-
face of the cylinder (11-12):

27R

*

Lyt (an

A= 2 % 3.1415 x 0.025

> x 0.1 = 0.00785375 m2(12)

Using the pressure difference AP,, (10) and the
contact area A (12), the force F is calculated as (13):

air_attract

Fair aterace = 20.145 X 0.00785375 = 0.158 H (13)

Using the values (12; 18), the force F, _is calcu-
lated. For this, the authors of this study set P,=0 Pa for
water as well as for air, and the main characteristics of

water at 25 as (14; 15; 16):
Pwater = 997.3 kg/m? 14

Upater = 0.903 X 1076 m? /s (15)

o [=¢]

5

Figure 14b. Graph of airflow parameters near and
between cylinders with multidirectional rotation of the
boundary layer of air: Kinematic pressure

Nwater— Pwater X Mwater = 0.901 X 1073 kg/(m xs) (16)

The kinematic pressure between the cylinders was
given from the graph (Fig. 15) and was reduced to a change
in dynamic pressure (17; 18; 19).

P

~=-95 m a7

P,=-95M/ ;%9973 %9/ . = _94744Pa ()

AP, =0-(-9474.4) =9,474.4 Pa 19

Figure 15. A graph of the kinematic pressure
of the water flow near and between the cylinders
in a simulation with a multidirectional rotation
of the boundary layer of air
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Using the dynamic pressure difference AP, and
the contact A area, the force F is calculated as (20):

water_attract

Fuvater attrace = 9,474.4 X 0.00785375 = 74.4 H (20)

4

\

A graph is given for a visual analysis of the difference
in the rate of change of kinematic pressure for water and
air in the interval between the cylinders with multidirec-
tional rotation, from 0 to 3 seconds (Fig. 16).

35

—@— Air —®— Water

Figure 16. A graph of the pressure drop between the cylinders over time in a simulation with a multidirectional
rotation of the boundary layer of air and water

The effect of fluid repulsion in the simulation

Both cylinders are configured to rotate in the same directions,
e.g., one cylinder was configured to rotate counterclockwise,
and the other one — clockwise. As the velocity increased,
their boundary layers accelerated the airflow around each
of them, forming separate airflows in the form of concen-
tric circles. Bringing the cylinders closer as the velocity
of the boundary layer increases, the airflows around the
cylinders combine to form a single flow (Fig. 17). But not
all the flow moved in a laminar fashion around the cylin-
ders. The airflows at the boundary layer of the cylinder,
pressed down by the external atmospheric pressure, were
still trying to move around each of the cylinders. But try-
ing to move between the cylinders, they met an oncom-
ing flow from the neighbouring cylinder. This collision of
flows stopped circulation in the centre and created ex-
cess pressure between the cylinders (Fig. 18). This excess
pressure was greater than atmospheric pressure, and it
enabled both cylinders to tend to push off from the zone
between the cylinders. In addition, due to the collision of
oncoming circulation flows, the flow velocity between the
cylinder tended to zero (Fig. 19).

Figure 17. Tracing of airflow circulation in simulation
with unidirectional rotation of the boundary layer of air

Figure 18. Distribution of airflow velocities
in simulation with unidirectional rotation
of the boundary layer of air

Figure 19. Distribution of air pressure in the simulation
with unidirectional rotation of the boundary layer of air

Using formulas (7; 8; 11) and data from the graph
(Fig. 20a, 20b), the dynamic pressure difference AP
AP

12water

sive forces were F F

air_repel = water_repel

12air

was calculated as (21; 22; 24; 25), and the repul-
calculated as (23; 26):
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P. .

2;”’ = =55 ™"/ 5 Py qy = —55™/ ;X 1.185 kg/m® = — 6.5 Pa @D
APy qir =0 — (=6.5) = 6.5 Pa (22)
Fair repet = 6.5 X 0.00785375 = 0.051 H 23)

P
water 65 M/, Py = —65™/ , X 997.3 kg/m? = - 6,482.5 Pa (24)
APy, =0—(—64825) = 64825 Pa 25)
Fater repet = 6,/482.5 X 0.00785375 = 51 H 26)

Figure 20a. A graph of the kinematic pressure of the
flow near and between the cylinders in a simulation with
unidirectional rotation of the boundary layer for air

Conclusions

The results obtained using numerical methods confirmed
the presence of a pressure difference that causes the ef-
fects of attraction and repulsion in a fluid medium of two
or more rotating cylinders. This study has proven that the
effects are more pronounced in water compared to air.
There is also a direct dependence of the force of interac-
tion on the density of the medium, on the speed of rotation
of the cylinders and the distance between the cylinders,
which directly affect the difference between the pres-
sure generated outside and inside between the cylinders.
Kinetic viscosity affects the speed of pressure change.
The lower the kinetic viscosity, the slower the mole-
cules of the medium transmit momentum further away
from the cylinders, and it will take longer to achieve the
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Figure 20b. A graph of the kinematic pressure of the
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EdexTu BiAIIITOBXYyBaHHA i IPUTATHEHHS MiK 00€pTOBUMHU HWIiHAPaMH Y Giroigax

Baaum OsekcitioBn4d OcTaHiH

AHoranig

AxTyasibHiCTB. 3 Teopii ripoguHaMiKK BiJOMO ITPO B3a€EMO/I0 TMapy BUXOPIB y HEBI3KUX (IIroiZiax. AKTyalbHICTh
JOCTiIKEeHHS 06yMOBIeHA HAsIBHICTIO JOCTIIKEHb YMCIEHHUX CUMYJIAIIHN B3aEMOZii IBOX BUXOPiB ab0 ABOX LWIIHAPIB,
SIKi He IOCTIIKYIOTh PAKTUYHI yCTaHOBKU JIA CIIOCTEPEKeHHs e(peKTiB IPUTATHEHHS Ta BiIITOBXyBaHHA Y QIIOIAHUX
cepeoBHINAX, IO MOXKe raJlbMyaTH JOCTIZPKEHHS B I1ili 06J1aCTi IS TPaKTUYHOT'O 3aCTOCYBaHHS.

MeTa. MeTor0 1IHOTO AOCTIKEHHS € MPAKTUYHA JEMOHCTPALlis MOXJIUBOCTI eeKTy MoABiiHOI B3aeMOZil B TOBITPi 3
BUpaxyBaHHAM MPUOIU3HOI BETUUYUHU CUJIH, IKa HAMAara€TbCs MPUTATHYTH ab0 BiAIITOBXHYTH [T HAPH.

Metozu. Y npakTHUYHOMY €KCIIepUMEHTiI BUKOPHCTOBYEThCA Mapa IUIAaCTUKOBUX IWIIH/APIB, AKi IPUBOAATHCA B PYX
JBUTYHAMHU i 00ePTarOThCsI OJWH ITOPYY 3 iHIIIMM Y IIOBITpPi IIpH aTMOchepHOMY THUCKY. YKMCIOBE MO/IEIIOBaHHS epeKTy
MoKasye mpupoAy edeKTy i Z03BoJsiE€ mepeAdadynT BEIUYUHY CHJIM, CTBOPIOBAHOI IWIHAPAMHU, 1[0 06epTaloThCs
OJIMH /IO OJTHOTO. 3B’sI30K MiK HaIIpIMKaMy obepTaHHsI HIIIHAPIB i criocTepexxyBaHUMU edeKTaMu OyJI0 TepeBipeHo
YHUCIEHHUM PO3PaxXyHKOM 3a ZIOIIOMOT010 YHCIEHHOTO MOZIEIIOBaHHS KOHEYHUX 00>eMiB ¥ OpenFOAM Bepcii 9.

Pe3ysnbTaTu. Y npakTUYHOMY €KCIIEPUMEHTI ITapa IWIiHAPIB, 110 00epTaroThCs IIOYMHAIA B3AEMO/iI0 Ha BiIcTaHi 5—7 cM,
Ta 3a BiZIcTaHi 2—3 CM CTBOPIOBAJIO IOCTATHIO CIUTY, abU CTabiTi3yBaTH KOJMBaHHSA OZHOI'O 3 IIWIIHAPIiB HABKOJIO HUTKH,
3a Ky BiH HigBimeHu#. YncieHHa CUMYJIALA TOKa3ye, 110 B IIPOCTOPI IFUIIHAPaMH YTBOPIOETHCSA 30HA BUCOKOTO abo
HU3BKOTO THCKY B 3aJIEXKHOCTI Biff HApsAMKy obepTanHs. O6epTaHHsA CyCifHIX AUCKIB 3 IPOTHIEKHUMU HalPAMKaMU
PyXy ZoIoMarae UMPKYJALii iHIIoro uIiHgpa NiATpUMYyBaTH MIBUAKICTb IIOTOKY B 3a30pi, 10 3HIKYE TUCK PiAUHU
MiX IWIIHAPaMU i NPUTATYE ixX. | HaBmaky, UWIiHAPH, 110 00epTaIOThCA B OJHOMY HAIPSIMKY TacAThb i CTUCKAIOTh
PIAVIHHI TOTOKY B INMapHHI, 10 36iIbIIye TUCK TMOBITPS MiXK IIWIIHAPAMHU, 110 06€pTaIOThCSA, BUIIE CTAlliOHAPHOTO
THUCKY i BiAIITOBXYE iX.

BuCHOBKHU. Pe3ynbTaTu Jal0Th MOXXIUBICTH JeTalbHIille po3yMiTH mpolecu GI0iZHOI B3aeEMOZil, ZOCTiKyBaTh
3aJIeXKHICTh CWIY BiJ] BIUIUBY CepeZloBHUIIA Ta IWIIHAPIB i IOKa3yl0Th IapaMeTpy PaKTUYHOI MOXJINBOCTI 32CTOCYBaHHA
edekTiB B3aeMoZii B piIUHHIX cepeOBUIIAX

KirrouoBi cjioBa: B3aeMozist HUPKYJIsALiii, GJIroiZiHI BUXOpH, 06epTaHHA HWIIHAPIB, YMCTEHHA CUMYJIALS
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Abstract

Relevance. The technological process of manufacturing parts from high-strength cast irons is simpler and more
economical than the process of manufacturing parts from steel. Cast irons are less sensitive to stress concentrators
and strike loads. Spheroidal graphite cast irons can achieve DI 70 grades even in the cast state. Through
hardening heat treatment or additional alloying, it is possible to produce cast irons of higher strength (grades
DI 80 and above). As the strength properties of cast irons increase, disadvantages in the form of low ductility
and plasticity become increasingly apparent. These problems can be compensated by providing an ausferritic,
bainite or bainite-austenitic structure of the metal matrix of cast irons. A good solution is to obtain cast irons with
a complex structure of the bainite-ausferrite type. In this regard, the relevance of this work is due to the fact that,
in the practice of modern mechanical engineering, high-strength cast irons are increasingly used.

Purpose. The purpose of this work is to study and obtain the bainite structure due to isothermal hardening. To
achieve which specific features of isothermal transformation in high-strength cast iron with spheroidal graphite
have been considered.

Methods. This research was based on a theoretical method (analysis, synthesis, concretization, generalization,
modeling), and empirical methods (study of research experimental works of scientists and their experience in
this or similar field with the application of similar designs and study by experienced specialists).

Results. The possibility and efficiency of obtaining the bainite structure in economically alloyed nickel, copper
and molybdenum, in the amounts, respectively, of 1.0; 0.5 and 0.5%, of cast irons using continuous cooling in
air has been established.

Conclusions. The results and conclusions formulated on their basis can be used in the future as an effective
scientific basis for studying the prospects of application of isothermal hardening of alloyed and unalloyed
high-strength spheroidal graphite cast irons
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Introduction

With the creation of eco-friendly technologies, includ-
ing resource-saving technologies, the development of
mechanical engineering is gaining a rapid pace. Such
technologies make it possible to significantly increase
the performance as well as the mechanical properties
of castings, thereby reducing their metal consump-
tion and dimensional accuracy. After high-strength
cast iron with spheroidal graphite shape isothermal
hardening, it becomes the optimal material for man-
ufacturing parts used in abrasive and shock-abrasive
wear conditions. In alloyed cast irons the processes
of structure formation are characterized by increased
sensitivity to kinetic factors. Castings from high qual-
ity cast irons, form a cast structure. This is primarily
due to the crystallization process and the occurrence
of conditions that determine the nature of the primary
phases formed. After all, the nature of distribution,
shape and number of phases depends on the chemical
composition, factors of iron production in metallurgy.
In the melt, under conditions of deep supercooling
and oversaturation with carbon, the “nucleation” (i.e.
inclusion) of graphite occurs. In turn, during eutectic
crystallization of high-strength cast iron, the graph-
ite phase develops around austenite and produces an
equiaxed form of eutectic graphite inclusions. This is
mainly due to the course of diffusion processes. Stress
concentrators to some extent accelerate the nucleation
and development of cracks, which is fraught with the
destruction of the part. Such inclusions can occur in
castings made of alloyed high-strength cast irons, due
to the high chemical activity of the alloying elements.
Casting defects or any other nonmetallic inclusions
other than concentrators can also occur.

In order to obtain homogeneous austenite, the
castings are heated to the critical region and held to
form homogenization, which is the first stage of heat
treatment. Considering the initial structure of the iron
base and its chemical composition, the austenitizing
temperature and holding time are selected. Ferrit,
which is in large quantities in the initial matrix struc-
ture, does not allow at hardening temperatures to
achieve the desired saturation (at 0.6-0.7% carbon, C)
of austenite, as reported in two papers by J. Hernando
etal. [1; 2], where the microstructure of austenite was
investigated. As a result, the austenite is less resistant
and the start of its decomposition in isothermal condi-
tions decreases in the data of the incubation period. In
order to dissolve carbides and homogenize austenite,
provided there are free carbides or cementite at least
in small amounts, it is necessary to increase the dwell
time and quenching temperature. H. Hu et al. [3]
reported that the decomposition of austenite during
isothermal hardening accelerates with complete dis-
solution of carbides, other particles and stabilization of
austenite, which can be achieved with prolonged hold-
ing time in the range of 950°C and above. However,
significant heating during austenitization can lead to

an increase in the austenitic grain, which implies a
decrease in ductile properties. But at the same time,
there is an enrichment of residual austenite and a de-
crease in the diffusion time. For example, in the work
of S. Hasan et al. [4] reported that the amount of
spherical graphite and the degree of spherules, affect
the properties of bainite cast iron, the increase in the
number of inclusions as a result gives a uniform fine-
grained structure of the input iron, and consequently
an increase in its mechanical abilities.

The size of graphite inclusions directly affects
the rate of reaching the equilibrium state of cast iron,
the larger they are, the longer it takes to reach this
state, and, in turn, the rate of dissolution of these in-
clusions, is a diffusion process. Using the diagrams of
isothermal transformation of supercooled austenite,
and taking into account the chemical composition of
cast iron, determine the holding time and the choice
of cooling rate to the temperature of isothermal
transformation. The duration of isothermal soaking
and temperature, have the greatest influence on the
structure of the metal base and, in particular, on its
formation. Isothermal soaking determines the disper-
sity of the matrix as well as the completeness of the
decomposition of austenite. The structure and phase
composition of austenite decomposition products are
quite complex. The shape of bainite changes with de-
creasing temperature, from porous (upper bainite), to
needle-like (lower bainite). Always when quenching
to bainite, the structure contains residual austenite.
As the isothermal holding temperature increases, the
residual austenite content will increase. The impact
toughness and ductility have a fairly wide range of
changes depending on the duration of holding during
isothermal processing, but the strength properties are
not greatly affected. Austenite cannot turn into bainite
if there is insufficient holding time and upon further
cooling, it turns into martensite, which has low duc-
tility but high strength. Generally, because of the high
silica content, carbide formation usually does not occur.
In the work of M. Soliman & H. Palkowski [5] inves-
tigated the properties of martensitic-ferritic steels,
where the results show that the ideal combination of
ductility and strength characteristics, it is considered
the complete transformation of austenite into bainite
and the absence of martensite in the base.

Materials and Methods

This research, fundamentally studied work was based
on a qualitative, reliable combination of proven theoret-
ical methods (analysis, synthesis, concretization, gen-
eralization, modeling), and empirical methods (study
of research experimental works of scientists and their
experience in this or similar field with the application
of similar designs and study by experienced specialists).
The theoretical basis of this scientific work is mainly
thematic studies consisting of scientific, research and



review scientific articles, which include experimental
methods and descriptions of experiments. Analyses,
statistics and other types of works of researchers,
taken from official sources with reliable information,
aimed at the study of a large number of problematic
issues that may appear during the application of the
highlighted methods related to isothermal hardening
of cast iron with spheroidal graphite.

At the first stage of scientific research its ba-
sic theoretical basis was prepared, on the analysis of
which the basis for further conclusions is built. At this
stage of scientific research the search and analysis of
various reliable sources of information was performed.
A large number of information resources devoted to
increasing the strength of cast iron with spheroidal
graphite using isothermal processes were reviewed
and filtered. The collected data were reviewed and
systematized for a simplified, quick and qualitative un-
derstanding of the information. A systematic analysis
of the work and evaluation of tmethods of obtaining
bainite structure in cast irons with spheroidal graphite
was made and other ways of increasing the strength
grade of cast irons were investigated. The main ques-
tions that can be effectively and qualitatively solved
with the help of practical use of modern methods and
technologies are outlined.

At the second stage, authors solved the problem
of determining the possibility of obtaining the bainite
structure in nickel, copper, and molybdenum-alloyed
ductile cast irons using continuous cooling in air.
Heating temperatures from 870 to 930°C were chosen.
The results also show microphotographs for each tem-
perature interval.

At the next stage of scientific research, an analyt-
ical comparison and in-depth study of the materials of
the studied works was performed. Most of them in-
cluded analyses, theoretical information and descrip-
tions of the experience of various methods of improv-
ing the quality of cast irons and steels. Experiments by
scientists on the topics of austenitization and marten-
sitization of metals, as well as the production of nano-
bainite steels, their advantages and peculiarities, were
analyzed in detail. The peculiarities of bainite transfor-
mation in graphitized cast irons, study of structure, me-
chanical and operational properties of cast irons were
studied. The conclusions obtained as a result of research
works were analyzed, specified and verified.

At the last stage, materials were completed,
theoretical and practical conclusions were specified,
and the data obtained were generalized, checked, and
systematized. The results and conclusions formulated
on their basis can be used in the future as an effective
scientific basis for studying the prospects of applica-
tion of isothermal hardening of alloyed and unalloyed
high-strength cast irons with spheroidal graphite.

Isothermal transformations in high-strength cast iron

Results

This study considers the peculiarities of isothermal trans-
formation in high-strength cast iron with spheroidal
graphite. The possibility and efficiency of obtaining
bainite structure in economically — alloyed with nickel,
copper and molybdenum high-strength cast irons with
spheroidal graphite cast in a metal mold by continuous
cooling in air has been established. According to the
standard technology, some parts of shut-off devices,
including the slide valve, made of 40X steel, should be
subjected to extensive hardening or normalization fol-
lowed by nitriding to ensure high wear resistance and
durability. This treatment is not suitable for cast iron.
It is dangerous to subject cast iron parts to bulk hard-
ening because of the possibility of cracking. Nitriding
is also inadvisable because of the considerable dura-
tion of the process and the brittleness of the resulting
layer. High durability of parts made of economically
alloyed cast iron can be ensured by obtaining bain-
ite structure in it by means of isothermal treatment
or by some other method. It is known that a material
with such a structure is not inferior to nitrided cast iron
in terms of wear resistance, because the highest wear
resistance belongs to cast irons with a bottom bainite
structure, while the strength of isothermally hardened
cast irons is at a high level.

Many works are currently devoted to the study
of methods for obtaining bainite iron. For example,
one of them is the creation of a bainite matrix in cast
iron. However, this method is complicated, requires
the use of significant complex alloying additives and
does not guarantee a homogeneous structure due to
liquation and micro-liquation of the elements in the
cast iron that develop during crystallization. For duc-
tile cast irons, this method is even more unacceptable,
since they must necessarily undergo graphitizing an-
nealing. Therefore, isothermal hardening is a more
expedient method for these conditions for obtaining
the bainite structure in cast iron. It makes it possible
to form bainite without pearlite inclusions and struc-
turally free ferrite. It makes it possible to form bainite
without pearlite inclusions and structurally free ferrite.
At the same time this method requires special equipment
and additional production area for placing hardening
tubs, the use of scarce alkalis as hardening media. The
complexity of the method also consists in the difficulty
of ensuring the temperature constancy of the tubs, which
is associated with high energy costs.

For cast irons, especially those alloyed with
nickel, copper and molybdenum, in amounts of 1.0;
0.5 and 0.5%, respectively, it seems possible to obtain
a bainite metal base during continuous cooling. The
alloying additives should help to increase the stability of
austenite in the pearlitic area. It is necessary to check
whether it is possible to obtain the bainite structure in
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cast iron alloyed with nickel, copper and molybdenum
under conditions of continuous cooling, what sizes of
additives are required in this case, how homogeneous
is the resulting structure and what level of properties
can be ensured as a result of such treatment. After
all, the presence of structural heterogeneity, as well
as differences in the ratio of phases in the matrix can
significantly affect the mechanical properties of the
alloys under study. It is necessary to assess the degree
of influence of these factors on the level of guaranteed
properties of cast irons. Therefore, this work solved
the problem of establishing the possibility of obtain-
ing the bainite structure in nickel-, copper-, and mo-
lybdenum-doped ductile cast irons using continuous
cooling in air.

Such a treatment can be performed with heating
above and beyond. It does not seem to make sense to
conduct heating in the intercritical region, since this
can lead to strengthening the already strongly devel-
oped heterogeneity in the iron matrix. In addition, it
is important to ensure the stability of pre-cooled aus-
tenite in the area of pearlitic decomposition, and this
will be more fully achieved after heating higher. For
this reason, heating temperatures from 870 to 930°C
were chosen for the study. The heat treatment uses
tightly controlled temperature modulation to improve
certain wanted characteristics of the metals, such as
performance and durability. Isothermal hardening is a
heat treatment process designed for the treatment of
metals with medium to high carbon content. The main

purpose of isothermal hardening is to reduce defor-
mation while increasing the strength and toughness of
the metal. This is done by heating the product until the
metal becomes austenitic and then hardening to precise
temperatures and leaving it there for intervals of time.

Alloyed and, for comparison, unalloyed sphe-
roidal graphite high-strength cast irons were subjected
to isothermal hardening. The structure of bainite de-
pending on the temperature of isothermal aging was
studied on unalloyed cast iron samples. At the same
time, the aim was to establish the connection between
the initial structure of the matrix and the rate and
completeness of the bainite transformation. The last is
important in the development of production technol-
ogy. The austenitizing temperature was 910°C, which
is 50°C higher for the alloy under study. The holding
time was 15 min, isotherm temperatures: 350, 400
and 450°C. During hardening, ferritic and pearlitic
iron samples were subjected to the same heating in
the furnace and simultaneously transferred to the tub.
Exposures in the tub ranged from 30 s to 20 h. After
isothermal soaking the samples were cooled in water.
At low dwellings in the tub the cast iron acquired high
hardness. This was due to the presence of a signifi-
cant amount of martensite formed during precooling
of the samples from the isothermal temperature in
water. The bainite transformation in ferrite cast iron
develops slower in the beginning than in pearlitic cast
iron, as evidenced by their high hardness. The results
obtained are shown in Table 1.

Table 1. Hardness of ductile iron with nodular graphite after isothermal quenching

450 |

400

| 350

Cooling time of cast iron (t.

)

isot.

30s 50s 100s 16m 2h  60s = 90s 10m 16m = 2h  90s = 120s 10m 16m 2h

pearlitic

512 444 340 321 - - 387 375 321 - | 425 402 364 351 351
ferritic

512 512 512 - 248 496 496 283 241 187 532 512 340 283 -

Source: [6]

The bainite transformation starts to develop in-
tensively in cast irons with a ferritic initial structure af-
ter more than 10 minutes of holding. At temperatures
of 400 and 350°C it practically ends in 15-16 minutes,
the obtained microphotographs are shown in Figure 1.

Cooling in the tub at 350°C leads to the formation of the
lower bainite (Figs. 1; 2), at 400 and 450°C to the upper
bainite. In the structure of the samples treated at 450°C,
with dwell times of more than 16 min. In Figures 3-5 it
can be clearly seaw the small isolations of carbides.
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Source: [6]

Source: [6]

Source: [6]

Figure 4. Microphotographs of carbide isolation

Source: [6]



Hasanli et al.

Figure 5. Microphotographs of carbide isolation

Source: [6]

The isothermal hardening process hardens
medium- and high-carbon iron alloys, as well as car-
bon steel, by heating the metal to a temperature that
breaks down its crystal structure until it becomes aus-
tenitic. Once the work becomes austenitic, the processes
of martensitization or austenitization diverge into mar-
tensitization and austenitization.

Martensitization:

— to prevent austenite from turning into bainite or
pearlite, this piece is quickly and successively hardened;

— having reached a homogeneous temperature of the
material in front of the initial temperature of formation
of martenite, the transition to the last step follows;

— air cooling to room temperature.

Austenitizing:

— having converted to austenite, the next step is
to harden this piece to a temperature just above the
temperature at which bainite begins to form;

— to turn austenite into bainite, the part must be
kept at the required temperature for a while;

— finally, the piece is air-cooled or hardened in water.

Austenitizing and martensitizing have a wide
range of advantages for many industries. The main ones
are:

— increased strength. The crystalline structure of
martensite or bainite, after isothermal hardening sig-
nificantly hardens the metals, unlike untreated metals.

— impact strength. Where untreated metals can tear
or crack, austenitic components are likely to withstand
impact while retaining their shape. Hardened metals
have this property because of their exceptionally strong
crystalline structure.

- reductionn of distortion. They show less defor-
mation compared to untreated steel because of the
ductility acquired during the hardening process. For
thin components, which need to maintain their di-
mensions during and after treatment in this way, this
is a particularly useful property.

The main differences between austenitic and
martensitic hardening:

1. Achievable hardness:

— martensitization — Rockwell hardness up to c65;
— austenitizing — Rockwell hardness up to ¢35-54.

2. Physical properties:

- martensitization — high strength, good impact
toughness;

— austenitization — high strength, highest impact
toughness.

3. Distortion control:
— martensitization — very good;
— austenitizing — excellent.

For example, a carburized gear wheel with a
required Rockwell hardness of ¢ 61-62 that is outside
the austenitic tempering range should be subjected to
martensitic tempering. A lawn mower blade requiring
a Rockwell hardness of 46-48 should be austenitized
to give it greater hardness to resist dents in use. Aus-
tempering is a special type of heat treatment in which
austenite is converted to lower bainite. Generally, in
conventional heat treatment, the austenitic structure
turns into pearlitic or martensitic structure during
continuous cooling methods. The process proceeds as
follows: Heating the steel above the austenitizing tem-
perature, hardening in a tub (usually a salt tank) at
a constant temperature above the temperature of the
particular steel (200-400°C), waiting in the tub until
the bainite transformation is complete and finally cool-
ing the steel part to room temperature with air or any
other preferred method. In the literature, the austen-
itizing process is sometimes referred to as isothermal
hardening or because of the isothermal heating mode
of the process.

Tempering tubs play a crucial role in the auste-
nitic tempering process, since maintaining the same
temperature for a period of time is the basis of this
heat treatment. However, because of the relatively high
tub temperatures, oils are not a suitable hardening
medium for this process. Instead, various molten salts
are used in these tubs. Salt tub furnaces are pot-type
furnaces that contain mixtures of salts with low melting
points that are heated/melted by a pair of electrodes.
They can also be used for numerous heat treatment
processes such as liquid carburizing, cyaniding, liquid
nitriding, martensitic tempering and austenitic tem-
pering. It is not as eco-friendly due to the formation of
gaseous products in the process, but it provides efficient
and consistent heating of metal parts.

There are many variations in the chemical com-
position of the salt tub. In general, the use of molten
salt tubs with nitrate/nitrite is common practice for
the austenitic tempering heat treatment process. If we
heat steel or cast iron until its constituents are con-
verted to solution, then harden to 1200°F and hold
at that temperature long enough, we will cause that
microstructure to turn into the softest microstruc-
ture, perlite. If instead we had cooled this austenite



to 600°F before aging, we would have avoided the
pearlite transformation and instead created a much
harder microstructure, bainite. Finally, if we cool this
metal billet quickly and sufficiently, the formation of
both pearlite and bainite would be eliminated, turn-
ing into the hardest structure, martensite. The studies
conducted and the results obtained have established
that the initial structure of the metallic base of ductile
cast irons has a significant influence on the kinetic pa-
rameters of the bainite transformation. In the ferritic
initial matrix the transformation proceeds faster and
more completely than in the pearlitic one. However,
the incubation period in ferritic cast iron is longer.

Discussion

With its good tribological properties and low cost, cast
iron is a fairly current material, but the lack of the re-
quired mechanical properties leads to the fact that its
main areas of application have become those in which
the combination of heat and material wear plays a key
role, for example in piston ring and liner cylinder sys-
tems. To reduce weight and save energy, it is neces-
sary to improve the tribological and mechanical prop-
erties of cast iron, which, in turn, can be achieved by
improving its microstructure, for which many studies
have been conducted to improve its microstructure.
With excellent thermal conductivity and an excellent
endurance limit, compacted graphite cast iron is an
excellent substitute for gray cast iron, for example in
piston rings or cylinder liners. Thanks to the coral-like
morphology of the graphite particles between ductile
and nodular forms, such an excellent combination of
tribological, physical and mechanical properties has
been achieved in compacted graphite cast iron.

Laser hardening techniques by V. Writzl et al. [7],
addition of stabilizing pearlitic elements Y. Lyu [8],
surface alloying by J.J. Feng et al. [9] and induction
hardening by T. Slatter et al. [10], have become an
excellent solution for improving the wear resistance of
cast iron with compacted graphite. Another way to im-
prove mechanical properties is through austenitic tem-
pering heat treatment. Several studies have shown a
significant effect of the microstructure on improving
the wear resistance of compacted graphite iron (CGI)
after hardening, especially felt differences in compari-
son with pearlitic metal matrix under dry sliding con-
ditions A.R. Ghaderi et al. [11], R. Ghasemi et al. [12]
studied the austenitic tempering parameters of CGI
ferritic cast iron and noticed a strong influence of
temperature on the microstructure: at 275°C less aus-
ferrite transformation was observed, in turn, when
austenitizing was performed at 375°C, the final aus-
ferrite was large due to higher carbon diffusion rate.
Also in these studies, the authors showed little effect
of processing time, summarizing that only at times up
to 120 minutes did hardness increase slightly due to the
emergence of carbides.

Isothermal transformations in high-strength cast iron

Isothermal ductile iron is produced by heat
treatment of ferritic ductile iron without the addition
of costly alloying elements. In terms of efficiency and
economy, isothermal ductile iron is an extremely suit-
able solution for the production of very large parts
requiring a high level of static and fatigue strength,
such as pump heads for hydraulic systems, knuckles and
axle center housings. isothermal ductile iron has higher
performance than nodular cast iron and is more af-
fordable than austenitic ductile iron, the benefits of
which we will be discussd next. As reported in Dg. Eiken
et al. [13], the matrix structure of isothermal ductile iron
consists mainly of ferrite and pearlite, two elements
which, due to a different distribution compared to con-
ventional ductile cast irons, increase the mechanical
characteristics of the finished castings. Therefore, iso-
thermal ductile iron is a worthy alternative. With ma-
chinability comparable to that of perlitic ductile irons
commonly used in machine shops, isothermal ductile
iron is also suitable for machining. It has a mixed fer-
rite-pearlite structure, which means that it can also be
surface hardened only where necessary, thus increas-
ing the wear resistance of the parts. The advantages of
isothermal ductile iron include:

— lightness: the specific weight of isothermal ductile
iron is 10% lower than that of steel, which allows vehicles
to either increase their maximum load or reduce fuel
consumption;

— complex shapes: thanks to the melting technology
and excellent casting ability the material can be applied
only where it is necessary;

— fatigue strength: comparable in characteristics to
pearlitic ductile cast irons;

— economical: no alloying elements are required

— elasticity: even at temperatures below 0°C (down
to -40°C) the material guarantees stable mechanical
characteristics in very thick castings or parts with variable
thicknesses.

Two well-known tempering methods use isother-
mal hardening and martensitization. These two pro-
cesses have much in common, their main differences
being in the temperatures to which they are hardened,
the time they remain at those temperatures, and the
end result. To fully understand these processes, it is
worth using the C-shape curve. During heat treating,
the microstructure of the workpiece is transformed to
produce the desired properties. C-curves are important
for the metallurgist to understand when certain trans-
formations occur in the metal and at what tempera-
tures. The austenitic metal is stronger, more ductile,
more impact resistant, and less prone to deformation.
As reported in M. Rahaman et al. [14], martensitiza-
tion quickly and effectively quenches austenite to avoid
the formation of pearlite or bainite, resulting in the
hardest microstructure, martensite. Examples of the
major benefits of the austenitizing process are higher
ductility and toughness at high hardness values, lower
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internal stresses and improved fatigue properties. For
example, in A.I. Belyakov et al. [15] the authors show
a number of advantages that it has in comparison with
conventional hardened and tempered steels. Austen-
itizing also cools quickly, but not as low as martensitic
hardening, because perlite formation is avoided and
the temperature is maintained in the hardening until
the billet becomes completely bainite. Typically, this
process is used to create thin, yet strong ductile iron
or carbon steel components. Common austenitized
components include:

— agricultural machinery components;

— automotive transmission gears;

— construction machinery components;

— cutting blades;

— weapon parts;

— clips;

— clips, seat belts in automobiles.

The material after martensitizing has the highest
Rockwell rating of any hardening process. This pro-
cess is used to give parts the properties of minimal de-
formation. For example, in large parts of the aircraft
industry. Some typical hardened parts include: crank-
shafts; gears; parts of industrial equipment; helicopter
props. Common materials with isothermal hardening
include: carbon steels, iron and alloy steels. These ma-
terials are the most hardenable with these methods
because of the large amount of carbon they contain,
which facilitates the transformation at different tem-
peratures.

A significant limitation of austenitic tempering
heat treatment is that it can only be applied to rela-
tively thin cuts because of the requirements for uni-
form heating and temperature. In addition, the auste-
nitic-perlitic transformation of a particular alloy must
be relatively slow and the bainite temperature must
be within reasonable limits when considering the
tempering process from an economic point of view,
mainly the energy consumption during tempering.
A study of the effect of deformation temperature on
phase transformations and microstructure in nano-
structured bainite steel indicates that deformed aus-
tenite with deformation 0.3 at 300°C demonstrates ac-
celerated kinetics of bainite transformation. However,
the amount of bainite in preformed austenite then de-
creases as the deformation temperature increases. In
deformed austenite, a critical deformation tempera-
ture can be detected that determines the possibility
of bainite transformation. In addition, the thickness
of the bainite plate in deformed austenite decreases
with decreasing ausforming temperature. The lower
ausforming temperature contributes to the more se-
vere phenomenon of cross-growth of bainite plates.
For these reasons, low-carbon steels are not suitable
unless they are carburized. Examples of alloys suit-
able for austenitic tempering include the following
groups of alloys: Spring steels (e.g., 50CrV4), smooth

medium/high carbon steels, chromium molybdenum
steels (AISI 4140), tool steels (e.g., H13) and boron
steels (e.g., 94B30). Hardening of cast iron. Austenitiz-
ing iron is a heat treatment process that produces an
ausferritic matrix. This heat treatment process is usually
carried out using these stages:

— the austenitizing of castings usually takes place
at temperatures of 850-950°C for between 15 minutes
and 2 hours, long enough to saturate the austenite
with carbon;

- rapid hardening to avoid the formation of pearlite
in a hot salt bath at 250-450°C (lower than pearlite
but higher than the beginning of martensite);

— isothermal aging in a hot salt tub, for sufficient
time (usually 0.5 to 3 hours) to obtain an ausferritic
matrix, a combination of needle ferrite and high-carbon
austenite.

The factors controlling the cooling process to
room temperature after a given hardening time can
vary depending on the required mechanical properties
(different microstructure), so there are different types
of austenitic iron. Here are the best known of them
and their typical uses:

— high-strength cast iron with austenitic tempering;

— the best known and most used technique;

— hardened gray iron;

— used to make quieter parts (excellent damping
effect);

— bearing shells;

— brake components;

— carbide austenitic ductile iron;

— wear resistance even higher than austenitic ductile
iron;

— hammers;

— parts of threshing drums.

Advantages and applications of austenitic ductile
iron:

- no tempering is required after hardening;

- lower strain rate than that of hardening and
tempering (isothermal transformation);

- savings are achieved by machining before heat
treatment;

- often, wear resistance and strength are also im-
proved;

— for a given surface — increased wear resistance;

— increased ductility and impact resistance for the
same hardness;

— density 10% less than that of steel;

— ductile cast iron from austenitic tempering pro-
vides higher strength-to-weight ratio;

— lower production costs for castings near a given
shape (0.2-0.4% increase in volume);

- good machinability;

— higher damping capacity;

- good casting throwing ability.

Acetylene ductile iron has found successful ap-
plications in many industries, including construction,



mining, agriculture, automotive, heavy truck and rail-
road. It is commonly used in applications where both
strength and impact resistance are required at the
same time. In order to make parts made of economically
alloyed cast iron highly resistant to wear, they can be
isothermally machined into it with a bainite structure.
Material with such structure is just as wear resistant
as nitrided material. It makes no sense to subject the
material to nitriding itself because of the considerable
duration of the process and the brittleness of the re-
sulting layer. In the works of A.I. Belyakov et al. [15]
& V. Dubrov [16] point out that the highest wear re-
sistance is possessed by cast irons having a bottom
bainite structure and the strength of isothermally
hardened irons is at a high level. Isothermal harden-
ing makes it possible to form bainite without pearlite
inclusions and structurally free ferrite. At the same
time this method requires special equipment and ad-
ditional production area for placing hardening tubs,
the use of scarce alkalis as hardening conditions. The
complexity of the method also consists in the difficulty
of ensuring constant temperature of the baths, which
is associated with high energy costs. At low durations
in the tub, cast iron acquires high hardness. This is
caused by the presence of a large amount of martensite
formed during the precooling of the samples from the
isothermal temperature in water. The bainite transfor-
mation in ferrite cast irons is slower in the beginning
than in pearlitic ones, as indicated by their high hard-
ness. The bainite transformation begins to develop in-
tensively in cast irons with a ferritic initial structure
after more than 10 minutes of aging.

At the same time, in the work of J. He et al. [17]
demonstrate that carbide-free nanobainitic steels
have an excellent combination of high strength and
toughness combined with inexpensive adaptability
through low-temperature isothermal treatment. In a
study by W. Gong et al. [18] reported that the key to
obtaining steels with such properties is to reduce the
martensitization initiation temperature, suppress the
release of carbides and, therefore, create an optimal
microstructure of nanosized plates of bainite ferrite,
in sum with small layers of residual austenite. Such
alloys have the advantage of controlling the number
and size of phases by heat treatment compared to con-
ventional high-strength steels, but are less common
due to the expensive alloying elements present in the
composition.

To properly design a nanobainite alloy, it is
necessary to have an understanding of the effects of
conventional alloying additives on the bainite trans-
formation as well as the resulting properties. The
main dependence of the kinetics of the bainite trans-
formation is the stability of the austenitic and ferrite
phases at temperature, during the transformation.
Also, in the work of S. Hasan et al. [4] the strength
of nanobainite alloy depends on the plate thickness

Isothermal transformations in high-strength cast iron

of bainite ferrite and, in general, its amount, while
its ductility will depend on the amount and stability of
residual austenite in the microstructure. The rate of
bainite transformation is significantly affected by the
addition of martensite (0.29%) along with a moder-
ately high percentage of aluminum (0.9%) by J. Tian
et al. [19], M. Soliman & H. Palkowski [5] & W. Liu
et al. [20]. Provision of high-strength structures of the
metal matrix of cast iron is possible due to rational al-
loying and rationally chosen temperature-time param-
eters of the heat treatment regime. Nanobainitic car-
bide-free steels entail a combination of high strength
and impact toughness combined with inexpensive
adaptability by low-temperature isothermal treatment.
Therefore, the creation of composite structures in
high-strength cast irons with spheroidal graphite is an
effective way to harden it, expanding the field of its
application.

Conclusions

Therefore, continuous air cooling is an effective way
of obtaining the bainite structure in economically al-
loyed ductile cast irons. The optimum mode of heat
treatment providing rational structure and properties
of ductile iron castings with nodular graphite for parts
of stopper devices for oilfield equipment has been es-
tablished. Consequently, the analysis of issues related
to the structure formation of bainite iron shows that
changes in the austenitizing temperature, the time of
isothermal aging of castings, temperature and cooling
rate contribute to a significant change in the physical
and mechanical properties. In contrast to untreated
cast irons, steels subjected to the isothermal process
have a higher strength, and regardless of alloying,
hardening provides the maximum strength value. The
structural formation and kinetics of the bainite trans-
formation in steels have been studied in detail and
are well described in the fundamental literature. But,
unfortunately, the details of austenization and trans-
formation of the matrix into bainite, in cast irons with
spheroidal graphite are not studied as qualitatively.
Heating to a temperature that destroys the crystal struc-
ture of the metal, up to becoming austenitic, hardens
carbon steel and other carbon-rich iron alloys.

The advantages of isothermal hardening are:
increased strength (the crystal structure of martensite
or bainite, after isothermal hardening, significantly
hardens metals, unlike untreated ones), impact resis-
tance (where untreated metals can tear or crack, aus-
tenitic components are likely to withstand the impact
while maintaining their shape, metals with hardening
have this property due to their extremely strong crystal
structure). Reduced distortion (due to the plasticity
acquired during the hardening process, this metal exhib-
its less deformation compared to untreated steel. For
thin components that need to maintain their dimen-
sions during and after treatment, this is a particularly



Hasanli et al.

useful property). Ensuring high-strength structures
of the metal matrix of cast iron is possible due to ratio-
nal alloying and rationally chosen temperature-time
parameters of the heat treatment regime. The tasks
for further research related to the study of nanobainite
steels, which do not contain carbide, entail a combination

of high strength and toughness in combination with
inexpensive adaptability by low-temperature isother-
mal treatment. Therefore, the creation of composite
structures in high-strength cast irons with spheroidal
graphite is an effective way to harden it, expanding
the field of its application.
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I30TepMiuHi NepeTBOPEeHHS Y BUCOKOMiIITHOMY YaByHi
Pawmis I'acanuti, nram AsieB, Hizami IToragos, Jlana AsimoBa, Tanex Taries

Azepbaii)KaHChKUH TEXHIYHUHN YHIBEPCUTET
AZ1073, mpocr. I'. [l:xaBiza, 25, M. Baky, A3epbati/pkaHcbka Peciry6itika

AHoranig

AxTyanbHicTb. TeXHOJOTiUHMI IIpolieCc BUTOTOBJIEHHA JeTajell 3 BUCOKOMILIHMX YaBYHIB NpOCTImUi i
€KOHOMIYHIMMH, HiXX IIpollec BUTOTOBJIEHHA JeTasel i3 crasi. YaByHM MeHII YyTJIUBi JO KOHLIEHTPaTOPiB
HampyT i yAapHUX HaBaHTaXeHb. YaByHU 3i chepoizHuM rpadiToM MOXyTh gocaraTu Mapok DI 70 HaBiTh y
JsuToMy craHi. [IaxoM 3MilHIOBaIbHOI TepMiyHOI 06p0oOKY ab0 LOJATKOBOTO JIETYBAaHHA MOXKHA OTPUMYBATU
YaByHU MigBUIIeHOoi MiltHocTi (Mapku DI 80 i Buie). Y Mipy migBUINEHHS MIIlHICHUX BJIaCTUBOCTEN YaBYHIB
Bce Oinblile BUABIAIOTHCI HEJOMIKU y BUIVIAAI HU3BKOI IUIACTUYHOCTI i mwiactuvHocTi. Li mpobieMu MoXKHa
KOMITEHCYBAaTH, 3abe3neunBIny aychepuTHy, 6eliHiTHy ab0 O6eliHiTHO-ayCTeHITHY CTPYKTYPY MeTaIeBoi MaTpHUILi
YaByHIiB. XOPOIIUM PillleHHAM € OTPUMAaHHS YaBYHIB 3i CKJIaIHOIO CTPYKTYPOIO TUITY OeliHiT-aychepuT. Y 383Ky
3 UM aKTyaJbHICTh JaHOI poOOTH 3yMOBJIEHA THUM, IO B IIPAKTUI[ Cy4aCHOTO MAaIlIMHOGYAYBaHHSI BCE IIUPIIE
3aCTOCOBYIOTBCA BUCOKOMIITHI YaBYHH.

MeTta. MeToto faHoi po6OTH € AOCHIKEHHA Ta OTPUMaHHS CTPYKTYpHU OelHITYy 3a paXyHOK i30TepMiuHOTO
3MilHeHHA. [T JOCATHEHHS YOr0 BPAaXOBAHO OCOGJIMBOCTI i30TEPMIYHOTO TEPETBOPEHHS Y BUCOKOMIIIHOMY
yaByHi 3i chepoiganbHUM rpadiTom.

MeTtoau. [laHe ZOCTiKeHHA I'PYHTYBaJOCA Ha TEOPEeTMYHOMY MeToZi (aHaii3, CMHTe3, KOHKpeTH3allif,
y3arajbHeHHs, MOZEJIOBAHHA) Ta eMIipUYHOMY MeToZi (BHMBUEHHHA AOCTiAHUIIBKO-eKCIePUMEHTAIbHUX
poOIT BUEeHUX Ta iX JOCBiAY B 11ii1 abo moAibHil ranysi i3 3acTOCYBaHHAM MOAIOHIX KOHCTPYKIIN Ta BUBYEHHIM
JocBigueHUMHY GaxiBIIMM).

PesynbraTtu. /loBeleHO MOKJIMBICTH Ta epeKTHUBHICTbH OTpUMaHHsS OeHHITHOI CTPYKTYpU B €KOHOMIUHO
JIETOBAaHUX HiKei, Mifi Ta MoJiGAeHi B KiTbKOCTAX BiAmoBizHO 1,0; Betanosneno 0,5 i 0,5 % uaByHiB mpu
MIOCTIHOMY OXOJIO[KeHHi Ha MOBITpi.

BucHoBku. OTpuMaHi pe3ynbTaTu Ta chHOPMYTHOBaHI Ha iX OCHOBi BUCHOBKU MOXYTh OYTH BUKOPHUCTaHi
B MalOyTHbOMY K edeKTHMBHA HAyKOBa OCHOBA /I BUBYEHHS IEPCIIEKTUB 3aCTOCYBAHHS i30T€pMiYHOTO

3MilIHEHHSI JIETOBAHUX i HeJIerOBaHUX BUCOKOMIITHUX YaBYHIB i3 Ky/lcTUM rpadiToM

KirrouoBi csioBa: aychepuTHUI YaByH, i30TepMivHe rapTyBaHHs, YaByH 3 KyJIICTHM rpaditoM, GeliHIT, aycTeHiTH3arlia
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Abstract

Relevance. In this study, considerable attention is devoted to the analysis of dynamic loads that occur in the rope
systems of lifting mechanisms of overhead cranes during start-up and braking, and the reduction of these loads.
Purpose. To identify the magnitude and nature of changes in dynamic loads in the elements of lifting mechanisms
of bridge cranes, a comprehensive dynamic analysis of the lifting mechanism of the bridge crane and its elastic
elements (rope systems) was performed.

Methods. The dynamic analysis of the above mechanisms and systems was performed on well-grounded
mathematical models of bridge-type cranes (single- and double-mass).

Results. The analysis of the obtained calculations of mathematical models of the mechanism of lifting the load
of bridge cranes demonstrated that the dynamic loads applied to the structural elements and drive mechanisms
are oscillatory and comparable to static loads. The analysis of the obtained calculations of mathematical models of
the mechanism of lifting the load of bridge cranes demonstrated that the dynamic loads applied to the structural
elements and drive mechanisms are oscillatory and comparable to static loads. To minimise the integral functionals,
the methods of classical calculus of variations, mathematical physics and differential equations were used to
model the dynamics of loading processes of rope systems and drives of bridge cranes, and the terminal (initial and
final conditions of movement of such systems) were considered, which allowed solving the optimisation problem
unambiguouslyThus, to reduce dynamic loads in structural elements (in particular, in ropes) during transients in
such lifting mechanisms of bridge cranes, it is proposed to perform optimisation of the modes of movement of their
drive mechanisms. An essential place in such optimisation is occupied by the choice of the optimisation criterion.
Among such criteria, integral optimisation criteria were used. As such integral optimisation criteria, the RMS values
of the current loads in the elastic elements (ropes) of overhead travelling cranes have been used.

Conclusions. Such integral criteria are integral functionalities that usually reflect undesirable properties of
machines and their mechanisms, thus, they are subject to minimisation.
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Introduction

Lifting and transporting machines belong to machines
with increased danger during lifting, transporting and
installation works. The safe operation of these ma-
chines largely determines the magnitude and nature
of the change in time of the acting loads on the struc-
tural elements and drive mechanisms. Particularly
dangerous for the operation of lifting and transport
machines are dynamic loads that change in time and
can result in complex oscillatory processes in structural
elements. Such fluctuations significantly affect the sta-
bility of the lifting machines and result in fatigue fail-
ure of their elements. All this affects the operational
reliability of both lifting and transporting machines.
The reliability of lifting and transport machines can be
significantly improved by reducing dynamic loads on
their structures and drive mechanisms. Particularly dan-
gerous for lifting and transport machines are dynamic
loads that occur during transient processes of move-
ment, in particular, starting and deceleration of drive
mechanisms. Thus, for example, a slight decrease in
dynamic loads during start-up of up to 30% and de-
celeration of up to 40% of the mechanisms of portal
cranes allowed increasing the overhaul cycle of these
cranes from 2 to 5 times. Thus, in this study, consid-
erable attention is devoted to the analysis of dynamic
loads that occur in the rope systems of lifting mech-
anisms of overhead cranes during start-up and brak-
ing, and the reduction of these loads. To identify the
magnitude and nature of changes in dynamic loads in
the elements of lifting mechanisms of bridge cranes, a
comprehensive dynamic analysis of the lifting mecha-
nism of the bridge crane and its elastic elements (rope
systems) was performed. The dynamic analysis of the
above mechanisms and systems was performed on
well-grounded mathematical models of bridge-type
cranes (single- and double-mass).

The analysis of the obtained calculations of
mathematical models of the mechanism of lifting
the load of bridge cranes demonstrated that the dy-
namic loads applied to the structural elements and
drive mechanisms are oscillatory and comparable to
static loads. Thus, to reduce dynamic loads in struc-
tural elements (in particular, in ropes) during tran-
sients in such lifting mechanisms of bridge cranes, it
is proposed to perform optimisation of the modes of
movement of their drive mechanisms. An essential
place in such optimisation is occupied by the choice
of the optimisation criterion. Among such criteria, pri-
marily, integral optimisation criteria were used. In the
majority of cases, as such integral optimisation crite-
ria, the RMS values of the current loads in the elastic
elements (ropes) of overhead travelling cranes have
been used. Such integral criteria are integral function-
alities that usually reflect undesirable properties of
machines and their mechanisms, thus, they are sub-
ject to minimisation. To minimise the integral func-
tionals, the methods of classical calculus of variations,
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mathematical physics and differential equations were
used to model the dynamics of loading processes of
rope systems and drives of bridge cranes, and the
terminal (initial and final conditions of movement of
such systems) were considered, which allowed solving
the optimisation problem unambiguously. As a result
of the performed optimisation of the modes of move-
ment of the drive mechanisms of lifting bridge cranes
in the areas of transitional processes, the dynamic
loads of the rope systems of bridge cranes are signifi-
cantly reduced, the smoothness of the movement of
the main elements of such mechanisms is achieved and
oscillatory processes are practically eliminated.

The predecessor scientists conducted a com-
prehensive analysis of dynamic loads in the structural
elements of overhead cranes during their start-up and
deceleration [1-3]. However, such an analysis has sig-
nificant disadvantages, since the driving forces that
result in the necessary movement of the lifting mech-
anisms of bridge cranes were not established, and the
problem was reduced to the analysis and synthesis of
the modes of movement of mechanisms in the presence
of specific kinematic terminal conditions [4]. This, in
turn, has resulted in inaccuracies and frankly vast for-
mulas that describe the optimal modes of movement
(of ropes with loads) in such mechanisms, which has
no practical use, since it does not evaluate the usual
engineering indicators of movement in such systems
(for example, dynamism coefficients). To eliminate
such disadvantages, this study was performed, which
allowed determining the coefficients of dynamism in
the transient modes of functioning of lifting mecha-
nisms and rope systems of overhead travelling cranes
for typical methods of lifting loads: “from weight” and
“with pickup”/”from the base” [5].

The purpose of the research is to substantiate
the modes of starting the lifting mechanisms of over-
head travelling cranes, which minimise dynamic loads
in rope systems in different ways of lifting the load:

“from the weight”, “with pickup”/”from the base”.

Materials and Methods

In the work, the dynamic load on the load-gripping de-
vices was evaluated in two variants — lifting the load:
“from weight” and “with pickup”/”from the base”. In
the first variant, it is assumed that the load is at a
specific (small) height above the base, and the static
load acting on the load gripping devices is equal to the
weight of the load Q.. Dynamic load P, occurs at the
initial moment of deceleration of the descending load
when the brakes are applied [4-6].

In the second variant of loading, it is assumed
that the load is on any base, the ropes are sagging,
and, accordingly, at this moment, the load on the
load-catching devices is zero.

In determining the dynamic load, the masses,
m,_and m, are attributed to the periphery of the drum,
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and the mass m, is determined proportionally to the
square of the ratio of the number of branches of the
cargo chain hoist, which are wound (or winding) on
the drum, to the total number of branches on which
the load hangs [1].

When determining the starting modes of the
lifting mechanisms of overhead cranes, the results
of the following indicators were considered: exces-
sive driving force, rope speed and rigidity of the sup-
porting structure, mass of the engine rotor and load,

a)

kinetic and potential excessive force, system stiffness
and time, load dynamics, oscillation frequency, condi-
tions and mode of movement, etc. When assessing the
dynamic load on load-gripping devices, the following
should be considered: under conditions of proper op-
eration, mainly only the vertical dynamic load during
the operation of the load-lifting mechanism is signifi-
cant, since, during the operation of the crane movement
mechanisms and the rotation of its slewing part, it does
not exceed 5-6% of the static load (Fig. 1) [1; 2].

b)

Figure 1. Scheme of dynamic loading of a loading device when lifting a load “from weight”

Note: a) on an overhead crane; b) design scheme
Source: [1; 2]

There are two options for lifting the load: “from
weight” and “with pickup”/”from the base” [4-6]. In
both cases, the dynamic coefficient (K ) is determined
by the dependence:

Ka =14 Payn/Q; >

where: P, —in the first case is a function of the excess
driving force and the stiffness of the supporting struc-
ture and in the second case is a function of the rope
speed and the stiffness of the supporting structure.

(1)

Results

When designing in the case of lifting a load: “from
weight” the crane is modelled by a two-mass oscil-
lating system [7-9]. In this system, the stiffness of the
ropes and the crane C, structure are replaced by the re-
duced stiffness C , and the system itself consists of two
masses —m_(mass of the rotor of the engine and the re-
duced masses of the elements of the lifting mechanism)
and m, (mass of the load), connected by stiffness C:

_ _%
Cp = (c+cx) @)

When moving x. mass m,_ and x, mass m, the kinetic
and potential energy are respectively:

{mr'kr+C'E=Ql+Texc;
my ¥ —C-&=-Q

(3

{K=%«nf+%mﬁﬁ
P=C-{(x, —x)?/2}

For the mass, m_the driving force is the weight
of the cargo Q, (Q,= m,g,g — acceleration of free fall,
£=9.81 m/s?), and the excessive force of the engine T, ;
for the mass m, — weight of the cargo Q, acting in the
same way as the inertial force of the cargo during lifting.

In cranes with the drive of the load-lifting mech-
anism from a three-phase current motor, the excess
force T, can be considered constant (with other laws
of change of the driving force, and, accordingly, the
excess force, the dynamism of the lifting process will
be less) [1]. The equations of motion have the type:

{mr X+ Co (X —x1) = Qp + Toxes 4)
my % —C (x —x) =—0Q,
where: (x—x) — can be denoted by ¢. Then:

§= (% —x); &= (%, —%). )

In the new notation (¢) and (5) instead of (4)
have:

. €z _ QutTexc,
X, + o~ &= E—
i § = —Qu/m

[ = /my

(6)



After subtracting from the first equation of sys-
tem (6) the second equation of the same system ob-
tained an inhomogeneous differential equation for &:

1 1

f 2.5 _QtTexc QU g2 _ . (L, L
froz.g=teey B g —c( + ) %)

my my

f(t)=A1-cos!)t+A2~sin.Qt+ﬂ—12'{Ql+—Te’“+ﬁ}
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For the case of lifting the load “from weight”
use the following initial conditions to solve (7):

Eleeo =25 €|,_, = 0. €)

The general solution of (7) is found in the fol-
lowing type:

my myJ). (9)
Considering the conditions (8), from (9) have:
_Q_ 1 QutTexc , Qi) —
A =2~ {—mr + ml}, A, =0. (10)
Then the solution of &(t) (9) is given as follows:
Q Q1+Texc Q
§0) = (%) cosnt+ (lm—+#l)-(1—cos!2t). (11)
Present (11) in a more convenient form for analysis:
$() = (Ql) cost + = {Ql;—T:”“ + :‘ZLL} sin ([;t) (12)
The force in the elastic element (in the elastic  load on the load-carrying devices:
link), which can be considered as the impact of the
_ _ 2C Q1+Texc ﬁ L ein2 ﬂ
PLC—Cf—Ql-coth+E-{m—r+ml} sin? (%), (13)
Its value is variable and is a function of system  or: p o
stiffness, C and time t. The maximum value of force in K;(t)=1+—-—-=€.2.5in? (—) (20)
L. (ml+mr) Q1 2
an elastic link P, occurs at:
cosQt=—-1=0t=Cn-1)-mneN, (4 ~7=0Cu-1- ( ) ny €N, that is, at:
that is, in moments of time: t *x= M, n, €EN. 2D
tx= @ neN, (15) K, (t) assumes the maximum values:
2-my 2:Texcmy
1 —_— . 22
: (mr+ml)exCLCmax (16 QM+ g g (22)

Since the excess force T, =¢-Q, (Where ¢ —
the proportionality factor [1]), then:

Pi1+2 R 17
: { > ml+mr}LCmax a7
and the coefficient of dynamism has the form:
Prcmax
Kd|t=t* = m > 2m
l{ml+7L’Vlr}(ml+Tf’lr)Tg’;C ? (18)

where: the last expression for the coefficient (K,
characterises the dynamic loading of the load-grip-
ping device, provided that the lifting begins when the
weight of the load affects the ropes Q, [10-12].

To establish the dependence K, (t) the following
relation is used:

Ky =1+—2— . Texe. (1 _cos00),

(mi+my)  Q

(19)

. Qi
Xile=o = 0; Xile=0 = 0; Xy le=0 = X1l¢=0 T =

When decelerating the descending load P, and the co-
efficient of dynamism K, are determined by formulas
(13)-(18), and K, (t) — by formulas (19)-(22) [13-15].
Therewith, under the T, understand the following
difference:

Qs (23)

where: T, - deceleration force applied to the load.
As the moment generated by the brakes is usu-
ally less than the maximum torque [1; 2] generated
by the engine, the dynamic force when braking the
load being lowered does not exceed the dynamic force
that occurs when lifting the load “from weight”. Define
further the laws of motion of masses m and m,, based
on the equations of the system (4), (6) 7 and the
law &(t) (11), (12) under the following (non-zero) ini-
tial conditions (when lifting the load “from weight”):

Toxe = Taec —

o

2 @24

; X = 0.
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From system (6) for x_have:

%, +— £t = Q’jn# (25)
From system (6) for x, have:
X +g= mil E(D). (26)

Equations (25) and (26) must be solved under
the initial conditions (24). Knowing &(t) (11) and in-
tegrating twice for t each of equations (25) and (26),
obtain [16-18]:

_2myPTexc (Qt) Qi+Texd) .2 , @
X () = C-(my+my)? sin 2 + 2m, e c’ @7)
_ _2mymyTexc . 2 (ﬂ) Texc | f
X1 (t) - C-(myp+my)? st 2 (mp+my) 2 ° (28)

From (27) and (28) evidently seen that the
mass m, and the mass m_have oscillations whose fre-
quency is Q [19]. Define the conditions and modes
of motion &(t), x, (), x, (t),under which in the period of
acceleration of the system (before the lifting mecha-
nism acquires a steady speed of lifting/lowering the
load (V)) there are no oscillatory processes in the
mass m,, and mass m,. Suppose that the duration of
the system start-up, during which the steady-state

Ql Ql+Texc
08, =
Elioo =25 8],y = 0 €], = {25

m

where: g *x=g —0? % The last terminal condition
is of the form:

| (34)

C‘L'p

Differentiating by t the appropriate number of
times the expression (32) and using the conditions
(33), (34), obtain:

s =

my

or:

_Q Qi+Texc
§(t) =L+ {Uex

Then P, takes the form:

For K, (t) have:

{QHTng_I_g *}g_

mode of lifting the load is established, i.e. the speed of
movement (during lifting) becomes a constant value
and is V, equal to 7,. Then the motion for which the
coordinate &(t) satisfies the motion quality criterion:
1/2

{in IMGORS: ” & min, (29)
and will be the sought mass m_and m, systems. A nec-
essary condition for the implementation of the crite-
rion (29) is the Euler-Poisson equation, which can be
obtained by replacing the integral expression (29) &(t)
with the expression (according to (7)):

() = o (M A g}

my my

(30)

then the above (Euler-Poisson) equation for (29),
(30) becomes as follows:

£ =9, (31)

Consider the solution of (31) as a spline of the
third order in t:

E(t)=a1+a2't1+a3't2+a4't3. (32)

To find the undefined constants a;,i = (1.4),
use the following conditions (terminal):

Qi+T exc
02 gl =Yy g, (33)
a1=%; a, =0; 2a3=Ql:nT:"c+g* a4——2£ (35)

Thus, for the traffic quality criterion (29) or
(30) to be satisfied, it is necessary that &(t) the time
varies according to the following law:

Q1+T exc t3
(et g (36)
t2 3
mesrg o 50 @7)
QitTexc t? 3
Pre=C-§0) = Q+C {2y ). (S 1) (38)
PLC(t) 4T exc/QL , _9* ) . ﬁ _ i
K;(t) = =1+C- {—mr +ml_g} {2 3rp}' (39)



The maximum values P, . (t) of (38) and K| (t)
(39) are obtained at the end of the transient process
(start-up) at t = T
Q1+7T exc 2
Pl{ — +g *} 5

T 6 LCmax

(40)

_(_c<c\ (o t* (Ql+Texc ) tr s (Ql"’Texc).ﬁ Q
xr(t)—( mr) {C 2+ my tg* 24 607y + my 2+C’

x,(t) = (mil) : {% Ly (e

my

Using the dependencies x,.(t) and x;(t)
and their values at the moment t = 7, namely:

X%plt=r, = %il¢=r, =V, can be found the value of 7, and V:

(a0 (o (22,
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2
K{1+T8XC/QI+L}TL (41)

my mrg) 6 gmax

Further find the laws of motion x, (t) and x_(t),

which have masses m, and m_at &(t) (36), and satisfy
the terminal conditions (24):

(42)
t* ts gt?
o) ()
exc 1/2
[ 25 45)
Tp - QZ(QL+Texc+g*)

Knowing from the relation (45) 7, it is easy to
find V as follows (this value must satisfy the provi-

2 ot - =1, (44) sions, standards that are accepted for crane structures
<mz) {cl p+(lm—:xc+g*)< % )} 9Tp and, obviously, not exceed them for specific types of
crane loads and specific types of work performed by
Thus, have: them on cargo handling) [20]:
_1 Ql 1+7 exc Tp3 Qi+T exc
V=i (o) [Ermr (e ) ()] + (22 -9) ), (46)

For the case of lifting the load “from the
base”/”with pickup”, the following initial conditions
should be used to solve (7):

¢le=o = 0; Sé|t:0 = Vo,

where: v, — initial speed of steady-state movement of
the system in the process of lifting the load.

The following considerations v, can be used
to determine the value. When the weight of the load
Q,= m, g is on the base, it deforms the latter and the

(47)

Cbase xp ml 170 -
0 =

Cbase

The general solution of (7) is again sought in
the form of (9), but now considering the conditions (47),

obtained:
—(_ i . QitTexc &) . - 20
A = ( !22) ( my + my/)’ 4,

Then the solution of &(t) (9) is given as follows:

(49)

magnitude of the displacement %;; of the base due to
the force on it Q, is ¥ = Q;/Cpqse, Where C, - is the
stiffness coefficient of the base [18; 21]. When the
load is detached from the base in this method of lift-
ing it with a crane, all the potential energy that the
load has as a result of interaction with this base and
its deformation is transferred (due to the presence of
the law of conservation of energy in mechanics) to the
kinetic energy of the load movement with the initial
speed v,. Thus, there is the following correlation:

, Qg 48)
Cbase Cbase
1+7 exc Q1 ot Vo .
&) == {m—r + mz} sin (2 ) + sinft. (50)

The force in the elastic element/rope, which
can now be considered as the impact of the load on
the load-carrying devices, will be:

P c=C-&() = {m+m—T€’“+1i’l} sin (;) +%-sin!) t. (51)
Using the relations of elementary trigonometry, (51) can be represented as follows:
Q1+Texc+ﬂ
Pc(t) = 20—6 - sin (%) . M + v, - cos (%) . (52)
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Analysis of the relations (50)-(52) demon-
strates that in this variant of lifting the load (“with
pickup”) at the time moments t* (15) the value P,

is even greater than in the case of lifting the load “from
the weight”, since now:

2my
1 =t¥] 7 o~ .
LCmaxlt—t*l (my+my) exc

(53)

Considering the arguments given above for (17),

(18), now have that the dynamism coefficient takes
the form:

my

2
Kd(t)|t=t* =2+—

(mr+mp)

. TEXC

o 54)

Consequently, when lifting the load “from the
base”/”with pickup”, the value K, at specific moments
of time (t*) acquires even greater values than when
lifting “from the weight”. Now define the law of mo-
tion &(t) that satisfies the quality criterion (29), but
with the lifting method “from the base”/”with pickup”.

Repeating the above algorithm for the method of lift-
ing the load “from the weight” have the following re-
sults. Again &(t) search in the form (32), since &(t)
must satisfy (31). But now the initial and final condi-
tions change, i.e. instead of (33) have [22]:

2m;  Texc

Ka®le=ex =2+ o

(my+my) 55
Then for the coefficients of the spline by t func-
tion &(t) (32) have:

=-2% (56)
p

3T

Qi+Texc
—+g; a
— g; Qq

a, = O; a, = 1.70; 2a3 =
Thus, for the traffic quality criterion (29) or (30)
to be satisfied, it is necessary that &(t) the following law
of change over time be satisfied t:
t2 3

{(t):vo-t+{(‘“+m—T:"‘+g}-{———}. (57)

2 37p

Then P, takes the form:

2 3
PLC(t)=C-§(t)=C-v0-t+C-{(‘“+m—T:"‘+g}-{%—;Tp}. (58)
For K, (t) have: vt C (T 2 g
Kg(t) =1+ -2 4 — . 3 exc -{———}. 60
Ky(t) = prctoral — QrPLe® _ g 4 Prc® (59) a(®) Q Q { my g} 2 37, (60)
@ @ This coefficient reaches its maximum value at
where P, @4 —is the total force load of the load-car-  the moment t = T

rying device: P, 0 =Q, + P . (1), or:

Kd(t)lt:rp = Kd(Tp) =K

From (60) it is obvious that in this case K (t)
it is less than in the law of motion é(t) (50). The lat-
ter, moreover, results in undesirable oscillations of
the load on the rope. For é(t) (57) there are no such
fluctuations [23]. Define further the laws of motion
x (1), x,(t). For this purpose again using the laws and

43
% @© = (-=)- {—""; 4 (Lo

my
(=gt?® 9
Xl(t) = T . (

E)'{%Jf(

Since at where V - steady speed of lifting the
load, it can be used to determine this circumstance 7.
Generally, the value of V is set by the operating stan-
dards of crane structures of a specific type and load

X ()lt=r, =V & (—g7p) + (m%)

The cubic equation (65) is obtained with regard
to 7, is solved using the Cardano formulas. In con-
trast, if the value 7, is given, using (65), it is easy ex-
plicitly to calculate the value V for a particular variant

CvyTp C
Q1

+ ) i_ +(Ql+Texc)_f+v -t
9) 2~ %0, my 2 0 0"

Qu+Texc

{Ql"’Texc i 61)

my

+g}

equations (25), (26) and initial conditions:

Q 6 dmax

X ()| e=0, X1 (O e=05 Xr(E)|e=0 = Vo5 %7 (E)]t=0 = 0. (62)

For %,(t) have equation (25), which must be
solved under the conditions (62) at é(t) (57). Have:

t5

(63)

t5

+9) (5= 500)}

lifting mechanisms that are used in this case. Thus, to
find 7, can be used, for example, expression x,(t) (64),
differentiate it in time t and find the value of this last
expression at t = 7,. Then have:

(2 (252 ) )

2
of lifting the load “from the base”/”with pickup”. In
calculation in the case of dynamic loading of the crane
loading device when lifting the load “with pickup”
(“from the base”), other approaches can be used [1].

(64)

my

(65)

(Ql"‘Texc 174

my



In particular, it allows neglecting the stiffness of one
of the elements (ropes, since the elasticity of the met-
al structure of the crane is much higher than that of
the ropes themselves, and the oscillations of the latter
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quickly damped) and consider only the elasticity of
the second element of stiffness — the crane structure,
that is, the mass of the crane m_and the load m, are
considered as one mass m (Fig. 2).

mKl

b) c)

Figure 2. Scheme of dynamic loading of the load device when lifting the load “with pickup”
Note: a) on overhead cranes; b) and c¢) design schemes of single- and double-mass systems

Source: [1; 2]

Under the assumptions made, it can be considered
that the load is lifted as follows. In the first stage, after
turning on the engine. The rope slack is selected, in
the second stage — elastic deformation of all structural
elements (Fig. 2). The second stage continues until the
force P, on the load-gripping devices, increasing from
zero, becomes equal Q, = mg. Only after that, in the
third stage, the lifting of the load begins [18]. When
moving x, the mass of the crane m_with rigidity C,_
(more precisely, the crane beam as part of the metal
structure of the crane) kinetic energy:

Wzmk-%,mkzml+mw (66)

but potential energy:

U=C,x2/2. (67)

The driving force here P, varies for different
stages of lifting the load. The equation of motion of
the system, which arises from the Lagrange equation
of the second kind, has the form:

mx'jc.zc-i_cx'xkzp: (68)

den =mp - X = (j) {-r?

If the condition holds: v, >> r-y_, then from (71)
have:

pdyn=—(%)-v0-r-sinrt. (73)

The maximum value P ion in this case is obtained
under the condition:

sinrt =—1. (74)

- Yor - COSTt— vy - T - Sinrt}

its solution is as follows:

Cx
(my+my) ’

X, =y +A-sinrt+B-cosrt,r= (69)
provided that at the beginning of the movement the
following relations are satisfied for x (t) and x,(t):

— (my+my)-g .

X (Ole=0 = Ysr = = Xele=0 = Vo,

(70)

where v, - the initial speed of lifting the load, i.e. the
initial speed of movement of the rope when it is fully
selected (its slack is eliminated); y, — deflection of the
structure from a static load.

After setting the values of the coefficients A and
L have:

v .
=yST+y5T-cosrt+7°-smrt;
=-—r-Ysy-Sinrt+v,-cosrt;
=—r2-yg-coSTt—Vy T SINTL.

(71

Xy
X =

P, — the dynamic load applied to the load-car-

rying device takes the form:

(72)

This mode and condition are implemented
at high initial load lifting speed (v,). If the ratio:
v, << ry,, then from (72) have:

Pyyn = — (%) 1% ygr - cosrt. (75)

The maximum value P ion in this case is obtained
under the condition:
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cosrt =—1. (76)

This mode and condition are implemented at

den=(

The maximum value P, , which is equal to:

P(max) — Ql . \/v02 . 7-2 + T4 . ySTZ ,

dyn (78)

acquires at times t *,determined from the ratio:

) {\/v 2. 12 7ty -sin(rt + a)la = arctg{ yST}

low initial load lifting speed (v,). In the general case
(for arbitrary values of v,) have:

(77)

b, * +arctg{ yST} g (4n—1),neN. (79)
The full load applied to the load-gripping

device is as follows:

1
Pre=0Q + P;;r:qax) Q '{1 ‘|‘_‘\/1702 it 'ySTZ} (80)
K™ =1 + Vo2 T2 Tt yg?
and when performing the relation that results in (73), (74), have:
-0 . Y. .\=0 . Yo, Cx
P=0Q (1 + r) =0, {1 +2 (mk+m,)}' (81)
Since C, = Q;/ysr = %, then from (81) can be obtained:

(max) _ 1 4 Yo / G _ ) (82)

Ka 1+ g (my+my) gyst mermp)’

Define further the law of motion x_ (t), for
which there are no oscillations in the considered sys-
tem and the initial conditions (70) and the criterion of
quality of type motion are performed:

1 1/2
(o reora] smn. @3
Tp

Considering that in (68) P = const, condition (83)

is performed at (Euler-Poisson equation):

x, V) = 0. (84)

The solution of (84) is sought under the follow-

ing terminal (initial and final) conditions of lifting the
load “with pickup”:

X (D=0 = Ys1i %(B)le=0 = vo; ¥ (O)le=0 = {(my + M) - g — Cc - ysr} = (m o )' % (Ole=y =V, (85)
where: V - steady-state speed of lifting the load after Then from (85) have:
the transition process (t > Tp). b
Search for x_(t), which satisfies equation (84) by = Ysr; by = vy; 2b, = (mm:i ;3 by = —31—2 , (87)
and conditions (85) in the form of a spline on t: e s
X(t) = by + by -t + by - t* + by - t3. (86) or:
X (t) =Ygy + ot + =l g2 - I 43 (88)

The dynamism coefficient K, (t) has no oscillating
character in the driving mode (88):

Qe — g pieo g T (1——) (89)

Q g (my+my)

Kq() =

Note that its maximum value K, reaches at the
initial moment of time ¢t = O:

K;max) (t)|t:0 =14

(my+my)’

(90)

The obtained formulas (in the approximation of
a single-mass model of lifting a load “with a pickup”)

2:(my+my)

3t (mp+my)

are quite simple and can be used in practical calcula-
tions, although, they do not consider the influence of
the second stiffness element that exists in the system
under consideration (Fig. 2). Accounting for it, the
system should be considered as a biaxial system with
two elastic couplings and, accordingly, as having two
degrees of freedom of motion, with the corresponding
superposition of oscillations at each of the frequencies
and finding the maximum during several periods of
oscillations. Using the Lagrange function for this prob-
lem allows writing in this case the following system of
equations for x, and x,:



{mx'jéx+cx'xx+cl'(xx_xl)=Pr_Ql+Ql=Texc+Ql; Toxe =Pr—Qp Qr=m;- g; ,

m % —C-x.+Cx,=—0Q

where: P_— the driving force of the lifting mechanism
drive. Using the second equation of the system (91)
can establish that:

1 ..
xx=a'(ml'xl+cl'xl+Ql)- (92)
Then, from (92) for X, have:
. (G, O+C , Ce
x4 & - {4 Lo g

or:

xl(IV) + jC‘l . {.le + ﬂredz} + .QKZ . .{212 . xl = .le .

C C+C; C, .
where: 0% = 7L,0,.4% = ==, 0,7 = 7= Here introduced

the following designations: C, — stiffness of hoisting
ropes and reduced to them the stiffness of the drive
elements, N/m; 02,.q = Clm;c reduced frequency, 1/s;
C,_— stiffness of the metal structure of the crane, N/m;
m,_— reduced weight of the metal structure of the
crane, kg; m, — weight of the load, kg [8; 9].

The partial frequencies of this system (in s*)
r,,=Q,, canbe obtained from the following relations:

G
T
°+(cn

x'S4red

where: v, - speed of lifting the load after its separation
from the surface of the support.

Quite often v, is identified with V — is the steady-
state lifting speed of the load [1; 3], i.e. (v, V) [3]. Al-
though in the exact analysis of the process of lifting the
load by the method “with pickup” v, is from (48). Notably,
neglect the costs of thermal processes that occur in the

) SiN(RreqTo) = g -Qredz/(vo ) QKZ ) -le):
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. 1 e
x,( = a . (ml . xl(IV) + Cl . xl). (93)

Using the relations (92), (93), the first equation
of the system (93) can be reduced to the equation for
x, the fourth order, which is a linear inhomogeneous
differential equation:

C _ . _ & .
E - mymy ( exc Ql), (94)
Ck
e (Texe =2 @), 95)

1/2
2 2 2 22
.QLZ _ {.{Zl +0Qred + \/(ﬂl +-Zred ) _ 'QKZ . -le} . (96)

2

The duration of the time corresponding to
the moment of the detachment of the load from the
support (when lifting the load by the “with pickup”
method) is obtained from the following transcendental
equation [1]:

97)

deformed foundation during its deformation and detach-
ment of the load from it, i.e. neglect the heat losses that
exist in the foundation during the restoration of its orig-
inal, (almost) undeformed state. At t > T, starts lifting
the load by the method “from the weight”, which is de-
fined above as a system of equations (4), where m =m,.
The solution of equation (95) can be given as follows:

X () =A-sinQt+ A, -cost+A;-sinfd,t+A,-cos,t+ X *,

X*=Clx'(Texc_g_,;'Ql)'

and the constants A;,i = (1,4), are obtained from the
following terminal (initial and final) conditions of lifting

x1(O)le=0 = 04, (O)]t=0 = 0; %(O)l¢=2, = =G5 X1(O)| =z, = Vo-

From (98), evidently, the load, which is lifted by
the method “with a pickup”, is inherent in oscillations
with partial frequencies, Q,, Q,,which causes incon-
venience and dynamic overloading of the crane rope
system during the implementation of the last series
of loading and unloading operations [1]. Define what
mode of movement x, (t) can eliminate the above in-
conveniences. For this, it is required to consider the

(98)

the load by the “with pickup” method:

(99)

system of equations (4), (6), which is reduced to
equation (7), but for t > 7, (when the load has already
been detached from the support), with the following
terminal (initial and final) conditions of motion (they
are valid at the moments of time t € (r,, 7)), where 7 —
the moment of time, when the speed of lifting the load
reaches a steady state V, value at which a uniform move-
ment (in particular, lifting) of the load is performed:
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EOlimr, = F:EO,_, = 0@, =725 €O, =V

From equation (7) it can be determined easily &(t):

f0 =g ()-8

my mp

(101)
The following quality criterion (of this movement)

fOT”_TO{E(t * +79)}2dt * = min;

E(t o =25 €t %)

Using the substitution &(t * +t,) (101) and
substituting it into the motion quality criterion (102),
obtain the necessary condition for the realisation of this

oo - Vos G

will be searched for:

[l g yde = min.

(102)

If you enter a new variable t *= t — 7, then the
criterion (102) and conditions (100) will be as follows:

Lexe; (¢ ) =V, (109

t+=Tp—To

tx=0

t * +7, = t. The same will be for t *>0 or ¢t > 7, to
find the solution of the equations accordingly:

V) (¢ %) =
criterion (Euler-Poisson equation) of the following form: e =0 (105)
E(t * +14) = 0. (104) and:
. _ () = 0. (106)
Consider the solution of this equation in the
form of a spline of the third order by the argument Thus, for é(t *) have:
E(tx)=do+dy- () +dy- (Ex)*+ds- (t*)3t+=0. (107)
Considering the conditions (103) for &(t *) (107), have:
Q Texc 2 (V—Vo)—T.,fle'(Tn—‘ro) 3
E(t %) =?+v0-t*+z—mr-(t *)° + PyE—" ()3, (108)
The dynamic component of the force that oc-  pickup” has the following form:
curs in the rope system when lifting a load “with a
r (V=v0)~1EE (170
C-Texc mr P
Pre#) =C-§(t*) = Qut Crvp-tx+=72 - (L4)° +C { 3-(1p—70)? } (t #)3. (109)
The dynamism coefficient K, (t *) has the following form:
Texc
_ Pre(t=) _ C-vg-(t*) C-Texc . 2 C'{(V_VO)_ my '(TP_TO)} . 3
Ka(t=) = meg 1+ mpg  2mempg G my-g-3-(tp=7o)? ()" (110)
From (110) evident that K,(t *) it has no os-  quires at t *= 7, — 7y, namely:
cillatory character. The maximum value this value ac-
(max) _ _ 2Cvg (Tp=T0) | CV-(tp=T0) , CTexc (Tp=70)*
Kd (t *) - Kd(t *)lt*:‘rp—‘ro =1+ 3:myg 3myg omympyg (111)
Asarule: T >>7), Vav,, thus from (111) have: Discussion

CV-tp
mpg

C-TexcTp?

Kd (max) (t *)

1+ (112)

tr=1, 6mymp-g’

Due to the small values of the terms included
in (112), compared to unity, practically the value of
the dynamism coefficient for this method of lifting the
load (as, incidentally, for the case of lifting the load
“from weight”) differs little from unity (not more than
10%, exceeding unity).

The quality of operation and functioning of the lift-
ing mechanisms of bridge cranes largely depends on
the proper optimisation of the dynamic loads of rope
systems due to the handling of goods, and their effi-
ciency is one of the most pressing issues of our time,
and some problems require immediate solutions. For
example, the mechanisms with which it can be per-
formed installation and transporting works are quite
dangerous and cumbersome during operation, this is



a significant problem in using these mechanisms, and
it is essential to increase the efficiency of exploring these
problems to solve them as soon as possible. Most of
the lifting mechanisms at the moment are outdated both
technically and morally, and the significant amount of
resource cranes has greatly decreased.

According to the results of recent studies by
Q. Guo et al. [24], the constant use of lifting machines
in such a technically worn-out condition can result in
their destruction and breakdowns, which causes the
termination of the cargo flows used by them. On the
one hand, the provision of high productivity of shift-
ing loads in the river and sea warehouses, ports, con-
struction sites, and production workshops is combined
with increased dynamic loads in the details of cranes,
they are one of the main reasons for their transition
to the limiting environment, after which the efficient
and high-quality operation of the mechanism is unre-
alistic. The most urgent issue that must be considered
during the development and operation of the cargo lift-
ing facility is the energy efficiency of this mechanism.

The entire mechanism of lifting machines was
analysed, and as a result, it was decided that for the
application of various constructions, especially theo-
retical ones, it is necessary to have a basic knowledge
of these objects to indicate the physical properties of
this device and their number, which will allow under-
standing the process of operation of lifting mechanisms
under the given conditions of their use. The problem
of energy efficiency of lifting mechanisms was almost
indecisive before, as there were not enough available
means of energy saving in the crane drive, and they
appeared recently. Complex vibrations have an ad-
verse impact on the stability of the elements of lifting
machines, which results in numerous destructions.

According to the definition of H.M. Omar
et al. [25], gantry cranes are most often used for the
construction of civil and industrial facilities. The fea-
tures of operation of these lifting mechanisms are
that a large part of the work process is represented
by transient modes, namely starting and deceleration,
machines for changing the departure and lifting loads.
Thus, the productivity of the crane is connected with
the duration of the transitional processes of the ma-
chines for changing the outreach and lifting loads.

It indicates that in the design and modelling
of gantry cranes used for the construction of various
structures, it is required to consider all the features of
the mechanism and its modes that affect the quality
of operation and ensure proper performance. Efforts
to reduce the duration of transients in the departure
change machine are not successful due to the neces-
sity to reduce the load fluctuations that occur during
transients. All these damages the operational perfor-
mance and reliability of gourd cranes, and, in general,
lifting and transporting mechanisms.

Researcher Y. Liu [26] determined that there
are almost no systems for monitoring the energy
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consumption of lifting mechanisms in Ukraine, al-
though lifting machines, compared to other industrial
equipment and mechanisms, have low efficiency and
are one of the most energy-efficient mechanisms.
Very large energy losses in crane electric drives oc-
cur through the outdated control systems of drives,
inefficient cycles of operation of machines, and their
worn-out technical condition. In general, this applies
to 80% of cranes that have reached the end of their
regulatory service life.

But when modelling lifting mechanisms and
other industrial equipment, using this class of energy
consumption monitoring systems, allows for improv-
ing the work of these machines, due to the massive
number of receiving elements and the large number of
parts that are involved in the process, thus, it is very
necessary to consider the specific features of using this
type of mechanisms and systems, timely investigation
of data and possible causes of problems, for further
prospective development of using lifting machines
and monitoring systems in Ukraine. It is essential to
draw attention to the development of systems for
monitoring the energy consumption of cranes, consid-
ering the regulatory requirements for their safe opera-
tion. To improve the reliability of the operation of lift-
ing mechanisms, it is required to reduce the dynamic
loads on their body and drive parts.

C.M. Niu et al. [27] identified that the cost of
energy resources is constantly increasing, which opti-
mises research to reduce energy consumption when
lifting or lowering loads. Suboptimal and unreliable
choices of cycles of operation of the lifting machine,
even in the presence of innovative hardware, can
cause energy overruns during the unloading and load-
ing processes. The investigation and resolution of these
contradictions can be promising only using the mecha-
tronic approach, through which lifting mechanisms are
presented as a synergistic combination of electrical, hy-
draulic, mechanical and electronic components.

The results of this mechatronic approach to
resolving contradictions were analysed and explored
more precisely, it can be concluded that the efficiency
of using innovative designs of lifting mechanisms and
support apparatus, their use allows for keeping energy
overrun. The main role in the modelling and design
of mechatronic crane systems is the development and
calculation of software that allows the implementa-
tion of control of some individual mechanisms, devices
and parts. During start-up and deceleration of drive
devices, i.e. transient modes, dynamic loads dangerous
for lifting mechanisms appear.

M. Ziaei et al. [28] demonstrated that such
transient modes in cranes have an impact on the en-
ergy and dynamic properties and performance of the
crane. For a load-lifting machine, the dynamic cycles
that occur during the transitional modes of movement,
i.e. lifting or lowering the load, have an impact on the
magnitude of the moment and force loads in the flexible
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suspension and drive of the machine. The vibrations
in the flexible suspension are transferred to the crane
boom and load it with additional bending moments.

These modes may have a specific modification,
it happens due to the specific features of the cranes
that are observed and considered. It is essential to use
the tower crane in such a way that the oscillatory
dynamic cycles in its mechanisms are reduced during
transient modes of movement. Small elimination of
dynamic loads during the start-up and deceleration of
gourd cranes helped to increase the overhaul time of
these cranes many times.

As noted by N. Zhao et al. [29], modern moni-
toring systems operate on the established mechanism
link between the replacement of energy losses during
the operation of lifting mechanisms, namely cranes,
and their technological condition. At the time of op-
eration of cranes, it changes a lot: the position of the
crane runway, flanges and rims of the running wheel,
brake linings, brake pulleys, rope block, drum, bear-
ing and various friction units in crane machines, the
position of the electric motor winding and the resis-
tance of the separate relay and contact equipment,
the electromagnetic pusher coil, the viscosity of the
operating emulsion in gearboxes and electrohydraulic
brakes. Thus, as a result of these work processes, the
energy consumption of lifting mechanisms changes.

To optimise the energy performance of lifting
mechanisms and their electric drives, dynamic loads
and kinematic parameters of cranes, it is required to
develop mathematical models that can consider tran-
sient cycles in lifting electric drives, structural vibra-
tions, loosening of loads and represent a set of non-
linear differential equations. It is essential to increase
funding and improve the skills of employees, to start
introducing new technologies to improve the design
and modelling of lifting machines and to reduce errors
in the operation of these mechanisms.

Conclusions

The physical-mechanical models for the analysis of
the process of lifting loads by overhead cranes in two
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AKTyasnbpHiCTB. Y JaHOMY JOCTIPKEHHI IPHU/iIeHa 3Ha4YHA yBara aHaji3y AUHAMIYHUX HaBaHTaKeHb, SIKi BUHUKAIOTh
y KaHaTHUX CHUCTEMax BaHTAKOITAMOMHUX MEXaHi3MiB MOCTOBUX KPaHIB IIifl Yac IMyCKy Ta raJbMyBaHH], a TAKOX
3MEHIIEHHIO IIUX HaBaHTa)KeHb.

Mera. /Iy BUSIBIEHHA BEJIMUUHY Ta XapaKTepy 3MiHU AWHAMIYHUX HaBaHTaXXeHb y eJleMeHTax BaHTAXKOMIANOMHUX
MeXaHi3MiB MOCTOBUX KpaHiB IpOBeJeHUH BceOiUHMI JUHAMIYHUI aHali3 caMe MeXaHi3My MiZIioMy MOCTOBOTO
KpaHy Ta Moro Npy>KHUX eJleMeHTiB (KaHaTHHUX CUCTEM).

Mertoau. [luHaMivYHMI aHasi3 BKa3aHUX BUIIE MEXaHi3MiB Ta CHCTEM IIPOBEAEHO Ha OOTPYHTOBAaHUX MaTeMaTHUYHUX
MO/IeJITX KPaHiB MOCTOBOT'O TUITY (OZHO- Ta IBOMACOBUX).

Pe3ynbraTi. AHaMi3 OTpUMaHUX PO3pPaxXyHKiB MaTeMaTHYHUX MoJelell MeXaHi3My IiZfioMy BaHTaXy MOCTOBHUX
KpaHiB ITOKa3aB, 10 AWHAMI4YHi HaBaHTaXeHHS, AKi ZiI0Th Ha eJIEeMeHTH KOHCTPYKIIil Ta TPUBOJHUX MEXaHi3MiB,
MalOTh KOJMBHUH XapaKTep i 110 BeJINYHI ClIiBCTaB/IeHi 3i CTATUYHUMY HaBaHTaXXeHHAMU. ToMy /7151 3MeHIIIeHHA
JVHaAMIiYHUX HaBaHTaXeHb B eJleMeHTaX KOHCTPYKIii (30kpeMa, y KaHaTax) IIiJl 4ac IepexiJHUX IIPOIIECiB y
TaKHUX BaHTAXOIZHOMHHUX MexaHi3aMaX MOCTOBUX KpPaHIB 3allpOIIOHOBAHO IIPOBECTH OINTHUMi3allilo peXuMiB
PyXy iX MpUBOAHUX MeXaHi3MmiB. [l MiHiMi3allil iHTerpasbHUX (QYHKI[IOHANIB BUKOPHUCTOBYBAJIUCH METOAU
KJIACUYHOTO BapialliifHOTO YMCJIEHHS, MaTeMaTuyHoi pizuku Ta AudepeHLiasbHi PiBHAHHA, AKi MOZJETIOIOTh
JVUHAMIKy MpolleciB HaBaHTa)KeHHs KaHATHUX CHCTEM Ta IMPUBO/IB MOCTOBUX KpaHiB, a TAKOXK Oy/iv BpaxoBaHi
TepMiHaNbHI (TIOYAaTKOBi Ta KiHIIEBI YMOBU PYyXy MOAIOHUX CHCTEM), IO AO3BOJIIIO OZHO3HAYHO PO3B’S3aTU
ONTUMIi3aliliHy 3aZa4y. BaxxinBe MicIie B Takili onTuMisaii 3aiiMae BUGip KpuTepito onruMizanii. Cepes Takux
KpUTepiiB BUKOPUCTOBYBAJINUCH iHTErpalbHi KpUTepii onTHUMisallil. ¥ AKOCTi TaKuX iHTerpaJbHUX KPUTEPiiB
ONTHMi3allii BUKOpHCTOBYBa/INCh CEPeHbOKBApAaTUYHi 3HaUeHHS JiI0UNX HaBaHTAXXeHb Y IPY>XKHUX eJleMeHTax
(kaHaTax) MOCTOBUX KpaHiB.
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Abstract

Relevance. The relevance of the stated subject of this scientific research is due to the importance of theoretical
issues of alternative representation of the categories of space and time from the point of view of developing
geometric solutions to problems of relativity theory, which are important in solving numerous practical issues
encountered in various fields of modern science and technology.

Purpose. The purpose of this research work is to form an alternative view of the categories of space and time,
which are of significant practical importance for creating geometric solutions to problems that reflect certain
principles of the theory of relativity.

Methods. The basis of the methodological approach to the construction of research works in this scientific
study was a combination of a systematic analysis of the features of compiling an alternative representation of
the categories of space and time with an analytical study of the features of constructing geometric solutions to
problems that reflect various problematic aspects of the general theory of relativity.

Results. The results of this research work reflect the entire course of scientific research, and indicate the
absence of contradictions in the very fact of the existence of alternative space-time models, as not meeting the
fundamental principles of the special theory of relativity.

Conclusions. The results and conclusions of this research have significant practical significance from the point
of view of forming new ideas about the provisions of the special theory of relativity and the possibilities of
practical use of geometric models to solve complex problems of this theory, through the use of corrected ideas
about the real properties of space and time, and are also of significant importance for employees of design
bureaus engaged in the development of the latest samples of high-tech equipment and using the principles of
special relativity in their calculations
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Introduction

According to numerous scientific publications concern-
ing the role and place of the theory of relativity in the
world scientific paradigm, there are many scientists
who almost unconditionally accept this theory, with-
out casting any doubts on it [1]. In addition, there are
scientific studies that declare the very conditions of
the problem statement to be far-fetched (over-ideal-
ized) and the possibilities of observing specific events,
as well as the paradoxes that occur (in particular, the
“clock paradox”), to be unrealistic. The concepts of
“space” and “time” raise many questions, and the latter
criterion attracts the most attention, becoming period-
ically the object of fierce disputes. The situation is elo-
quently illustrated by the thesis of Aristotle, who called
time the most “unknown” of the entire unknown.

Numerous ideas about the attitudes of various
ancient peoples and civilizations reach us today from
the depths of centuries. In particular, of particular in-
terest is the study of symbols conducted by the ancient
Sumerians and devoted to the study of a six-pointed
star [2]. From the Sumerian civilization, this symbol
passed to Egypt, after which it came to the Jews, be-
ing now known as the “Star of David”. In this con-
text, it is noteworthy that the original interpretation
of this symbol of two united equilateral triangles was
the unity of three-dimensional space and the same
three-dimensional time. The connection of space-time
turns out to be six-dimensional!

The four-dimensional model of time and space,
better known as the Minkowski model, by analogy
with the three-dimensional space of classical physics,
has an absolute character. In a way, the Minkowski
spatial model can be regarded as an extrapolation of
the absolute three-dimensional Euclidean space to an
additional dimension [3]. Therefore, such criteria as uni-
formity and isotropy can characterize this space in four
dimensions, if we do not take into account the bound-
aries set by the cone of light. In the SRT, space-time
is passive, since not all bodies and fields have a counter
effect on it, being located and moving in this space-time.

In the Minkowski space, concepts such as si-
multaneity or different timing of events are interpreted
from the position of observers (for example: A and
B), which move relative to each other [4]. To facili-
tate perception as much as possible, we will consider a
straight horizontal line containing many objects at a
particular time usually denotes a two-dimensional model
of space-time, which lends to visual representation
in the drawing plane, despite that one-dimensional
space, and a straight vertical line denotes one-dimen-
sional time. Lines that show the position of an object
at certain time intervals are the trajectories of objects
moving directly in space-time. Lines located at a cer-
tain angle of inclination display the trajectories of
moving objects. At the same time, it should be taken
into account that all events were located on the same
horizontal line that occurred at the same time. Other

events were on the same line that took place in the
same place, located strictly vertically. All these geo-
metric images are called world lines of the trajectories
of moving and resting objects in space-time [5]. Any
of the points of the world lines should be perceived as
an event in space at a specific time interval.

The lack of geometric models for solving prob-
lems of relativity theory, capable of clarifying the is-
sue under study, was the main problem of scientific
research of alternative representations of space and
time. This scientific research sets to expand alternative
ideas about the properties of space and time, using a
wide range of possibilities for solving problems of the
theory of relativity by geometric methods.

Materials and methods

This research is based on the methodological approach,
which includes an alternative systematic analysis of
space and time and an analytical study of geometric
solutions to problems reflecting various problematic
aspects of the general theory of relativity. The study
of the features of geometric solutions to problems
reflecting the problematic aspects of general relativity
involves the construction of graphical representations
of various kinds of events that are important in the
context of displaying the basic laws that affect the ex-
pansion of alternative representations regarding the
parameters of space and time from the point of view
of the principles of relativity theory.

The theoretical basis of this research work is
numerous studies by Ukrainian and a number of inter-
national scientists that reflect various aspects of con-
structing geometric solutions to problems of relativity
theory that are of significant practical importance in
the context of the development of alternative ideas
about the properties of space and time. Thus, the the-
oretical basis of this scientific work was selected and
compiled in strict accordance with the stated topic and
should contribute to its maximum qualitative disclosure.

This scientific research was carried out in several
main stages.

At the first stage of this research, a theoretical study
was carried out of available publications in Ukrainian
and international sources devoted to the study of the
properties of space and time in the context of the gen-
eral theory of relativity, which generally contributes
to a qualitative theoretical basis for further research. In
addition, at this stage of scientific research, an alternative
systematic analysis of space and time was carried out,
which lays the groundwork for further scientific research
and combined with the accumulated theoretical base.

At the second stage of this research, an analytical
study was carried out of geometric solutions to prob-
lems reflecting various problematic aspects of the gen-
eral theory of relativity. This study included graphical
dependencies of different events that are important in the
context of the main patterns affecting the expansion



of alternative representations regarding the parameters
of space and time from the point of view of the princi-
ples of relativity theory. In addition, at the second stage
of this scientific study, an analytical comparison was
carried out of the results obtained during it with the
results and conclusions of other researchers on alter-
native ideas about the properties of space and time in
the context of the general theory of relativity, which
generally contributes to objective ideas about the
results obtained in this scientific study.

At the final stage of this scientific research,
during it, the conclusions were formulated based on
the obtained results, acting as their logical reflection
and summing up the entire spectrum of scientific re-
search that was carried out in this work. The results
of the study of alternative ideas about the properties
of space and time through the geometric solution of
the problems of relativity theory and the conclusions
formulated on their basis can serve as a qualitative
foundation to continue scientific research.

Results

The scientific study of the possibilities of forming al-
ternative representations regarding the properties of
the categories of space and time by creating geometric
solutions to problems of relativity theory has resulted
in the following.

When creating geometric solutions, special at-
tention should be paid to the units of measurement
used [6]. In particular, space is divided into equal seg-
ments that turn out to be multiples of the length nl,,.
At the same time, time is divided into equal segments,
which turn out to be multiples of the Planck time nt,,.

The travel speed of objects should be taken in
parts of the speed of light c. Because:

¢ = IPL/¢Pl, M

then the value of the speed in two-thirds of the speed
of light in the presented figures will have the form:

V =(2/3)c = (2nlPl)/(3 ntPl). (2)

Events occurring at the
t location of stationary observer
A (according to observer A)

l

Events occurring at the
moment “0” according to
observer A

Figure 1. Two-dimensional space-time model
Source: developed by the author
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Figures 2 and 3 show the trajectories of objects
represented as inclined lines. Simultaneously occur-
ring events are reflected on the horizontally located
straight line, while events that occurred in the same
place are spread out on the vertical straight line.

When the observer B is moving at a speed
V=(2/3) c from the distance between points 0 and K,
will be the value A, when B meets with the observer
A, as shown in Figure 4. Also, it follows from this fig-
ure that all linear dimensions will not be identical of
the system of moving observer B (in the direction of
movement), in projection onto the space of stationary
observer A, (the projection of the linear size of the
moving system (t,;1,) on the stationary one (t,;I,) must
uniformly decrease) because the linear dimensions of
stationary observer A will be significantly smaller than
the actual ones for moving observer B. A comparison
of calculations of relativistic reduction of lengths and
simple geometric parameters do not provide full and
equivalent values A, (distance from 0 to K,).

The world line of
moving observer B

l

Events occurring at the time
when observers A and B are
met (according to stationary
observer A)

Figure 2. The inclined line is the trajectory of objects
Source: developed by the author.

The world line of stationary
observer A

The world line of moving
t
observer B

o

Events occurring 3 length
units away from observer B

21 \. (according to observer B)
1 l

>

Events occurring 3 length
units away from observer

A (according to stationary
1 observer A)

Figure 3. The inclined line is the trajectory of objects
Source: developed by the author
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The laws of physics apply equally in all systems
where rectilinear and uniform motion takes place. For
this reason, the system of observer B should be consid-
ered as stationary. In such a state of affairs, the world
line of moving observer B coincides in the system of
stationary observer A with the time axis in the system
of observer B (as shown in Fig. 4), and the spatial axis
is perpendicular to the time axis.

A t V=(2/3)c

A - the speed of movement of
observer B according to A

t
A

'
'
'
'
'
'
'
'
'
|
A 4 >
'
'
'
'
'
'

AA K " le
0 1 2 3
A, K,

Figure 4. Coincidence of axes and observation
systems A and B
Source: developed by the author

Figure 5 shows the movement of observer B rel-
ative to the location of observer A with the same ve-
locity V=(2/3) c. The front of a flash of light displays
the passage of time on the plane; within one plane it
has the form of concentric circles, the radius of which
is equal to

Rn=Rn—-1+1tu, 3)

and the center is located at the reference point 0,
which simultaneously acts as the beginning of mea-
surements and the meeting point. Since c=[,/t, and
any of the units of length is a multiple of the Planck
length in Figure 5, and the unit on the conditional
axis of time (radius of the sphere) is a multiple of the
Planck time, then graphically it is necessary to mark
the same single segments on the axes of length and
time values.

The location of the world line of the observer
B in motion is completely superimposed on the con-
ditional time axis, so this world line passes directly
through the point of contact of the two observers O,
as well as the point T,. The latter indicates the place
where observer B is located, moving relative to ob-
server A at a speed of V=(2/3) c, after passing two
units of length in 3 units of time since their meeting.

Figure 5 can be modified somewhat by mov-
ing the center of the coordinate system of observer B
to the center of the coordinate system of observer A,

as shown in Figure 6. Such a combination does not
change the essence of the matter at all, while simpli-
fying the understanding of the situation [7]. From the
data presented in Figure 6, it follows that observer A
will be at point T,, when observer B (in his opinion)
will be at point T, In other words, the events T,, and
T, do not differ in time at all for observer A. For ob-
server B, the events T, and T,, occur simultaneously.
Events L, and L, occur at the same time and spatial

A
distance for observer A.

T
V=(2/3)c BA
- the speed of movement of
observer B according to A

Figure 5. Moving observer B relative to the location
of observer A
Source: developed by the author

V=(2/3)c
- the speed of movement of
observer B according to A

e~

>

w

(P ——

=~

Figure 6. Combining the centers of the coordinate
systems of observers A and B
Source: developed by the author

Geometric transformations according to Figure 6
have the following form:
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[
Consider geometrically identical triangles
AOT,, T,and 4 OL, L,
AOT AT Band AOL AB L B. @)
Because
|OL A/=/L AB L B|, (8)

Alternative representation of space and time: geometric solution of problems of relativity theory

that

|OLA| = /|10Lg|?> — |OLpg|*> = VsZ—mZ  (9)

|OL A| = V3% — 22 = 2,236 units, (10)

This corresponds to the linear parameters in
Figure 6 and the relativistic reduction of the longitu-
dinal linear dimension in a dynamic system (from the
position of a static observer A).

After converting formula (9), the right part
is substituted into it, under the value of the root
( V=% c):

v 2.2 p2g2 20262 p2g2 V2 v\ 2 v\ 2
|0LA|=J(%c)2—(§)2=\/’”Vf - = J’" o o =\/52—Szc—z=\/52(1—(z)>=SJ1—(2) a1

c? m2c2

As a result, we have the formula:

loLA| = s |1 - (%)2

This formula is identical to the formula of the
special theory of relativity obtained to describe the
relativistic effect of reducing the longitudinal linear
parameters of a moving system from the position of
an observer at complete rest.

The presented logic of scientific research is ap-
plicable to calculate the deceleration rate of the run-
ning clock. If we assume that moving observer (Fig. 6)
B will not be able to change the work of its watches
in point T,, but can see the acceleration of watches
of static observer A directly at the point of its stay T,
(as events T, and T,, occur in one and the same time
from the perspective of observer B). At point T,,, static
observer A will be able to note an increase in the clock
speed of observer B at point T, (since both events T,,
and T, take place at the same time, from the position
of static observer A). Everything is logical, due to the
inertia of the systems under study and the similarity

(12)

2
|0Tgs| = VsZ —m2 + ——=
s2—m2
All substitutions and abbreviations are per-
formed in strict and complete accordance with the
previous calculation:

2 52 s tA

S
S0 SN RO RN OO
The result will be a formula for the sequence of
relativistic deceleration of the clock mechanism:

(2D

N (22)

VsZ-m

of the flow of all physical processes that take place in
them [8].

The course of the clock can be output as follows,
according to the data presented in Figure 6:

IT ABT B| = m; (13)
0T B| = s = t4; 14
|OT AB| = tB; (15)

Consider similar triangles A OT,, T,and AT, T,,
T,,, for which the following algebraic relations can be
considered valid:

|OT AB| = Vs% — m?, (16)
ITaBTBAl _ |TABTBI 17)
ITABTBI |0TaB|’
_ |TaBTElITABTEl _ m?
|TABTBA| - |0TB| - mr (18)
|0Tgal= |0Tag| + |TagTsal, 19
1 2 2 2 s?
— (s? —m? +m?) = — (20)

Thus, the fundamental principles of special rel-
ativity in the context of creating an alternative space-
time model work and can be clearly demonstrated.
This fact testifies to the fundamental possibility of
creating an alternative model of the space-time char-
acteristics of a physical object that does not conflict
with the principles of special relativity. This is ex-
tremely important from the point of view of under-
standing space-time relationships and contributes to a
general improvement in the understanding of modern
concepts of constructing alternative models of space
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and time for their use to assess the quality of physical
processes occurring in various spheres of modern sci-
entific and social life.

Discussion

The invariance of the well-known equations of elec-
trodynamics in relation to a specific group of transfor-
mations should be in constant, close connection with
the various characteristics of transformations of par-
tial differentials of the parameters of space and time.
In the event that a connection of this kind will have
observable consequences, then they can be expressed
in certain problems of electrodynamics of bodies in a
state of constant motion, despite the fact that the radi-
ation source, the receiver, the interface of the media,
as well as the media themselves move at very different
speeds. In this context, there is a substantial interest
in the experimental verification of the electrodynamic
equations in the two- or three-dimensional case of
displacements in the medium, taking into account the
dispersion parameters [9].

Now, there are enough theories that are not at
the forefront of modern science, moreover, today sci-
ence has grown so much that millions of scientists are
not able to fully grasp and comprehend it. Not all sci-
entific questions have answers, even though science
can put forward one answer option for the public and
at the same time have several spare ones that deter-
mine the directions of subsequent scientific research
in the future. At the same time, the public often does
not realize that there are secondary answers to well-
known questions that are available to the attention
of the public [10].

Concerning the provisions of the Minkowski
model, which represents the speed of light in the form
of the world line at an angle of 45°C to the abscissa axis
and the boundary of a space-time cone, in an alterna-
tive representation to this concept, the world line of a
ray of light coincides with the line of one-dimensional
space specifically at the origin emanating from the
point of residence of a stationary observer at time t=0.
In other words, this line goes directly through the or-
igin of the observer’s coordinate system and the point
with the initial coordinates. This confirms the thesis
that there is a connection of a photon exclusively with
time, but by no means with space [2]. At the same
time, it should be taken into account that time flows
evenly for a static observer in an alternative model.
For an observer who is in a dynamic state, when he
moves in the direction from the observer who is at
rest, time flows evenly, and when moving to a resting
observer, such uniformity is lost. This allows a static
observer to conclude that the object is gradually accel-
erating as it moves towards him.

Any event can be a logical consequence or
cause of another event taking into account a time in-
terval for the signal to pass between two given events.

In particular, when the light is turned on at a distance
of three magnitudes of length from a static observer,
the movement of this light signal will take exactly
three units of time, and this signal will be visible to
the observer no earlier than through these three-time
units. Until the time interval expires, the observer will
be unaware of the very fact of turning on the light
source [11].

In science, the temporal concept exists in close
relationship with the principle of causality, which is
used to order causal events within a certain period.
In a substantial to temporal concept, a certain, pre-
viously established order acts as a primary factor and
is introduced as a separate, independent postulate.
Within the limits of the relativistic concept, for the
consistent definition of a given temporal order, it is
not the fact of establishment itself that is accepted,
but the “fundamental possibility of establishing” a
causal relationship between subjects and phenomena
in the time field.

Since causes precede the effects in all situa-
tions, it becomes quite obvious that an introduction
and an expanded understanding of the so-called
temporal order is required to determine a given or-
der of occurrence of the cause. At the same time, a
strong connection should be taken into account be-
tween spatial and temporal characteristics. There is
a close connection between these characteristics and
the causal characteristic [12]. At the same time, for
the entire temporal order, the concept of time in the
present refers to the entire space, while in the causal
aspect; the term “present” will refer to the event and
its consequences. In this context, it is possible to for-
mulate and suggest that in order to obtain objective
and maximally complete information about the event
and the nature of its course; it is not enough just to
expect a signal (coming from the event-cause). To do
this, a static observer should recognize information,
relative to whom all phenomena occur in the system
of its measurement: to send a signal to an event with
a high probability of its return, or to agree in advance
on the use of a certain system of signals from the
observed system.

In particular, to determine the exact distance
of the mirror from the observer, it is enough to di-
rect a beam of light to a certain point, after reflection
from which the beam will return and the time of its
movement will become the estimated time of the ex-
periment. It is necessary to pay attention to the fact
that there is a coincidence of the world line of the
beam velocity with the speed of light with the main
spatial axis. From the point of view of the cause, it is
not possible to obtain any information about the ray
of light until it meets the observer [13]. Only after this
meeting, it becomes possible to control the speed of
movement of the light beam from the point of direction
to the end.



Obtaining objective information about the na-
ture of the relationship between spatial and temporal
characteristics requires a certain amount of time, and
its duration depends both on the speed of information
dissemination and on the final location of the event.
Any information that can be obtained by observing
space-time relationships determines the results that
can be obtained only if all experimental conditions
are met, and these results are in full accordance with
the basic postulates of the special theory of relativity.

In modern conditions, the search for new and
discussion of existing, well-known consequences of
the special theory of relativity, in particular, such as
the search and propagation of gravity waves, the re-
flection of electromagnetic waves by objects of large
size, and other consequences that have a significant
impact on the resolution of problems of astrogation,
can be manifested in various aspects of the influence
on the processes of electromagnetic radiation propaga-
tion on the scale of space objects and should be taken
into account when forming a more accurate space-time
interpretation of events [14].

To date, there is a development of the trend
of practical application of the principles of special
relativity in various fields of science and technology,
in particular, in electrodynamics and other scientific
disciplines directly related to the theory of the electro-
magnetic field. In addition, this circumstance largely
causes an increase in interest in conducting experi-
mental verification of the basic equations of electro-
dynamics with different characteristics of the motion
of media and in systems with different numbers of
measurements. From the point of view of obtaining
the possibility of conducting such experiments, in the
very near future we should expect the identification of
optimal spatio-temporal characteristics in terms of im-
proving the quality of such experiments and the pos-
sibility of practical solutions with their help to actual
problems of modern science and technology.

Various theories representing the categories of
space and time and giving concrete ideas about their
properties and most important characteristics contrib-
ute to the emergence of many physical interpretations
of the true nature of these quantities [15]. The situa-
tion radically changes from the subjectivization of the
parameters under consideration to the recognition of
space and time as a fundamental category of any mat-
ter. To date, no scientific discipline, be it philosophy,
physics, chemistry or higher mathematics has formed
and presented clear definitions regarding the essence
of the concepts of space and time and their physical
meaning. Despite all these scientific disciplines, like
many others, widely use these concepts. It should be
noted that today the concepts of space and time play
such an important role in the process of modern phys-
ical cognition that there is no such physical process
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that could be described qualitatively without the use
of these categories. All scientific disciplines that exist
today always strive for the highest quality represen-
tation of meaning, therefore, the importance of dis-
playing the physical meaning of the concepts of space
and time will not lose relevance in the context of the
formation of new and interpretation of old scientific
postulates [16].

The space-time characteristics indicated in Min-
kowski’s research are only physical images, physical
and mathematical concepts that are devoid of the
properties of objective reality. The basic provisions of
the geometry of real space and time can be determined
by the characteristics of the motion of matter, as well
as the entire spectrum of interaction of a material na-
ture. Since the main characteristic of the space-time
continuum is the ability to move, various variations of
movement, as well as interactions of a purely material
nature, determine a set of certain space-time charac-
teristics [17]. For example, the so-called Minkowski
space qualitatively reflects the metric characteristics
of time and space, which can be caused by interactions
of the electromagnetic order.

Within the framework of special relativity,
the categories of space and time can be expressed as
“pseudo-Euclidean diversity”. Such a circumstance de-
termines one of the fundamental differences between
temporal and spatial coordinates. This is the Lorentz
translation invariance of time and space. From this
circumstance, the fundamental effects of the special
theory of relativity directly follow, such as the rela-
tivity of length and duration, and the relativity of the
simultaneous flow of various events occurring at dif-
ferent points in space [18].

It is appropriate to note the prevailing interpre-
tation of the status of the property of space and time
in modern relativistic physics. The principles of the
special theory of relativity affirm the physical mean-
ing of the interval of space and time, while essentially
performing the opposition of the relative nature of the
intervals of time and space in their constant connec-
tion with motion. Considering the greatest value of
the speed of light as the limiting speed of any physical
interaction, this theory has clearly demonstrated that
any cause-and-effect relationships between physical
phenomena and quantities cannot be realized without
establishing the dependence between various aspects
of the coordination of these physical quantities in the
space-time field [19]. The connection between any
two events can be established only if the light radiation
between them passes a greater distance than there is
a geometric distance, or passes a similar distance. In
all other cases, these two events cannot be considered
connected by a spatio-temporal connection, since ex-
cessively large distances between them and moments
of the message should be taken into account.
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Conclusions

The conducted scientific study of alternative ideas about
the characteristics of space and time from the point of
view of the fundamental principles of comparative rela-
tivity theory led to the following conclusions.

An alternative model of ideas about the proper-
ties of space-time acts as a model of a private subjec-
tive substance “observer-space-time”, which includes
the observer as an integral part of the general model.
At the same time, there is an inextricable connection
between alternative ideas about the space-time con-
tinuum and the absolute space-time, which is in a
state of constant expansion, where, in the presence of
a three-dimensional Euclidean space, the absolute pa-
rameter of time has an isotropic, one-dimensional char-
acteristic and any spatial point different from others
retains the same characteristic of time at every mo-
ment. At the same time, the existence of an alternative
space-time continuum begins immediately at the be-
ginning of the experiment, since in this context there
is a control of current events, subject to the creation
of a preliminary agreement on options for obtaining
information about events that have already occurred
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AsibTepHaTHBHA pelnpe3eHTallis IPOCTOPY Ta JYacy:
reoMeTpUYHe PO3B’sI3aHHS 3a/]la4 TeOPii BiAHOCHOCTI

HOpiit Mukomnaiiosud llluHkaprok

HaykoBo-Bupo6Huye mignmpuemMcTBo “CinBepxopct”
04071, Byn. BBezeHchka, 26, M. KuiB, Ykpaina

AHoranig

AKTyanbHiCcTh. AKTYaJbHICTh JAHOTO HAYKOBOT'O JOCJiXKEHHA 3yMOBJIEHA BaXJIUBICTIO TEOPETUYHUX ITUTaHb
aJbTepHATUBHOTO IIPE/CTaBIEHHS KaTEropili MPOCTOPY i Yacy 3 TOYKU 30py PO3POOKU reOMETPUIHUX PO3B’SI3KiB
npo6sieM Teopii BiIHOCHOCTI, sIKi € BAXXIMBUMU Y BUPIIIeHH] 6araTboX MpaKTUYHUX IPO6IIeM, 10 BUHUKAIOTD Y
Pi3HUX raayssax CydyacHOi HayKU i TeXHIKU.

Meta. MeTo10 fiaHoi po60TH € GOpMyBaHHS aJbTePHATUBHOTO MOIA/AY Ha KaTeropii mpocTopy i 4acy, 1o MaioTh
Ba)KJIMBE MIPAKTUYHE 3HAYEHHS /JIs1 CTBOPEHHS T€OMETPUYHUX PO3B’A3KIB IPobIeM, sKi BitobpaxaloTh OKpeMi
TIPUHIIUIY TeOopii BiTHOCHOCTI.

MeToau. B 0CHOBY METOOJOTIYHOTO MiAXOAY [0 MOOYAOBHU JOCHIAHUIIBKOI poOOTH B JaHiil HayKOBik mpari
6yJ10 TTOKJIaZIEHO TTOEAHAHHS CUCTEMHOTO aHali3y 0COBIMBOCTEN CKIaZaHHsA aJbTePHATUBHOTO MPeACTaBIeHHS
KaTeropii mpocTopy i 4acy 3 aHaJITUYHUM JOCTIIKEHHIM OCOOGIMBOCTElN MOOYJOBY TeOMETPUYHUX pillleHb
mpobJieM, 10 BiZIoGpakaloTh Pi3Hi aclIeKTH 3arajbHOI Teopil BiJHOCHOCT.

PesysbraTu. Pe3ynbTaTi JaHOI ZOCTIAHUIIbKOI pO6OTH BiZloOpaskatoTh BeCh Xijl HAYKOBUX ZOCTIKEHb i CBiZlYaTh
TIPO BiZICYTHICTh MIPOTUPIY Y caMoMy (akTi icHyBaHHA albTepHATUBHUX ITPOCTOPOBO-YACOBUX MOJEJEH, IK TaKUX,
1O He BiAOBiAatoTh GpyHAaMEHTATbHUM MPUHITUIIAM CIellialbHOI Teopii BITHOCHOCTI.

BucHOBKU. Pe3ynbpraTyl Ta BUCHOBKHU I[bOTO JOCTIPKEHHS MAlOTh BaXK/IMBe IIPAKTUYHE 3HAYEHHS 3 TOUKHU 30Dy
dbopMyBaHHA HOBUX ysIBJIE€Hb PO TMOJOKEHHS CIeliaJbHOI Teopii BiIHOCHOCTI Ta MOXXJIMBOCTI MPaKTUYHOTO
BUKOPUCTAHHs T€OMETPUYHUX MOZEJIEH [ BUPIIIEHHS CKJIaIHUX TIPO6IeM Ifi€l Teopil MIITXOM BUKOPUCTaHHS
BiIKOPUTOBaHUX YABJIEHb IIPO PeasbHi BIaCTUBOCTI IPOCTOPY 1 4acy, a TAaKOXX MalOTh BXKJINBE 3HAUEHHA I
CIiBpOGITHUKIB KOHCTPYKTOPCHKUX 6I0pO, SIKi 3aliMatoThCs PO3POOKOI0 HOBITHIX 3pa3KiB BUCOKOTEXHOJIOTIUHOT
TIPOZYKIIii i BUKOPUCTOBYIOTh y CBOiX PO3paxyHKax IPUHIIUIIY CIIelliaIbHOi Teopii BiTHOCHOCTI

KirouoBi ciioBa: ¢izuyHi Teopii, mpocTip, reOMeTpUYHi aclieKTH, HayKa, HAyKOBi KOHIIEMIIii
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Abstract

This work is dedicated to the centenary of Ivan Prokhorovych Zapisochny, a well-known Ukrainian scientist in the
field of atomic physics, physical and quantum electronics, Honored Scientist of Ukraine, laureate of the State Award
of Ukraine in the field of science and technology and the Sinelnikov Award of the National Academy of Sciences of
Ukraine. His name is associated with important results that contributed to the development of physics of electron
and atomic collisions, vacuum-ultraviolet spectroscopy, nonlinear optics, electron-photon and ion-photon emission of
metal surfaces, and quantum gas electronics. He and his disciples have a great merit in the creation of a whole series
of original, sometimes unique, experimental setups and high-precision instruments for the study of numerous novel
phenomena and effects in electron shells of atoms and ions at their collisions with electrons, laser-emitted photons and
with each other as well as of atomic processes at interaction of electron, ion, and laser beams with solid surfaces and
active media of metal vapor lasers and excimer molecules

Keywords: I.P. Zapisochny, school of atomic physics, quantum electronics

BiTunsHAHA HayKa B OCTaHHI pPOKU Bif4yJia cepiio3Hi BU-
KJIMKU, AKi IOCTaBUIH il Ha MKy BIDKUBaHHA. Ajle HaBiTbh
3apas, y nepioZi moBHOMAcCIITabHOI BiiHHM, KOJU Halla
JepkaBa MepekKBa€e Ha[3BUYANHO CKIAAHUMN, OoTicHUH
Ta BOKIUBUI 1epioZl 60poThOU 3a BIacHY He3aJIeXKHICTh,
MpaBo Ha CBOOOJY, IIPaBO Ha KUTTS y LUBLII30BaHOMY
€BPOIeCbKOMY CYCIILIBCTBi, YKpaiHChbKi HayKOBIi IPO-
JOBXKYIOTb OTPUMYBAaTU pe3yJIbTaTH CBiTOBOTrO PiBHA. I
caMe CbOTOZHi, AK HIKOJH, BaXJIMBUM € IPOAOBXKEHHA
poboTH Ha NUIAXY [0 MiZATOTOBKYA KOHKYPEHTOCIIPOMOXK-
HUX, BUCOKOOCBiYeHUX YKpaiHCbKHX yYEHMX, a TaKOoX
MiATPHUMKA TaM’ATi TUX Y9eHUX, AKi IPoCIaBWIN YKpaiHy
Ha Bech CBIT Ta 3alo4aTKyBaId 1[ili HAIPAMU HayKOBOTO
pocripkeHHsa. Came ToMy, [HCTUTYTOM eneKTpOHHOI ¢i-
3uky HAH Ykpainu 26-27 TpaBHs 2022 poky 6ys10 IpoBe-
JeHo MixkHapoZHy HayKOBY KOH(EpPEeHIIio, IIPHUCBSIYeHy
100-piuuto Bix AHSA HapomkeHHs npodecopa [BanHa IIpo-
xopoBuua 3amicousoro [1] (puc. 1). Pucynoxk 1. Isan [TpoxopoBuy 3amicounuii (1922-2001)
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3 iminiaTtusu I.I1. 3amicoyHOro Ta 3aBASKU HOTO
HaTOJIETIMBOI HayKOBO-OpraHi3amiifHoi AisyIbHOCTI 6yJ10
He TUIbKH 3aCHOBAHO Ta PO3BUHYTO YXKI'OPOACHKY HAYKOBY
IITKOJIy 3 aTOMHOI Ta KBAHTOBOI e/IeKTPOHIKY, a ! y Tojab-
IIOMy CTBOPEHO Iepllly Ta €JUHy Ha 3akaparTi akaje-
MiYHY YCTaHOBY — IHCTUTYT eneKTpoHHOI ¢ismku HAH
Ykpainu. Le 6y/10 pe3ysbTaTOM BTUIEHHS IUIaHY OpraHi-
3allil IeHTpPiB akaZeMiyHOI HayKu B 3aXifIHMX 00IacTAX
Ykpainu, 3abe3reuyeHHsT BUCOKOTO PiBHSA AOCTIIKEHD Ta
HaJIaro/PKeHHs TPAaHCKOPJOHHOTO HAayKOBOTO CIiBPOOIT-
HUIITBA 3 BYCHUMU CyCiIHIX feprkaB. HaaBHUI HayKOBUM
Z0po0OOK, iHTeNneKTyaIbHUH i Ka/[pOBUI MTOTEHIlial, Tpa-
autlii, cbopMoBaHi 3a BeCh MePiof AisUIBHOCTI OKPEMUX
aKa/leMiYHUX YCTaHOB: BiAziny poTosasepHUX mpoleciB
IHcTuTyTy disuku AH YPCP (Bepecenb 1969 p.) Ta Bigziny
Teopii agpoHiB IHcTUTYTY TeopeTuyHoi ¢isuku AH YPCP
(ciuenp 1970 p.) — cTanu 30J0TUM GOHAOM aKaJEMiUYHOI
HayKU Ha 3akapnarri [2].

BapTo Harosmocuty, 110 epefyMoBaMU BiIKPUTTA
nepiIoi Ha 3akaprarTi akaZeMiYHoi yCTaHOBH Oyiu Ta-
KO BCeOIiYHMI PO3BUTOK i BaromMi HayKoBi JOCATHEHHS
bi3UKiB Y>KTOpOZACHKOTO I€PKABHOTO YHIBEPCUTETY Ta IOTO
npoBigHUX mpodecopis: F0.M. Jlomcazze, B.O. IlIkoau-
YnbsiHoBa, /I.B. Yenypa, B.l. JleHaena — O4iTbHUKIB Ka-
dbeznp TeopernyHoi Qi3uKy, AxepHOI Qizuku Ta dizuku
HAaIIBIIPOBIIHUKIB, fKi pa30oM 3i CTyZIleHTaM{ CTapIINX KypciB
i acmipaHTaMi B Y>KI'OPOZACBKOMY Zlep:KaBHOMY YHiBepCH-
TeTi (Terep HalliOHAIbHOMY) po3novyany GyHAaMeHTalIbHi

JIOCII/DKEHHA 3 aKTYaJIbHUX 1TPO6JIEM TeOpeTHYHOI (i3HKY,
snepHoi Gi3uKH i Gi3UKYM TBEPZOTO Tisa.

Ha cporozani B IHcTHUTyTI enekTpoHHOi diznku HAH
YkpaiHu epeKTHUBHO MpAIIO€ YOTUPU HAYKOBUX BiZZimy,
B SIKUX [TPOBOZATHCA OCIPKEHHS 3 aKTyaJIbHUX IIPobIeM
¢bi3vKu Ta CyMIDKHUX HayK:

e (i3nKM GOTOHHNX, EJIEKTPOHHUX, IOHHUX Ta AaTOMHIX
3iTKHEHb,

® HU3bKOEHEPreTUYHOI sA/1epHOI (i3nKH,

e paziaIlifiHol i TEXHOTE€HHO-€KOJIOTiYHO1 Ge3IeKH,

e }i3uku sa3epiB Ha Mapax MeTaiB,

® OIITHYHOTO IPUIaZ00yAyBaHHA,

o (i3MKO-XiMiYHMX OCHOB i TEXHOJIOTii OTpPUMAaHHS,
006po6JIEHHS Ta 3aCTOCYBaHHSI MaKPOCKOITIYHUX i ME30CKO-
MYHUX KPUCTATIB, IUTIBOK Ta CKJIOTIOAIOHMX MaTepiaiB.

Ha 6a3i [HcTuTyTy cTBOpeHO LIeHTp KOJIEKTHBHOTO
KOPHUCTYBaHHA MpWiaZlaMu «JIazepHUi CIIEKTPOCKOTIYHUHN
KOMILTEKC», METOIO SIKOTO € HalOiNbIl paljioHaTbHE BU-
KOPHUCTAHHSA YHIKaJbHOTO, KOIITOBHOTO HAayKOBOTO 00-
JlafjHaHHA Ta HaZlaHHA HayKOBO-TeXHIYHUX IOCIYT BCIM
3alfikaBJeHUM BiTYM3HAHUM Ta 3aKOPJIOHHUM OpraHisa-
I[iAM. YHIKa&JIbHUM MPWIAZOM € saepHo-disnyHa ycTa-
HOBKa — MikpoTpoH M-30. Lle npakTU4YHO €A1Ha B YKpaiHi
yCTaHOBKa 3 cepTU(}IKOBAaHUM CTEHZOM /IS IPUKJIAJHUX
JOCTIi/XKeHb, 30KpeMa y Taly3ax KOCMIiYHOTo NpuIajo-
OyayBaHHA, Gi3UKYU peaKTopiB, Z03UMeTpii iIHTEHCUBHUX
paziauiiiHuX M0JiB, aKTUBALITHOTO aHaJIi3y, a TaKOX pa-
JiariiHol i TEXHOTE€HHO-eKOJIOTiuHO1 6e3neku (puc. 2).

BusHauHy posb y 3400yTTi HAyKOBOI'O aBTOPUTETY
[HCTUTYTy IPOTATOM BCiX POKiB HOTro icHyBaHHA Biflirpaso
peryJsipHe NPOBEeHHs Pi3HUX HayKOBUX ¢popyMmiB. [H-
ctutyT OYB iHilliaTopoM i opranizaTopom moHaz 40 Mix-
HapOHUX HAYKOBUX 3ax0ZiB. OZHUMHU 3 ITepIux OyIu:
ceMiHap-TPUKYTHUK Y)Xropoz — Jlebperier — MilIkosbli,
npoBezieHu# y 1992 pori, KoOHepeHIis, MpUCBIYeHa
75-piudto AkazeMii Hayk Ykpainu (1993 pik), MbkHapogHUH

ceminap «<HADRONS-94», Mi>kHapozZiHa Hapaza «CydacHi
TexHoJIorii B MeAuiyHi» (1994 pik). ¥ 1997 poui IHcTUTYT
oprani3dyBas i mpoBiB koHdepeHuito «The Centenary of
Electron» (EL-100), mpucBsyeHy 100-piuydio BiZKpUTTS
eJIeKTpOHa, Ta OyB criBopranizaTopoM koHdepenii “He-
€BKJIiZIOBAa reOMeTpisl B CydacHil Gpizuii”, sika 3 THX ITip pery-
JIIPHO TIPOBOAUTRCA KOXKHI ZiBa poku. Y 2000 poui IHCTUTYT
3aroyaTKyBaB MixkHapoAHy KoHbepeHTIito «EneMeHTapHi



npolecy B aToMHUX cucremax» (CEPAS), ska 3 TUX mip
TIPOBOJUTHCSA KOXKHI TP POKY i BXKe Bizbymacs ycminrHo
y I'manceky (Ilosnbira), Mimkosbii (Yropiuna), Kiy-
si-Hamori (Pymynist), Benrpazi (Cepb6ist) Ta Bpatuciasi
(CnoBauymuHa). 3HaMeHHOI0 nozieio 2021 poKy, B CKPYTHi
yacu nangeMii COVID-19, ctayo npoBeZieHHA IHCTUTYTOM
[IBOX MI>)KHapOJHUX HayKOBUX OH-TaiH GpopymiB — Mixk-
HapoAHO1 KOHEPEHI[iI MOJOAUX YIEHUX Ta ACIipaHTiB
«[E®-2021» Ta MixkHapozHOI KoHepeHIii «50 poKiB aka-
JeMiqHOi HayKu Ha 3aKaplaTTi».

Liporopiuna koHdepeHIia [3], Aka mpucBIYeHa
iHiI[iaTOpy CTBOPEHH: HAIIOTO IHCTUTYTY, Y 3B’A3KY 3 Bili-
ChKOBUM CTaHOM TaKOX OyJia IIpoBeZieHa OHJIAH, aje Ifi-
KaBiCTh /10 KOHEPEHIIil BiJ IbOTO He 3racja, a HaBIaKH,
posmupuia reorpadito yuyacHukiB. ObuzaBa IUIeHapHi

YKropox

S oY

Hauionanbna akagemis Hayk Ykpainu

IHCBTY

Uzhhorod school of atomic physics and quantum electronics

3acijaHHA 6y HacHY€eHi IIiIKaBUMU JIOTIOBIISIMY Ta JKBa-
BUMHU AUCKYCIAMM YJaCHUKIB, AKi IpeACTaBUIN 75 JOTIO-
BiZett Biz 200 criBaBTOpiB. Cepe/ y9IacHUKIB OYJIH SIK TIPO-
BiZiHi BueHi HaykoBUX ycTaHOB HAH Ykpainu Ta 3aki1aziB
BUIOi OCBIiTH, Tak i aclipaHTH U CTYZEHTU Ta HaBiThb
IIKOJIAPI 3 pisHUX MicT Ykpainu Ta 3apy6ixoxs. 30kpema,
3 KueBa, XapkoBa, Yxropoga, Cym, /Jlxinpa, YepHirosa,
Jlporo6uya, MykaueBa. Oco6JIHUBO IPUEMHO BiIBHAYUTHU
y4JacTb y poboTi KoHpepeHIii MPOBiJHUX HAYKOBIIB 3
Himeuuyunu, [Momnbii, Moagosu, Anonii, ®paniiii, ITaii,
CrnosrygyeHux mraTiB AMepuku, Kurato, CloBau4MHU Ta
JlutBU. Bucokuii piBeHb IIpe/iCTaBIeHUX Pe3y/lbTaTiB MO-
Kasas, 1110 HalPsAMM, AKi KOJINCh 3alI0YaTKyBaB B Y>KIOpO/i
IBan ITpoxopoBrY 3amiCOYHMH, € aKTyaJIbHUMU Ta IIMPOKO
JOCITiKyBaHUMU i cboTo/Hi (puc. 3).

- Uzhhorod

i Qpisuky;

«Y>KrOpOZIChKa IIKOJIA 3 aTOMHOI (i3WKU Ta KBAHTOBOI €JIEKTPOHIKU»

Bigkpria koHdepeHtito fupekTop [HCTUTYTY, WieH-
xopecnoHzeHT HAH Ykpainu I'anna I'omoHaii, Aka 03By-
ynna BiTaHHA npesugeHTa HAH VYkpainu, akazemika
AHnaToutifl 3aropoZIHBOTO Ta akafeMika-cekpeTtaps Biazi-
nenHsa ¢isuku i acrponomii HAH Ykpainu, akazemika
Bazauma JIokTeBa. Y cBOiM gomoBizi 'aHHa 'oMoHal OK-
peciia OCHOBHI Bixu skuTTeBoro nuraxy LIT. 3amicoyHoro —
y4eHoro i mezarora, JI0AWHY, AKa IOMITHO BIUIMHY/A Ha
Xif mofil, Ha KUTTA i ZOJIO THX, XTO 6B mopyd. 3i cro-
raZlaMy IIpo 3aCHOBHUKA Ha 3aKapIaTTi IIKOJIU 3 aTOM-
HOI Qi3MKU i KBAHTOBOI €JIE€KTPOHIKH, ITUPOKO BiZIOMOi
11 BU3HAHOI ¥ BCECBITHIN CHiBbHOTI (i3UKiB, BUCTYIIIN
TakKox npodecopu JIBH3 «YKropoAchbKUii HalliOHATbHUH
yHiBepcuTeT» JltonBuK [llnMmoH Ta IBaH lladppanbom. He
MeHIII I[ikaBolo Oya onoBizb mpodecopa YHiBepCUTETY
He6packu-JlinkonpHa (CIIA) Iri ®abpukanTta npo icro-
pito akaziemiuHoOi HayKu JIaTBii Ta ii 38’130k 3 mpodecopom
LI1. 3amicoynuM. Y poboTi KoHdepeHLii B3I y4acTb
TaKOXX IIpeJCTaBHUKU MOJIOALIOTO ITOKOTIHHA HAayKOBOI

Koy mpodecopa L.I1. 3amicoyHOro, BUIYCKHUKH aCITi-
paHTypu IHCcTUTYTY enekTpoHHOI ¢isuku HAH Ykpainu:
OxkcaHa Ilnekan (Itanis), Bitaniit ®eep (HimeyumHa),
Ianzop Jdemern (Ppantris) Ta AHHa OcTpoBepx (M. Kuis,
Yxpaina). PoasuHKor0 KoHepeHIlii cTaiu sickpaBi BUCTYTIN
HayKOBOT'O CIIiBpOOiTHHKA XapKiBChKOT'O HAI[iOHATBHOTO
yHiBepcuTery imeHi B.H. Kapasina Osera €pmakoBa
Ta Horo yuHiB — cTyAeHTa ApTeMa I'puHuenka (XHY im.
B.H. Kapasina, XapkiB) Ta mkoaapku Bapsapu Xwminb
(C3III N2329 «Jloroc», KuiB), siki moka3aiiu, 110 JJig HayKU
HeMae BiKy Ta MeX, a HAyKOBUM IIIAX IS JIIOAMHU MOXKe
posmnoyaTHca IIfe B IIKOJi — yepe3 fAKiCHe BUKIaZaHHA
TpeZMeTiB i IpoBeleHHA HEeBEJIMKUX JOCTiKeHb pa3oM
3 HAaCTaBHUKOM. A HaWOLIbII IHHUM /[T BCiX YIaCHUKIB
6yJI0 TTIOYYTH BUCTYIIM HAYKOBIIB i3 HAUTAPAYIlINX TOYOK
pocilicbko-yKpaiHchKoi BiliHU — XapkoBa, CyM Ta JlHinpa,
SIKi TIOKa3aJIk CBOIM MIPUKJIAZIOM, 1110 YKPAiHIIiB He 3/[01aTH,
He3BaXkaloyu Hi Ha 10 MU IPOJOBXKYEMO IpaIfOBaTH,
TBOPUTH Ta PO3BUBATH HAUIY PiZIHY YKpAiHy.
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IHCcTHTYT enekTpoHHOI dizmku HAH Ykpainu
88017, Bys1. YHiBepcuUTeTChbKa, 21, M. YKropoJ, Ykpaina

AHoranig

LIs poboTa mpucBssueHa 3HaAMEHHiH 0BielHil AaTi — 100-piydto Biz AHA HapoAKeHH: [BaHa IIpoxopoBrYa 3amiCoyHOTo,
BiZIOMOT0 YKpaiHCHKOI'O BUEHOTO B ranysi aToMHOI ¢i3nku, $i3WYHOI i KBAHTOBOI €JIeKTPOHIKY, 3aCIy>KEHOr0 JisT9a
HayK{ YKpaiHu, jaypeara /lep)xaBHoi IpeMii YkpaiHu B rajysi Hayku i TexHiku Ta npeii im. K.[l. CuHeIbHUKOBA
HAH VYxkpainu. 3 #ioro iM’iM noB’si3aHi BaXKJINBI pe3yIbTaTH, AKi CIPUsIN PO3BUTKY (i3WKU €eKTPOHHUX i aTOMHUX
3iTKHEHb, CIIEKTPOCKOMII BaKyyMHO-yIbTpadioseToBOro /Jiana3oHy, HeTiHiHHOI ONTHUKY, eleKTPOH-GOTOHHOI Ta
ioH-poTOHHOI eMicii MeTaleBUX ITOBEPXOHb, Ta30BOi KBAHTOBOI eyleKTpoHiku. HaykoBa mikona LIT. 3amicoyHoro mae
BeJIMKi 3aCJyru Yy CTBOpEHHI 110l cepii OpUTiHaABHUX, Y TOMY 4MCJi YHiKaJbHUX, YCTAHOBOK Ta INpeLN3ilHOro
iHCTpyMeHTapilo /IS ZOCTi/PKEHb 6araTb0X HOBUX SBUII i ePEKTIB B eJIEKTPOHHUX 0OOJIOHKAaX aToOMiB i i0HIB mpu ix
3iTKHEHHSX 3 eJIeKTPOHaMH, GOTOHAMH JIa3€PHOr0 BUIIPOMIHIOBAaHHSA Ta MiXK cO00I0, IOCIIPKeHb aTOMHUX IIPOIIECIB
IIpU B3a€MOZii eIeKTPOHHUX, iIOHHUX i Ia3epHUX ITy4KiB 3 TIOBEPXHEIO TBEP/AUX TiJl Ta aKTUBHUX CepeOBUII Ta3epiB Ha
Iapax MeTasiB i eKCHMepHUX MOJIeKyIax

KiroyoBi ciioBa: 1.I1. 3amicounuii, HayKoBa IIKOJIa 3 aTOMHOI Gi3UKH, KBAHTOBA eJIEKTPOHIKa
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