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The main task of the mining industry is to improve the efficien-
cy of extraction and processing of iron ore. One of the main factors 

ABSTRACT AND REFERENCES

APPLIED PHYSICS

DOI: 10.15587/1729-4061.2018.142163
DEVELOPMENT OF THE TECHNIQUE FOR 
IMPROVING THE STRUCTURE OF A MAGNETIC 
FIELD IN THE APERTURE OF A QUADRUPOLE 
ELECTROMAGNET WITH A SUPERCONDUCTING 
WINDING (p. 6-12)

Andriy Getman
National Technical University “Kharkiv Polytechnic Institute”, 

Kharkіv, Ukraine
ORCID: http://orcid.org/0000-0003-2849-3575

It is of practical interest to construct models for a magnetic field 
of the quadrupole electromagnet that would make it possible to adjust 
the medium-integral coefficients of magnetic flux density by changing 
the geometrical parameters of magnet design. The aim of this work is 
to develop a method for the optimization of a quadrupole electromag-
net’s structure with a superconducting winding based on the criterion 
for a minimum of magnitudes of the non-quadrupole medium-integral 
coefficients of magnetic flux density in the aperture. Practical ap-
plication of the technique makes it possible to optimize the design 
of a quadrupole electromagnet to minimize coefficients of magnetic 
flux density, medium-integral in length, based on the calculation of 
geometrical parameters for the yoke and winding. The derived ana-
lytical expressions to calculate the minimized magnetic flux density 
coefficients, medium-integral in length, generated inside the aperture 
of a quadrupole electromagnet, are based on their proportionality 
to the contributions from the current winding and the dependence 
on its position relative to the yoke. The relationships between the 
coefficients of magnetic flux density, medium-integral in length, and 
design parameters, established empirically, underlie the procedure for 
practical application of the technique for improving the uniformity of 
a gradient of magnetic flux density of a quadrupole electromagnet. The 
expressions obtained allow the calculation of the required correction 
of geometrical parameters in the already existing structure in order to 
optimize magnetic field inside the aperture of quadrupole electromag-
nets based on the assigned medium-integral coefficients.

The paper reports results of the optimization of design of a 
magnetoactive part of the triplet of quadrupole electromagnets at 
an accelerator complex for the project NICA. Optimization was car-
ried out based on the proposed technique with the minimization to a 
level of 10-5 of the non-quadrupole medium-integral coefficients for 
the transverse components of magnetic flux density generated in the 
aperture of an electromagnet with a superconducting winding. 

Keywords: beam of particles, quadrupole electromagnet, mag-
netic flux density coefficient, superconducting winding.
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contributing to solving the task is determining the content of iron 
in the ore body at the initial stage of production chain. Traditional 
methods of chemical analysis that are widely used at present to 
achieve this goal do not possess a sufficient degree of responsive-
ness and require about two hours to obtain the results. That typi-
cally does not make it possible to properly adjust the parameters of 
the technological process of ore processing, but only provides for 
the opportunity to ascertain the status of the production process 
at the time of sampling.

Existing methods of accomplishing this task, which possess a 
sufficient degree of efficiency, are based on the use of direct methods. 
These include the nuclear-physical (interaction between gamma-
radiation and mountain mass), magnetometric (changing the relative 
magnetic permeability when interacting with magnetic iron), ultra-
sound (a change in the ultrasonic wave propagation in the examined 
material) methods.

In order to improve the accuracy of determining the percentage of 
a mineral component in the examined mountain mass, in this work we 
have improved the nuclear-physical method for determining the con-
tent of total iron in iron ore lumps. The improvement of the method 
makes it possible to enhance the accuracy of control over a mineral 
component in the studied material by 1.5 % by registering not only 
the gamma quanta reflected from the surface, but the absorbed par-
ticles as well. We have experimentally established the sensitivity level 
(K=1.32‒1.38), which characterizes a change in the intensity of the 
registered radiation due to a change in the content of iron in the irradi-
ated material. We have also established the level of a statistical error 
(<0.65 %) in order to ensure the permissible measurement accuracy.

Based on a given method, we have proposed an information-
measuring system for monitoring, analysis, and forecasting the quali-
tative characteristics of ore under conditions of an enrichment plant. 
The application of this system makes it possible for technological 
personnel to promptly intervene in the production process and to 
adjust the qualitative-quantitative parameters of ore. 

Keywords: quality of mineral raw materials, logging of wells, 
gamma radiation, total iron, magnetic iron.
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We have solved the task of safety improvement in the ground-
ing process of autonomous mobile electrical installations. Existing 
procedures for the calculation of normalized resistance of ground-
ing electrodes in electric installations have been examined and 
studied. Their main drawbacks have been revealed: the difficulty 
and complexity of calculations; the probabilistic and approximate 
character; the use of source data taken to calculate the electro-
physical parameters of stationary grounding electrodes; the calcu-
lations do not account for the structural-phase structure of soil and 
the volume of electrolyte. Based on the application of percolation 
theory and the apparatus of fractal-cluster geometry, we have mod-
eled the process of electrolytic grounding in heterogeneous soils 
of different porous structure, which possess the percolation and 
fractal properties. A physical model of the process of electrolytic 
grounding has been developed, which takes into consideration the 
soil structure properties when changing the fractal dimensional-
ity of a cluster over a certain range that forms the electrolytic 
grounding conductor with the normalized resistance. It has been 
shown that the model of conductivity of the electrolytic grounding 
electrode is defined by the soil electrical conductivity in a percola-
tion channel of the porous structure of soil and can be considered 
as a function of the volumetric concentration of the electrolyte 
and the size of the volumetric structure of the electrolytic percola-
tion cluster. We have derived analytical expressions to relate the 
normalized resistance of electrolytic grounding conductors and 
the specific resistivity of soil to the fractal dimensionality, volume 
of the electrolyte, the number of pores to the electrolyte, density 
of a geometrical volumetric body. We have improved a method for 
calculating the electrophysical parameters of electrolytic ground-
ing conductors, based on accounting for the main linear size of the 
cluster of an electrolytic volumetric body, which coincides with the 
electrolyte penetration depth for various soil structures. We have 
established conditions for conductivity of the electrolytic ground-
ing conductor in order to ensure safety during operation of the 
autonomous mobile electrical installation.

Keywords: grounding process, electrolytic grounding conduc-
tors, percolation and fractal properties, normalized impedance.
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Operating modes of the single-phase 4qs transducer with pulse-
width modulation as part of the AC electric rolling stock are inves-
tigated. The method is developed for determining the PWM param-
eters, at which the optimum transducer mode in terms of minimizing 
the reactive power in the “locomotive-traction network” system is 
implemented.

The features of the developed method are the division of the pro-
cess of determining the optimum PWM parameters into 2 steps. This 
allows removing unnecessary blocks from the simulation model and 
reducing the total simulation time. At the first step, the values of the 
power factor and current of the DC link in the whole range of coef-
ficients of modulation and shift between the network current and the 
reference sine-wave signal are determined. Further, from the received 
data array, pairs of values of the PWM parameters, which ensure the 
highest power factor of the “electric locomotive-traction network” 
system are allocated and entered into the table system for setting the 
PWM parameters. At the second step, the dependences of power loss, 
and, consequently, both the efficiency and total harmonic distortion 
of the network current on the transducer clock frequency are deter-
mined. The determination of power loss is based on the calculation of 
the energy dissipated for 1 s on the IGBT transistor and snubber resis-
tor depending on instant values of current through them.
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Distribution of eddy current density for three types of coils 
of excitation of moving surface eddy current probes, in particular 
circular, rectangular, orthogonal-rectangular shapes was calculated 
according to the formulas of “exact” electrodynamic mathematical 
models with allowance for the speed effect.

Calculation time from 8 to 20 hours was established for a cir-
cular excitation coil with dimensions of testing zone 50×50 mm at 
speed υx=40 m/s. The calculation time was from 8 to 9 hours for a 
rectangular excitation coil at a speed of movement in direction of 
two components υx, υy=20 m/s with the testing zone dimensions 
of 80×48 mm. The calculation time was more than 7 hours for an 
excitation coil of orthogonal rectangular shape with dimensions of 
the testing zone of 15×35 mm at a speed of movement in direction 
of components υx, υy=40 m/s; and for the testing zone dimensions 
of 12×24 mm for υx, υy=40 m/s it was longer than 9 hours. It was 
found that the computational complexity of calculation of distri-
bution of the eddy current density with the use of “exact” math-
ematical models was rather large when changing even two spatial 
coordinates in the testing zone. That is, the direct use of “exact” 
mathematical models when calculating the values of distribution 
of the eddy currents density in the points of the controlled zone is 
inappropriate taking into account the considerable resource inten-
sity of the computational process.

The necessity for using a mathematical apparatus of surro-
gate optimization was substantiated for designing eddy current 

Keywords: 4qs transducer, electric rolling stock, power factor, 
PWM, simulation, power loss.
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We have constructed an integrated method to model the system 
of measuring the density of flows of infrared radiation based on solv-
ing the inverse problems of dynamics using the Volterra equation 
of the first kind and focusing on solving the problem on dynamic 
correction. Solving a problem on the structural correction of the 
dynamic characteristics of the system for measuring the density of 
flows implies the construction and application in a transforming 
channel or a circuit in the system of a certain unit. This unit, owing 
to its specially formed dynamic properties, ensures the best dynamic 
characteristics of the entire system.

We have experimentally verified the technique for the compen-
sation for a dynamic error. To this end, the experiments were con-
ducted to measure the density of a non-stationary flow of infra-red 
radiation with the assigned law of change, which is characteristic 
of the practical working conditions for receivers. A change in the 

probes with a uniform distribution of eddy current density in the  
testing zone.

This study is useful for non-destructive testing specialists in 
the field of mechanical engineering. The study results can be used 
in designing eddy current probes with improved metrological char-
acteristics, in particular homogeneous sensitivity, localization of the 
probing excitation field, improved noise immunity, possibility of 
eliminating the edge effect manifestations in testing.

Keywords: optimal synthesis, eddy current probe, distribution 
of eddy current density, computational resource consumption.
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Nuclear industry in Russia plays an important role in total power 
generation. At the same time, it is considered to be dangerous in terms 
of high potential risk in a case of any failure occurrence. Therefore, con-
stant monitoring and quality control is essential on every stage of energy 
production process, as well as maintenance of the technical quality of the 
exploited components. For that reason, specified regulatory documents 
are developed. They provide quality requirements for each component 
type and regulate inspection procedures. In this paper, welded joints 
were considered as the controlled object. It is represented that standard 
quality control methods based on the manual visual inspection are not 
accurate enough. Therefore, this paper suggests an advanced method 
of automated optical scanning for misalignment evaluation of welded 
parts based on structural light technique. Precision improvement was 
achieved by implementation of a robotic manipulator, which led to the 
development of the specific calibration technique. Considering that 
there are no established methodologies for such method the validation 
experiments were performed. The ability to detect the minimum dis-
placement in accordance with nuclear industry regulatory documents 
was studied. The results demonstrated that misalignment of 0.47 mm 
can be measured, and it proves that proposed method can be further 
implemented for a practical application in nuclear industry.

Keywords: 3D-reconstruction, visual testing, structured light, 
industrial robot calibration, welding misalignment.
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density of the incident flow of infrared radiation was achieved at the 
expense of the receiver’s rotation around the axis that passes through 
the middle of its receiving surface, in the flow of the stationary emit-
ter. The result of the experiment is the derived nonlinear approxima-
tion of the experimentally obtained transitional characteristic in 
the form of the receiver’s response to the sinusoidal flow of infrared 
radiation.

It should be specifically noted that the results of numerical simula-
tion and the experiment show a satisfactory convergence, which allows 
us to argue about the correct choice of the model. The developed algo-
rithms are capable to provide a numerical implementation of integrated 
models and serve as the basis for constructing high-performance spe-
cialized microprocessor systems to work in real time. That has made it 
possible to successfully implement the dynamic correction of the system 
for measuring flows of infrared radiation and to significantly increase 
its accuracy. A combined application of the devised method for solving 
mathematical problems and computer tools would provide an oppor-
tunity to improve the efficiency of processes to synthesize and design 
computational devices for correcting means of measurement.

Keywords: Volterra integral equation, infrared radiation, mea-
surement system, dynamic correction.
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In general, the software for analyzing data using the X-ray diffrac-
tion method does not include the possibility for using stoichiometric 
principles between chemical elements and the relations between the 
occupation of crystallographic positions by atoms. In the article, the 
algorithm and its program realization for defining the distribution of 
atoms according to the crystallographic positions using stoichiometric 
principles in materials with isomorphous substitution are developed. 
A combination of using the developed algorithm and the FullProf 
program is proposed for taking into account different conditions that 
should be satisfied by the distribution of atoms according to the crys-
tallographic positions. It is proposed to estimate the unambiguity of 
the initially defined distribution of atoms by finding local minima in 
certain physically substantiated limits of changes in the parameters of 
the structure. The complex method for minimization of a function of 
the deviation of the theoretically calculated diffractograms from the 
experimental ones is given to avoid falling of the objective function to 
a local minimum. Two ways for minimization of the difference between 
theoretically calculated and experimental diffractograms are proposed. 
By the first of them, with the help of the developed algorithm, the oc-
cupation of crystallographic positions can be established, and the mini-
mization method built-in in FullProf calculates all other parameters. 
By the other way, the developed algorithm is used only and the rest 
of parameters approximately calculated by FullProf before are fixed. 
The efficiency of the developed algorithm is illustrated by finding the 
distribution of atoms in sublattices in ferrite-spinels. The developed 
algorithm can be used for any materials in which isomorphous substitu-
tion is possible, such as spinels, garnets, perovskites, and others.

Keywords: algorithm for analysis of diffractograms, structure 
refinement, FullProf, structural analysis, solid solution.
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The software package COSMOSFloWorks has been used to 
study a discharge nozzle damping attachment. A procedure has 
been proposed to estimate the covering of surface with dimensions 
of 0.4×0.4 m by a fire-extinguishing powder. It was established 
that existing discharge nozzle damping attachments are not effi-
cient because at extinguishing light metals they do not effectively 
reduce the speed of powder supply onto a flammable surface and 
fan the fire, not being able to cover the burning surface by a fire-
extinguishing powder. After putting out the fire the surface that 
was covered with powder reveals the burnouts. We have modeled 
the optimal structural parameters for a discharge nozzle damping 
attachment in order to extinguish fires of class D in the form of a 
discharge nozzle damping attachment with an elliptical top and a 
parabolic reflector. It has been proven that a damping attachment 
with two working surfaces outperforms the previous damping at-
tachment with a single working surface by 30 %. Given this, the 
fire-extinguishing powder covers the burning surface by a larger 
layer, preventing the fanning of chips from the surface of a burning 
metal, thereby shortening the duration of burning and improving 
the efficiency of a fire-extinguishing powder supply. Experimental 
study has confirmed that the use of a damping attachment that 
supplies a fire-extinguishing powder with two working surfaces in 
order to extinguish fires of class D increases the powder feed to a 
fire site, reaching above 90 %.

The diameter and the shape of the attachment have been deter-
mined. The attachment must acquire the form of a diffuser with a 
diameter of 16 mm. 

Our development could be used when designing the stationary 
and portable fire extinguishing systems for light metals and alloys, 
including incendiary grenades under condition of proper selection 
of the powder. We have achieved positive results during field tests 
of the discharge nozzle damping attachment using a make-up fire to 
burn the shavings of magnesium alloys. 

Keywords: discharge nozzle damping attachment, fire of light 
metals, extinguishing the fire of magnesium, optimal pressure, opti-
mal distance.
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