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Abstract 
Thermocouples dynamic characteristicsʼ prediction is one of the relevant directions in the field of dy-

namic measurements of non-stationary temperatures of liquid and gaseous media. Thermocouples dynamic 
characteristicsʼ prediction makes it possible to provide effective continuous correction in automatic control 
systems for non-stationary temperatures. The purpose of this paper was to develop a theoretically justified re-
lation linking the current or expected time constant of fine-wire thermocouples with the known time constant 
established at known parameters of liquid and gaseous media.

A formula linking the time constant of fine-wire thermocouples with the conditions of heat exchange 
with the measured medium and the thermophysical characteristics of the thermocouple sensing elements has 
been deducted. An approximate formula is also given for calculating the internal resistance of wire sensing 
elements of thermocouples, which must be considered when calculating the time constant of a thermocouple. 
In consideration of the obtained formulas, a multi-parameter relation linking the current or expected time con-
stant of fine-wire thermocouples with the known time constant set at the known parameters of the measured 
media has been formed.

It is suggested to simplify the formed multi-parameter relation and make it dependent, for example, 
on the “expected velocity of the measured medium × expected density of the measured medium” complex 
(Vm2 ρm2 ). Simplified relations in the form of hyperbolic functions with constant parameters and argument 
in the form of Vm2 ρm2 complex were obtained for airflowat different temperatures, pressures, and velocities.

On the example of airflow, it is shown that the complex multi-parametric relation linking the expected 
and known time constants of thermocouples can be simplified to a hyperbolic dependence, where the argu-
ment can be the Vm2 ρm2 complex. Moreover, the degree of approximation of hyperbolic dependencies to the 
exact values of the multi-parametric relation can reach the R-square = 0.9592 criterion.

A multi-parametric relation has been proposed. That relates the known time constant of a thermocouple 
to the expected or current time constant of the same thermocouple at other parameters of the measured me-
dium from the point of view of the heat exchange and thermal conduction theory. The proposed relation can 
be used in automatic control systems of non-stationary temperature of various liquid or gaseous media to 
provide continuous correction of thermocouples dynamic characteristics. Depending on the number of mea-
sured medium parameters, the suggested multi-parameter relation can be replaced by simplified relations with 
other complexes containing, for example, density, velocity, flow rate and pressure of the measured medium.

Keywords: thermocouple, dynamic characteristics, transmission function.
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Прогнозирование динамических характеристик термопар является одним из актуальных 
направлений в области динамических измерений нестационарных температур жидких и газообразных 
сред. Прогнозирование динамических характеристик термопар позволяет обеспечить эффективную 
непрерывную коррекцию в системах автоматического управления нестационарной температурой. Целью 
данной работы являлась разработка теоретически обоснованного соотношения, связывающего текущую 
или ожидаемую постоянную времени тонкопроволочных термопар, с известной постоянной времени, 
установленной при известных параметрах жидких и газообразных сред.

Выведено выражение, связывающее постоянную времени тонкопроволочных термопар с условиями 
теплообмена с измеряемой средой и теплофизическими характеристиками чувствительных элементов 
термопар. Получена также приближённая формула для расчёта внутреннего сопротивления проволочных 
чувствительных элементов термопар, которое необходимо учитывать при вычислении постоянной времени 
термопары. С учётом полученных выражений сформировано многопараметрическое соотношение, 
связывающее текущую или ожидаемую постоянную времени тонкопроволочных термопар, с известной 
постоянной времени, установленной при известных параметрах измеряемых сред.

Сформированное многопараметрическое соотношение предложено упростить и сделать зависимым, 
например, от комплекса «ожидаемая скорость измеряемой среды × ожидаемая плотность измеряемой 
среды» (Vm2 ρm2 ). Для воздушного потока при различных температурах, давлении и скорости получены 
упрощённые соотношения в виде гиперболических функций с постоянными параметрами и аргументом 
в форме комплекса Vm2 ρm2.

На примере воздушного потока показано, что сложное многопараметрическое соотношение, 
связывающее ожидаемую и известную постоянные времени термопар, можно упростить до гипер-
болической зависимости, где аргументом может выступить комплекс Vm2 ρm2. Причём степень приближе-
ния гиперболических зависимостей к точным значениям многопараметрического соотношения может 
достигать по критерию R-square = 0.9592.

Предложено точное с точки зрения теории теплообмена и теплопроводности многопараметрическое 
соотношение, связывающее известную постоянную времени термопары с ожидаемой или текущей  
постоянной времени этой же термопары при иных параметрах измеряемой среды. Предложенное 
соотношение может быть использовано в системах автоматического управления нестационарной 
температурой различных жидких или газообразных сред для обеспечения непрерывной коррекции 
динамических характеристик термопар. В зависимости от числа измеряемых параметров среды пред-
ложенное многопараметрическое соотношение может быть заменено упрощёнными соотношениями  
с другими комплексами, содержащими, например, плотность, скорость, расход и давление измеряемой среды.
Ключевые слова: термопара, динамические характеристики, передаточная функция.
DOI: 10.21122/2220-9506-2022-13-2-83-92
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Introduction

Thermocouples with sensing thin-wire ele-
ments of various diameters are widely used to mea-
sure the temperature of air and gas flows in avia-
tion gas turbine engines (GTE). In accordance with  
GOST 1790-2016 “Wire made of chromel T, alumel, 
copel and constantan alloys for thermoelectrodes of 
thermoelectric converters” thermoelectrode wires 
for thermocouples are made with a diameter from 
0.2 to 5.0 mm.

When thermocouples are used as parts of auto-
matic control systems (ACS) by temperature of gas-
air flows there is a need for continuous correction of 
their dynamic characteristics with changing modes 
of operation of the GTE. Some design and research 
issues of various corrective devices and correction 
methods in the ACS of GTE and in other subjects 
where measurement of non-stationary temperatures 
is needed were explained in the works [1–9].

For optimal and continuous correction of dy-
namic characteristics of thermocouples in the ACS, 
it is necessary to set the structure and parameters of 
transfer functions of thermocouples with required ac-
curacy. Meanwhile, changes of functions in changing 
operating modes of the GTE must also be taken into 
account. Works [10–17] are devoted to identification 
of dynamic characteristics of various temperature 
sensors and other measuring instruments.

In works [1–17] compensation of inertia of 
thermocouples is produced by using a dynamic first 
order model. This transfer function is:

where k is the static conversion coefficient of a 
thermocouple, mV/°C; T is the time constant or an 
indicator of thermal inertia which depends on gas-
air flows influencing parameters, s; p is the Laplace 
variable, 1/s.

There are several different ratios for accounting 
changes in the time constant T because of influen-
cing parameters of gas-air flows in (1).

In the TGM 1594-79 “Measurement of non-
stationary air flow temperature during bench tests 
of the GTE. Thermometers” the following ratio is 
given:

where ε0 is the indicator of thermal inertia of the 
thermometer at velocity V0 and static pressure p0 st ; 
ε1 is the indicator of thermal inertia of the thermo- 
meter at velocity V1 and static pressure p1 st ; n = 0.488 
is the empirical coefficient for an open transversely 
streamlined sensing element of a thermometer.

There are relations in works [4, 9]:

where Ttc c is the calculated time constant of the ther-
mocouple at the estimated flow rate Gg c of the gas 
flowing around it; Ttc is current (expected) time con-
stant of the thermocouple at the current (expected) 
consumption Gg of the gas flowing around it.

There is also a relation1:

where τ is the current (expected) time constant of the 
thermocouple; ρ and V are air density and velocity 
that is blowing over the thermocouple; indexes 0 and 
i are related to the conditions of the experiment and 
flight; n = 0.6–0.85; A = 0–0.05 are constants deter-
mined by the design features of the thermocouple.

The theoretical justification of the relations (2)–
(4) and the accuracy of calculating current or expec-
ted time constants of thermocouples based on them 
(indicators of thermal inertia), as well as their appli-
cation areas had not been found. Analysis of (2)–(4) 
relationships also showed that time constants or indi-
cators of thermal inertia established experimentally 
on certified installations at known speeds, air flow 
pressures and temperatures [18] are used as the ini-
tial data for the calculation.

Theoretical justification of the dependence of  
the time constant of the thermocouple on the expec-
ted operating conditions are given in the works [19–
21]. This dependence has the following form:

where α is the heat transfer coefficient of the sen-
sing element of the thermocouple with the mea-
sured medium, W/(m2∙K); ΨT is the criterion that  

1 Sinyakov, A.N. Automatic control systems 
for aircraft and their power plants / A.N. Sinyakov, 
F.A. Shaymardanov. – М.: Mechanical engineering, 1991.
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characterizes the uneven distribution of temperatures 
in a thermocouple and depends on the geometrical 
and physical features of the thermocouple and the 
conditions of its heat exchange; T∞ is the value of the 
time constant with α → ∞.

The purpose of this work was to develop theo-
retically justified ratio, linking the current or expec-
ted time constant of thermocouples, described by a 
dynamic model (1), with a time constant established 
experimentally on air installations certified for these 
purposes.

The main part

Time constant of thermocouples with wire sen-
sing elements depends on the heat exchange with the 
measured medium (by air or gas flow), dimensions 
of sensing elements and their thermophysical cha-
racteristics.

Figure 1 shows the scheme of a transversely 
streamlined continuous cylinder of infinite length. 
The scheme is used for theoretical justification heat 
exchange of wire sensing elements of thermocouples 
with the measured medium.

Figure 1 – Diagram of a transversely streamlined infinite 
cylinder: Vm – the velocity of the medium; tm – the tem-
perature of the medium; α – the average heat transfer co-
efficient on the cylinder surface; d – the diameter of the 
cylinder; L – the length of the elementary section of the 
cylinder

The following expression defines time constant 
during heating or cooling of the cylinder illustrated 
on Figure 1:

where Rα is the thermal resistance on the cylinder 
surface at length L; RТ is the internal thermal resis-
tance of the solid homogeneous cylinder; CТ is the 

thermal capacity of the elementary section of the cy-
linder; T∞ = RТ  CТ is the time constant with α → ∞.

Thermal resistance Rα on the surface of the 
cylinder at length L is determined by the following 
known hyperbolic dependence on the heat transfer 
coefficient α:

The thermal capacity of the elementary section 
of the cylinder is equal to:

where c is the specific heat capacity coefficient of the 
cylinder material, J/(kg∙K); ρ is the cylinder material 
density, kg/m3; U is the volume of the elementary 
section of the cylinder, m3.

There is no exact formula for the calculation of 
the internal thermal resistance RТ of solid homoge-
neous cylinder. An approximate formula with a high 
degree of approximation can be obtained as follows.

There are precise calculation formulas for 
temperatures coaxial section and the average tem-
perature of the cross-section of a cylinder of infi-
nite length in the theory of thermal conductivity of 
solid bodies in non-stationary modes. The thermal 
EMF developed by thermocouples is determined 
by the average cross-section temperature of the 
Θ(τ) of the sensing elements. Therefore the fol-
lowing known dependence is used to derive the 
calculation formula of the internal thermal resis-
tance:

where Θ0 is the initial temperature of the solid cylin-
der; μn are the roots of the Bessel function of the first 
kind of zero order; Fo is Fourier number.

For a solid cylinder Fourier number defined by 
the following expression:

where λ is the coefficient of thermal conductivity of 
the solid cylinder material, W/(m∙K); R = d /2 is the 
radius of a solid cylinder, m; τ is the  time of the tran-
sition process of heating or cooling, s.

The following expression for the reduced ave-
rage temperature over the cross section of the solid 
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cylinder will be obtained if in (8) ratio was accepted 
that Θ0 = 0 and Θm = 1: 

Figure 2 illustrates a graph of the dependence of 
the average cross-section temperature Θ(τ) from the 
Fo number.

Figure 2 – Dependences of temperatures reduced to unity 
on the Fourier number

The average cross-section temperature Θ(τ) is 
formed from the sum of an infinite number of ex-
ponents with different bases and weight coefficients, 
as can be seen from (9). We propose to replace this 
dependency with a single exponent, the basis of 
which provides the best approximation to its depen-
dence (9). The following regression function was  
obtained Θ*(τ) with the use of regression analysis:

Figure 2 illustrates a graph of the installed func-
tion Θ*(τ), which provides an approximation to the 
function Θ(τ) at least 95.8 % on the interval Fo from 
0 to 1.0.

The base of the exponent in (10) is transformed 
as follows:

The following approximate expression for the 
internal thermal resistance of a solid cylinder was 
obtained from (11) with (7) taken into account:

At the same time, the time constant T∞ with 
α → ∞ will be equal to:

There is a main formula for calculating the  
average coefficient of convective heat transfer on any 
cylindrical surface of the examined body in the case 
of transverse air (gas) flow for practical calculations:

where C = 0.5, n = 0.5, m = 0.38 with Re is from 5 
to 103; C = 0.25, n = 0.6, m = 0.48 with Re is from 
103 to 2∙105; C = 0.023, n = 0.8, m = 0.37 with Re is 
from 2∙105 to 2∙109; λ m is the coefficient of thermal 
conductivity of the medium, W/(m∙K); η m is the co-
efficient of dynamic viscosity of the medium, Pa∙s;  
cp is the heat capacity of the medium at constant pres-
sure, J/(kg∙K); Re = Vm d/νm is Reynolds number; Rr 
is Prandtl number.

Formula (12) is valid for thermocouples with 
open transversely streamlined wire sensing ele-
ments.

If the wire sensing elements of thermocouples 
are placed in the braking chambers, then it is ne-
cessary to use the speed in the braking chamber Vkt 
instead of the speed of Vm in formula (12). This isis 
proposed to be calculated by the following expres-
sion in the work [20]:

where ξ tc is the recovery coefficient of a thermo-
couple with a braking chamber; ξ s e is therecovery 
coefficient of the thermocouple sensor; Vm is the ve-
locity of the measured medium flowing around the 
thermocouple.

The values of ξ tc and ξ s e of specific types of 
thermocouples are established experimentally on 
certified installations [18].

Approach to solving the problem

Let’s consider the expression (6) for two diffe-
rent heat exchange conditions corresponding to the 
heat exchange coefficients α1 and α2:
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where T1(α1 ) is the time constant of a thermocouple 
with a wire sensing element with a heat transfer co-

efficient α1 ; T2(α2 ) is the time constant of the same 
thermocouple with the heat transfer coefficient α2 .

It can be seen that the time constants T1(α1) and 
T2(α2 ) agree well with the dependency (5).

Take the relation T2(α2 ) to T1(α1 ) taking into ac-
count the heat transfer coefficients according to (12):
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If we assume that the time constant T1(α1 ) of 
the thermocouple is determined by the experimen-
tal transient characteristic obtained on a certified 
installation with known parameters of the air flow, 
then the expected time constant T2(α2 ) with the  

expected parameters of the air flow can be calculated 
by the following ratio, similar in appearance to the 
ratios (2)–(4):

where
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The ratio (13) is an accurate from the point of 
view of the theory of heat transfer and thermal con-
ductivity within the accuracy of calculating the in-
ternal thermal resistance of wire sensing elements 
of thermocouples. It is also can be used for gaseous 
media in which the thermophysical characteristics 
are known. 

Research methodology

Relation (13) is a complex multiparametric ex-
pression. It is wise to simplify it without significant 
loss of accuracy for easier practical use.

If we use the ratio (13) to track the change in the 
time constant of the thermocouple with continuous 
correction of its dynamic characteristic in the ACS 
GTD, then it is desirable to simplify it to two mea-
sured parameters. For example, to the current veloci-
ty Vm2 and the current density ρm2 . One of the options 
of this simplification might involve establishing the 
parameters of some regression function F where the 
argument is a Vm2 ρm2 complex. 

Letʼs consider a particular case when the mea-
sured medium is an air flow with a speed ranged 
from 100 to 250 m/s, with a pressure ranged from 
0.1 to 2 MPa and a temperature ranged from 20 to 
727 °C.

As the object of research thermocouples with 
wire thermoelectrodes of chromel-alumel cali-
bration with diameters of 0.2 and 1.2 mm were  
selected.

It was assumed that the time constants T1(α1 ) 
of thermocouples were determined by experimen-
tal transient characteristics obtained on a certified 
installation with known parameters of the air flow, 
specifically when Vm1 = 100 m/s, pm1 = 0.1 МPа,  
tm1 = 20 °С and ρm1 = 1.205 kg/m3.

In our studies the number of Re was in the range 
from 103 to 15∙103, which in (13) corresponded to  
C = 0.25, n = 0.6 and m = 0.48.

The results of calculating the function Ψ of the 
complex Vm2 ρm2 at d = 0.2 mm and T1(α1 ) = 0.092 s 
are given in Table 1.
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The results of calculating the function Ψ of the complex Vm2 ρm2 at d = 1.2 mm and T1(α1 ) = 1.130 s are 
given in Table 2.

Table 1
The results of calculating the function Ψ of the complex Vm2 ρm2 at d = 0.2 mm and T1(α1 ) = 0.092 s

Vm2 , 
m/s

pm2 = 0.1 МPа
tm2 = 20 °С

pm2 = 0.1 МPа
tm2 = 227 °С

pm2 = 1 МPа
tm2 = 227 °С

pm2 = 0.1 МPа
tm2 = 727 °С

pm2 = 2 МPа
tm2 = 627 °С

Ψ Vm2 ρm2, 
kg/(m2s) Ψ Vm2 ρm2, 

kg/(m2s) Ψ Vm2 ρm2, 
kg/(m2s) Ψ Vm2 ρm2, 

kg/(m2s) Ψ Vm2 ρm2, 
kg/(m2s)

100 1.0000 120.5 1.1634 70.0 0.2946 694.0 0.3357 347.0 0.2186 769.0

150 0.7846 180.8 0.9128 105.0 0.2316 1041.0 0.2638 520.5 0.1720 1153.5

200 0.6607 241.0 0.7685 140.0 0.1953 1388.0 0.2224 694.0 0.1452 1538.0

250 0.5782 301.3 0.6725 175.0 0.1712 1735.0 0.1949 867.5 0.1273 1922.5

Table 2
The results of calculating the function Ψ of the complex Vm2 ρm2 at d = 1.2 mm and T1(α1 ) = 1.130 s

Vm2 , 
m/s

pm2 = 0.1 МPа
tm2 = 20 °С

pm2 = 0.1 МPа
tm2 = 227 °С

pm2 = 1 МPа
tm2 = 227 °С

pm2 = 0.1 МPа
tm2 = 727 °С

pm2 = 2 МPа
tm2 = 627 °С

Ψ Vm2 ρm2, 
kg/(m2s) Ψ Vm2 ρm2, 

kg/(m2s) Ψ Vm2 ρm2, 
kg/(m2s) Ψ Vm2 ρm2, 

kg/(m2s) Ψ Vm2 ρm2, 
kg/(m2s)

100 1.0000 120.5 1.1625 70.0 0.2983 694.0 0.3392 347.0 0.2228 769.0

150 0.7858 180.8 0.9132 105.0 0.2356 1041.0 0.2677 520.5 0.1764 1153.5

200 0.6625 241.0 0.7697 140.0 0.1995 1388.0 0.2265 694.0 0.1497 1538.0

250 0.5805 301.3 0.6743 175.0 0.1755 1735.0 0.1991 867.5 0.1319 1922.5

Figure 3 shows the results of calculating the 
function Ψ as a function of the complex Vm2 ρm2 in 
the form of point values according to the data from 
Tables 1 and 2.

Figure 3 – Dependence of the function Ψ on the complex 
Vm2 ρm2 at d = 0.2 mm and d = 1.2 mm

As it can be seen from Figure 3 and Tables 1 
and 2, the results of calculating the function Ψ for the 
same values of the complexes Vm2 ρm2 almost do not 
depend on the selected diameters of the wire thermo-
electrodes of the thermocouples.

In addition, there is a hyperbolic law of depen-
dence of the function Ψ on complexes Vm2 ρm2 that 
may be the basis for choosing a regression function.

The following two functions are selected as a 
regression functions:

and 

The following parameters of the selected regres-
sion functions were determined with an accuracy  
estimate based on the R-square criterion with the use 
of the regression analysis: 

with R-square = 0.9184;
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with R-square = 0.9592.

Graphs of functions F1 and F2 are also shown 
in Figure 3.

If the regression function F2 is chosen as the 
most accurately describing function Ψ, then the rela-
tion (13) will take the following simplified form: 

According to (13) the accuracy of determining 
the time constant T2(α2 ) also depends on the accu-
racy of establishing T1(α1 ) according to experimental 
transient characteristics obtained on installations cer-
tified for these purposes.

As is known, experimental transient characteris-
tics always contain interference of various levels and 
spectra, which reduce the accuracy of determining 
time constants.

A spectral method for determining the time 
constants of various dynamic models of thermocou-
ples based on experimental transient characteristics 
containing high-level interference lying outside the 
information part of the amplitude spectrum of the 
signal s(τ) and formed according to the established 
rules from the transient characteristic is proposed in 
work [22].

For transfer functions of thermocouples of 
the (1) type in [22], the following relation is pro-
posed to determine the time constant T under known 
test conditions:

where S(  jω) is the signal amplitude spectrum s(τ);  
ω is the frequency, rad/s; Um is the amplitude of the 
s(τ) signal with τ = 0; T is the time constant, s.

In cases where the experimental transient cha-
racteristics contain harmonic interference of any 
level and frequency the work [23] proposes a spec-
tral method insensitive to harmonic interference for 
determining time constants of different dynamic 
models of thermocouples.

The following relation is proposed for transfer 
functions of thermocouples of the (1) type in [23] 
to determine the time constant T under known test 
conditions:

where Im(ω) is the imaginary part of the amplitude 
spectrum S(   jω); ω is the frequency, rad/s; T is the 
time constant, s.

The determination of time constants T in (14) 
and (15) in [22, 23] is proposed to calculate with the 
use of regression analysis on the calculated ampli-
tude spectrum and its imaginary part.

According to the methods proposed in [22, 23] 
the established time constants of the experimental 
transient characteristics can be used as time constants 
T1(α1 ) in (13) to increase the accuracy of forecasting 
the expected time constants.

Conclusion

Ratio linking the known time constant of a 
thermocouple obtained during tests on certified 
installations with known thermophysical charac-
teristics, velocity and pressure of the gas flow with 
the expected or current time constant of the same 
thermocouple with other thermophysical characte-
ristics, velocities and pressures of the gas flow has 
been developed.

This relation was developed according to the 
theory of the heat transfer theory and the thermal 
conductivity in the external flow of cylindrical 
bodies.

As opposed to the known equivalent ratios this 
developed ratio takes into account the entire com-
plex of gas flow parameters, thermophysical charac-
teristics and the diameter of the sensor element of 
the thermocouple that determines values of the time 
constants of the thermocouple.

Simplified relations linking the known time 
constant of a thermocouple obtained during tests on 
certified installations at a known speed and pressure 
of the gas flow with the expected or current time con-
stant of the same thermocouple at different speeds 
and pressures of the gas flow are proposed. Simpli-
fied ratios describe the initial ratio with an accuracy 
no worse than R-square = 0.9184. It was shown with 
the use of changing the temperature of the air flow 
by a thermocouple with wire thermoelectrodes of 
chromel-alumel calibration with diameters 0.2 and 
1.2 mm as example.

Further research in this field can be aimed at es-
tablishing simplified dependencies of the function Ψ 
for gas flows that are products of combustion of vari-
ous fuels in atmospheric air and at replacing simpli-
fied ratios that contain pressure, flow rate, velocity 
and density of gas flows.
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Abstract 
Diffuse reflection spectroscopy with spatial resolution is a promising direction of non-destructive control 

of the properties of a number of scattering fine-dispersed materials, including food products. It can find wide 
practical application only in the presence of compact, easy-to-use and inexpensive spectrophotometric equip-
ment. The aim of the article is to investigate the possibility of creating portable spectrophotometers based on 
Hamamatsu mini-spectrometers, which work together with modern computing facilities.

The schematics for connecting the C12880MA and C11708MA mini-spectrometers to portable 
computing devices are reviewed. Shows the feasibility of using a small-sized microprocessor board  
ARM STM32F103C8T6 (Blue pill) on the chip STM32F103C8T6. Its use in the connection scheme has sim-
plified data exchange with the control computer via USB interface and the formation of all the signals that are 
needed to control the mini-spectrometer.

Two experimental samples of spectrophotometers based on C12880MA and C11708MA mini-spectro-
meters and STM32 microprocessors were created and their characteristics were studied. The calibration pro-
cedure and features of the software for these spectrophotometers are presented. The described features ensure 
the efficiency of software modification for the spectrophotometric problem to be solved. The presence of 
distortions of the registered spectra in the short-wave part of the spectral range of C12880MA was revealed. 
They arise due to focusing by the concave diffraction grating of a part of the radiation scattered by it into 
zero order.

Approbation of developed portable spectrophotometers based on Hamamatsu mini-spectrometers indi-
cates the possibility of their use in portable spectrophotometric equipment and devices for spectral control 
of optical properties of scattering materials. The described calibration technique allows you to determine  
the range of the spectrum, in which the distortions of the recorded spectra are minimal. The proposed  
solutions significantly reduce the cost of diffuse reflectance spectroscopy devices with spatial resolution  
and expand the possibilities of their use in various branches of science and industry.

Keywords: diffuse reflection, mini-spectrometers, spectral sensitivity, spectrophotometers, calibration of 
spectrometers.
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Спектрофотометры диффузного отражения  
на основе мини-спектрометров C12880MA  
и C11708MA Hamamatsu
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Спектроскопия диффузного отражения с пространственным разрешением – перспективное 
направление неразрушающего контроля свойств ряда рассеивающих мелкодисперсных материалов,  
в том числе и продуктов питания. Она может найти широкое практическое применение только при 
наличии компактной, простой в применении и недорогой спектрофотометрической техники. Цель  
статьи – исследование возможности создания портативных спектрофотометров на основе мини-спект-
рометров Hamamatsu, которые работают в комплексе с современными вычислительными средствами.

Рассмотрены схемы подключения мини-спектрометров C12880MA и C11708MA к портативным 
вычислительным устройствам. Показана целесообразность использования малогабаритной 
микропроцессорной платы ARM STM32F103C8T6 (Blue pill) на чипе STM32F103C8T6. Её 
использование в схеме подключения позволило упростить обмен данными с управляющим 
компьютером по USB интерфейсу и формирование всех сигналов, которые необходимы для управления 
работой мини-спектрометра.

Созданы два экспериментальных образца спектрофотометров на основе мини-спектрометров 
C12880MA и C11708MA и микропроцессоров STM32 и исследованы их характеристики. Приведены 
методика градуировки и особенности программного обеспечения этих спектрофотометров. 
Описанные особенности обеспечивают оперативность модификации программного обеспечения  
под решаемую спектрофотометрическую задачу. Выявлено наличие искажений регистрируемых 
спектров в коротковолновом участке спектрального диапазона C12880MA. Они возникают за счёт фо-
кусировки вогнутой дифракционной решеткой части рассеиваемого ей излучения в нулевой порядок.

Апробация созданных портативных спектрофотометров на основе мини-спектрометров Hama-
matsu указывает на возможность их применения в портативной спектрофотометрической технике 
и устройствах спектрального контроля оптических свойств рассеивающих материалов. Описанная 
методика градуировки позволяет определять диапазон спектра, в котором искажения регистрируемых 
спектров минимальны. Предлагаемые решения позволяют существенно снизить стоимость устройств 
спектроскопии диффузного отражения с пространственным разрешением и расширить возможности 
их использования в различных отраслях науки и производства.

Ключевые слова: диффузное отражение, мини-спектрометры, спектральная чувствительность, спек-
трофотометры, градуировка спектрометров.
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Introduction

Optical spectroscopy is widely used in the 
analysis and control of the composition of vari-
ous materials and media. Modern microelectronics 
makes it possible to create portable colorimeters 
and spectrophotometers, for example, KNFIR-170A 
(China), which are designed to determine the dif-
fuse reflectance spectra of various materials (gra-
nules, powders, fabrics, composite materials, etc.). 
Modern microelectronics makes it possible to create 
portable colorimeters and spectrophotometers, for 
example, KNFIR-170A (China), which are designed 
to determine the diffuse reflectance spectra of vari-
ous materials (granules, powders, fabrics, composite 
materials, etc.) in the visible and infrared regions of 
the spectrum [1]. Several companies manufacture 
computerized spectrophotometric systems for mea-
suring diffuse reflectance spectra of inhomogeneous 
materials. They are equipped with a built-in integra-
ting sphere, for example, the B&W Tek i-Spec Plus 
series [2]. An example of their use is the operational 
non-destructive control of the content of nicotine, 
sugar and chlorides in tobacco based on original al-
gorithms for multiplicative scattering correction.

The use of an integrating sphere is inconvenient 
at solving many problems of operational optical con-
trol of the composition of finely dispersed materials. 
It is also important to take into account the influence 
of the unknown coefficient of scattering of the in-
cident radiation by their surface. Therefore, some 
researchers are developing a new direction of opti-
cal control of composite materials and biological tis-
sues, which is called diffuse reflection spectroscopy 
of light radiation with spatial resolution [3–7]. It is 
based on the use of narrow beams of probing and 
backscattered radiation, which are perpendicular 
to the reflecting surface of the controlled medium. 
Several reflection spectra are recorded at different 
distances between the beams. As the amount of data 
obtained increases at comparison with traditional 
reflectance spectroscopy, the possibility of creating 
new methods for processing the recorded spectra ap-
pears [5–9]. The reliability of determining the struc-
ture of the medium and the volume concentration of 
the controlled chromophores should also improve 
significantly.

Existing portable spectrophotometric equip-
ment usually uses mini-spectrometers based on a 
symmetric Czerny–Turner optical scheme using a 
concave diffraction grating and a array of photo-

detectors. The optical path length of the diffracted 
radiation in these minispectrometers must be at least 
70 mm to provide good spectral resolution (on ave-
rage about 1 nm). This limits the miniaturization of 
the equipment under discussion. In cases where the 
device for surface illumination and registration of 
diffusely reflected radiation must be miniaturized, 
fiber-optic technique is often used. It is used to in-
ject light radiation into the material sample under 
study and transmit the reflected radiation to the en-
trance slit of the spectrometer [4, 5]. The disadvan-
tage of this scheme is the instability of the value of 
the recorded fluxes, which is caused by uncontrolled 
bends of the optical fibers during measurements. 
To eliminate this disadvantage and reduce the cost 
of equipment, it is necessary to abandon the use of 
optical fibers and use mini-spectrometers, produc-
tion of which was mastered by Hamamatsu Corpo-
ration. These spectrometers have small dimensions 
of 20.1 × 12.5 × 10.1 mm3 (C12880MA) [10] and 
27.6 × 16.8 × 13 mm3 (C11708MA) [11] and opera-
te in the visible and near-infrared spectrum ranges. 
They can be used in the creation of compact spectro-
photometric devices with limited spectral resolution, 
which is designed to control the optical characteris-
tics of condensed media with smooth changes in the 
spectral absorption coefficient of radiation µ a (λ ).

The discussed methods of optical reflectance 
spectroscopy can find wide practical application in 
industry, agriculture, biology and medicine only if 
compact, easy-to-use and inexpensive spectropho-
tometric equipment is available. Therefore, the aim 
of the work is to study the possibility of creating 
portable spectrophotometers based on Hamamatsu 
C12880MA and C11708MA mini-spectrometers. 
Also the problems of their complexation with mo-
dern computer equipment to provide their expansion 
of possibilities and convenience of use are consi-
dered.

Connection diagrams for mini-spectrometers

The C12880MA and C11708MA spectrometers 
are miniature devices containing an entrance slit, a 
concave focusing reflective diffraction grating with 
a flat field of the formed image of slit [10, 11]. In 
the plane of the generated image is a CMOS line 
matrix of photodiodes. The supply voltage of these 
spectrometers is +5 V. Therefore, TTL control sig-
nals must be applied to the outputs of the electro-
nic circuitry of these spectrometers. At the analog  
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output of the spectrometer a series of video pulses 
are formed, the amplitude of which is proportional to 
the exposure time of the frame and the photocurrents 
that are produced by the light-sensitive elements of 
the line matrix of photodiodes. The best way to con-
nect these spectrometers to a computer is to use a 
microprocessor-based device with built-in analog-to-
digital converters (ADCs).

Market analysis of microprocessor boards 
shows that the smallest size at a low price has a 
microprocessor board ARM STM32F103C8T6 
STM32 (Blue pill) on a chip STM32F103C8T6, 
which can be powered from a USB computer 
port. This board has good performance, all the 
necessary connectors and interfaces for con-
necting to a computer and other devices, inclu- 
ding the programmer, as well as two built-in 12-
bit ADC and 3 timers. The connection diagrams 
of the C12880MA and C11708MA, developed 
by the authors of the article, are shown in Fi- 
gure 1. They are based on Hamamatsuʼs recom-
mended standard schemes for connecting the ne-
cessary external components to them [10, 11]. 

The microprocessor generates the required CLK 
and ST logic signals, which are necessary to control 
the operation of the electronic units of the minispec-
trometers according to the Hamamatsu recommen-
ded timing diagram. Level matching of digital TTL 
signals used in the microprocessor (from 0 to +3.3 V) 
and mini spectrometers (from 0 to +5 V) provides 
the level converter U1 on the SN74ACT04DR. The 
video signal generated by the spectrometer is fed to 
the ADC input of the microprocessor through two 
broadband analog repeaters in series, based on a 
dual MCP6022-I/SN op-amp. The Blue pill board 
contains a built-in stabilized power supply with a 
voltage + 3.3 V, which provides the necessary con-
ditions for the stable operation of the built-in ADC 
with a conversion range from 0 to + 3.3 V. The video 
signal of the mini-spectrometer C12880MA can be 
changed in the range from 0.3 to 4.3 V. Therefore, 
in its circuit at the output of the first analog repeater 
on the operational amplifier a resistive signal divider 
R3, R4 is used, which ensures the coordination of the 
variation range of the video signal with the conver-
sion range of the ADC microprocessor.
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The mini-spectrometer is powered from the 
+ 5 V bus of the computerʼs USB port. The peak 
values of parasitic pickups on this bus can exceed 
several tens of millivolts, which can lead to the for-
mation of noticeable interference at the Video out-
put of these mini-spectrometers. Therefore, the LC 
П-shaped filter is used to filter out the pickups that 
are inherent to this bus. Therefore, a low-pass LC 
filter is used to filter out the pickups that are inhe-
rent to this bus. The use of low-pass filtering makes 
it possible to reduce the level of these interferences 
to the level of the spectrometersʼ own noise.

The connection scheme of the C11708MA 
mini-spectrometer differs from that in Figure 1a 
by using a digital Gain signal, which allows increa-
sing the sensitivity of the C11708MA by a factor of 
3.5 when a high level is applied to pin 10. At the 
same time, the capacitor rating of the C11708MA  

integration node is reduced from 4.8 to 1.4 pF [11]. 
Also the connection diagram of the C11708MA does 
not contain a resistive divider at the U3.1 output, 
because the range of the video signal of this mini-
spectrometer is narrower, only from 0.15 to 3.3 V.

Software features

The widespread introduction of diffuse reflec-
tance spectrophotometers is impossible without 
ensuring the ease of obtaining, storing, and proces-
sing the obtained spectra. Therefore, a mandatory 
requirement for the spectrophotometers under con-
sideration is the ability to easily connect to modern 
portable computer equipment. For this purpose, the 
software created by the authors contains two le-
vels. On the lower level, the STM32 firmware ge-
nerates TTL signal diagrams that define the modes  
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Figure 1 – Connection diagram of mini-spectrometrs Hamamatsu C12880MA (a) and C11708MA (b) to the micropro-
cessor board ARM STM32F103C8T6 STM32
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of operation of the mini spectrometer in use. It also 
provides frame reading, averaging and transmis-
sion via the USB bus to the upper level. The upper-
level program is specially created on the basis of 
the powerful Matlab system of computer mathe-
matics. Such a solution provides a quick modifica-
tion of the applied software when solving spectro-
photometric tasks in different branches of science 
and technology.

The firmware provides continuous control of 
the mini-spectrometer by commands of the con-
trol computer, which are received via the USB bus. 
A special cascade mode of STM32 timers is used, 
which ensures the formation of stable time diagrams 
of the generated TTL signals. In this mode, some 
timers hardware control start, clocking and dynamic 
changes in the parameters of other timers, ADCs and 
STM32 output port states. Therefore, before starting 
the process of obtaining a frame you only need to set 
the necessary parameters of the four timers, the ADC 
and DMA direct memory access block. The program 
is no longer involved in clocking, setting the expo-
sure time and reading the frame. The proposed so-
lution provides stable operation of the mini-spectro- 
meters in a wide range of frame exposure values 
from tens of microseconds to tens of seconds.

The top-level software provides the selection of 
the required measurement modes:

1) a single start with the possibility of accumu-
lating a specified number of frames n for their further 
averaging;

2) continuous with the possibility of averaging 
the obtained spectra with the help of a sliding time 
window with the length of n frames.

The program contains an option for automati-
cally selecting the exposure time or setting its re-
quired value. Formation of a scale of counts by 
wavelength λ i (this scale is non-linear) and output 
of the received spectra on the screen is provided. 
Necessary dialog tools for saving the obtained mea-
surement results to the computer memory in the form 
of a file are available. The saved file also contains 
the necessary measurement parameters. The pro-
gram contains the option of smoothing the obtained 
spectra on the short-wave and long-wave wings of 
the spectrophotometer spectral range using the Sa-
vitsky–Holley filter. Such a solution significantly 
improves the visual perception of spectra with insuf-
ficient signal-to-noise ratio at the edges of the range. 
The program contains an option to switch to a linear 
wavelength scale with a smaller sampling interval, 

based on the interpolation of the resulting spectrum 
by cubic splines. The small size of the C12880MA 
and C11708MA spectrometers can lead to a shift in 
their wavelength readout scale λ i , which is due to 
their aging process. Hamamatsu gives the correspon- 
ding polynomial coefficients in the data sheet of each 
spectrometer. Therefore, the program contains an op-
tion for determining the value of the arising shift ∆λ 
of the scale λ i  by the emission of the He-Ne laser.

Calibration procedure for spectrophotometers

Spectrometer manufacturers calibrate the wave-
length scale. In this case the reference gasdischarge 
sources of radiation and interpolation of values in 
the intervals between the registered lines of the spec-
trum are used. The data sheets of the C12880MA and 
C11708MA minispectrometers contain the pk coef-
ficients of the 5-th degree polynomial. They are used 
in the calculation of the wavelengths λ i which corre-
spond to the indices of the i-th elements of the linear

photodiode arrays                    The spectrometers 

are not usually calibrated by the intensity of the re-
gistered radiation I ( λ ).This calibration can be per-
formed by the manufacturer at the request of the user 
as an option with an additional charge for this service.

Different optical measurement schemes can be 
used for photometric measurements of the reflection 
parameters of condensed media. The spectrometer 
must be supplemented with a lens when it is neces-
sary to determine the spectral density of brightness 
of radiation L ( λ ) of sufficiently distant objects. In 
this case, the entrance slit of the spectrometer is 
placed in the focal plane of the objective, as shown in 
Figure 2. It is important to make sure that the plane 
angle, which corresponds to the spatial angle of focus 
Ω = 2π[1 – cos(α)], fits exactly within the numerical 
aperture of the NA spectrometer. The numerical aper-
ture NA is defined as the sine of half of the flat angle 
at the apex of the collecting cone NA = sin(Θ/2). It is 
NA = 0.22 for the considered spectrometers [10, 11]. 
The diameter of the exit pupil of the lens used, as 
shown in Figure 2, must be chosen from the condi-
tion that the angle corresponds to 2arcsin(NA) ≈ 26º.

In cases when it is necessary to determine the 
spectral density of brightness of radiation of a small 
area of the controlled surface, the measurement 
scheme with a single magnification is often used.  
In these cases, the surface of the medium and 
the spectrometer are placed at distances 2 f from  
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the front and rear principal planes of the lens used, 
respectively, as shown by the dashed lines in Fi-
gure 2. Note that it is also necessary to observe  

the conditions of agreement of the spatial angle 
Ω 2 f with the aperture NA of the spectrometer when  
using this measurement scheme.

Figure 2 – Optical Scheme of photometry when focusing the lens to infinity (the lens is shown by solid lines) and at a 
single image magnification (dashed lines)

In cases where the calibration of spectrophoto-
meters is performed by the user himself [12, 13], 
it is necessary to use standard light sources. The  
highest accuracy in reproducing the spectral density 
of surface luminosity M(λ ) at a given temperature 
T is provided by the models of black bodies (BB). 
Other reference emitters with simplified designs, 
such as a tungsten reference lamp strip, can be used 
in the absence of a BB. Spectral coefficient of ther-
mal radiation of tungsten εW  (λ , T  ) accurately mea-
sured. This allows us to calculate its surface spectral 
luminosity MW  (λ , T  ) quite accurately. The MW  (λ , T  )
dependence is calibrated by the current I through the 
tungsten strip of the lamp by comparing its lumino-
sity with the spectral luminosity density of the BB, 
denoted as MBB (λ ).The spectral illuminance densi-
ty of the slit E (λ ) can be accurately reproduced by 
projecting the image of the tungsten lamp strip onto 
the entrance slit of the spectrometer. It is necessary 
to project an image of the section of the lamp rib-
bon that has the maximum temperature. This makes 
it possible to determine the spectral dependence of 
E (λ, T  ) by setting the necessary values of the spectral 
luminosity density MW  (λ , T  ) of the tungsten strip.

When calculating it is necessary to take into ac-
count that the radiation of the tungsten strip in the 
direction normal to its surface is close to the radia-
tion of the Lambertian emitters, i. e. the brightness 
of the stripʼs radiation Lrs = Mrs /π. Then the relation-

ship between the spectral luminosity density E(λ )  
of the reference incandescent lamp strip image and 
the spectral luminosity density Mrs (λ ) of the strip  
itself is defined by the expression [14, p. 75]:

where                                 is the dimensionless
coupling coefficient between the illuminance of 
the strip image and the luminosity of the tungsten 
strip; τl , Dl and f is transmission, diameter and focal  
length of the lens used; z is distance from the surface 
of the reference source to the front main plane of the 
spectrophotometer objective lens.

The optical scheme with single magnification 
is the most convenient when calibrating the spec-
trophotometer by the reference tungsten incandes-
cent lamp, because the size of the area of maximum 
heating of the lamp strip is small. When using this 
scheme, the expression for determining the average 
rate V (λi ) (it is proportional to the photocurrents 
formed in the photosensitive elements of the linear 
of photodiodes array) of the rise of digital counts 
Di (λi ), which are formed by the i-th photosensitive 
elements of the linear array of the spectrometer, has 
the form:
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where λi is the wavelength of the registered radiation 
corresponding to the i-th element of the linear photo-
diodes array of spectrophotometer; ki is a coefficient 
describing the heterogeneity in the sensitivity of the 
elements of the linear of photodetectors array, which 
is on average equal to one with a relative standard 
deviation of about a few percent; T is the temperature 
of the area of maximum heating of the tungsten strip 
of the lamp on the Kelvin scale; τ is frame exposure 
time; kQD is the conversion coefficient of charges Qi 
accumulated in the photosensitive elements of the li-
near of photodetectors array into digital readouts Di ; 
e, h and с are the electron charge, Planckʼs constant 
and the speed of light, respectively; c1 and c2 are the 
first and second radiation constants, respectively;  
sel is the area of the photosensitive element of the 
linear of photodetectors array; β(λi ) is spectral de-
pendence of the blaze angle of the diffraction gra-
ting used in the spectrophotometer; η(λi ) is spec-
tral dependence of the quantum efficiency of the 
elements of linear photodetectors array; ∆λi  is the 
width of the elementary segment of the spectrum, 
falling on one element of the linear of photodetec-
tors array; K = τl (Dl  / 4f   )2 is the relationship coeffi-
cient between the illumination of the ruler elements 
and the luminosity of the tungsten ribbon at z = 2f  ;  
τ wL is the transmittance coefficient of the sapphire 
window of the lamp; iph (λi  ) is the photogenerated 
current produced by the i-th photodiode of the linear 
of photodetectors array; id is the average dark current 
of elements of the linear photodiode array. 

The influence of the dark current can be neglec-
ted when using the operation of determining the  
average id current, which is then subtracted.

During calibration determine the absolute 
spectral sensitivity of the spectrophotometer by the 
brightness of radiation SL (λi ). This makes it possible 
to recalculate the spectral dependence Vi (λi ) regis-
tered by the spectrophotometer into the spectral den-
sity brightness of radiation:

Calculations of the dependence using (1) 

will be approximate, due to the inevitable scatter 
of the spectral characteristics of the spectrometer 
elements. Therefore, the determination of SL (λi  ) 
should be performed by calibrating spectrophoto-
meters using a reference emitter [13]. When using a 
reference tungsten lamp and z = 2 f, the expression 
applies:

where            and         are digital sig-
nals recorded during calibration with the frame ex-
posure time τcal and the rate of their rise, respective-
ly. When applying expression (2), it is convenient 
to use the dimensionality of the absolute spectral 
sensitivity SL (λi  ), equal to (cm2∙sr∙µm)/(W∙ms), so 
we usually determine L (λi  ) with dimensionality in  
W/(cm2∙sr∙µm).

The lens in some applications of diffuse reflec-
tance spectroscopy with spatial resolution can be not 
used, because the spectrometer collects the reflec-
ted radiation from the medium within its numerical  
aperture. During calibration, when calculating SL (λi ) 
in these cases, it is necessary to divide the spectral 
luminosity of the tungsten in expression (2) by the 
lens transmittance τl .

In many cases of photometry it is necessary to 
use a field of view of the spectrometer with a weak 
divergence. Such a measurement scheme, as can be 
seen in Figure 2, is formed by placing the spectro-
meter slit in the focal plane of the lens. In this case 
the linear field of view of the spectrometer is in-
creased and the calibration should be carried out 
according to the spectral density of brightness ra-
diation of the BB model LВВ (λi , T  ). Moreover, it is 
necessary to make sure that the spectrophotometerʼs 
field of view fits into the output aperture of the BB 
model. In this case, the expression for calculating 
SL (λi ) is simplified:
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It should be remembered that the temperature 
of the emitting core of the BB must be more than 
1500 ºС for the calculated SL (λi  ) values in the short-
wave region of the spectrum to have a good signal-
to-noise ratio. In this case we have to use a neutral 
attenuating filter with a known spectral transmit- 
tance τNF  (λi ), the attenuation of which must be taken 
into account when calculating SL (λi ). 

Main parameters, characteristics  
and examples of applications

The developed spectrophotometers with micro-
processor board are 72 mm long and 40 mm wide 
when assembled without a lens. Therefore, they can 
be packaged in a cylindrical body with a C-Mount 
external lens mount. The compact lens “Basler Lens 
C23-3520-2M F2.0 f35 mm 2/3” with focal length  
f = 35 mm and f /D = 2.0 ratio was used for perfor-
mance measurements of the developed spectropho-
tometers. This lens has a diameter of 35 mm and a 
length of 43.7 mm. In this case, the angle α at the  
apex of the assembled radiation cone of the tung-
sten tape of the reference lamp is not less than 
2arcsin(NA), as shown in Figure 2.

Before calibrating the spectrophotome-
ters based on the C12880MA and C11708MA, 
the offset of their wavelength readout scales λi 
was checked. As a reference monochromatic  

radiation source the HeNe laser LHN-303 with 
a wavelength of generation λ = 632.819 nm and 
the relative stability of the generation frequency 
not worse than 10–8 was used. The resulting rea- 
dout scale offsets were small and were ∆λ = -3.4 nm 
for C12880MA and ∆λ = -2.4 nm for C11708MA. 
They were entered into the spectrophotometer soft-
ware to shift the scales λ i to the right by the corre-
sponding value ∆λ . The spectral range of operation 
of C12880MA was 307.8–878.2 nm, and that of 
C11708MA was 583.6 to 1086.5 nm. The spectral 
resolving power of spectrophotometers was deter-
mined by the standard technique at the half-height 
of the hardware function, i. e., the spectrum of dif-
fusely scattered radiation of the LHN-303 laser. For 
C12880MA it was about 10 nm, for C11708MA it 
was about 15 nm.

The scheme of the setup used to calibrate the 
created spectrophotometers corresponded to the 
scheme shown in Figure 2. The distance between 
the rear main plane of the lens and the slit of the 
spectrophotometer, was 2 f , i. e. 70 mm. A neutral  
attenuation filter with a transmittance factor 
τNF = 0.0033 was used to attenuate the illumina-
tion of the spectrophotometer slit, which is formed 
by projecting the image of a glowing tungsten strip 
of the LI10-300 lamp onto it. The absolute spectral 
sensitivities of the spectrophotometers that were ob-
tained using (2) are shown in Figure 3.

а b
Figure 3 – Absolute spectral sensitivities of spectrophotometers based on C12880MA (a) and C11708MA (b), 
which are calculated from the emission of a reference SI10-300 tungsten lamp at ten different temperatures were  
shown in Figure 4
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An unpleasant feature of the C12880MA mini- 
spectrometer was revealed during the calibration 
work. This is a noticeable addition of radiation, 
which is scattered by the concave diffraction gra-
ting in the zero order of diffraction, to the spectrum 
recorded in the short-wave part of the spectrum. 
Many spectrophotometers based on concave dif-
fraction gratings and photodetector arrays have this 
disadvantage. The C12880MA mini-spectrometer 
is small, so this effect is much stronger. The depen-
dences shown in Figure 4а convincingly illustrate 
the effect of scattered radiation on the recorded spec-
tra. Therefore, it should be taken into account that 
the spectra recorded by the C12880MA can be mar- 
kedly distorted in the short-wave part of the range 
due to the contribution of powerful spectral compo-
nents from the longer wavelength part of the spec-
trum. The spectrophotometer based on C11708MA 
has practically no marked distortions in the short-
wave part of its spectral range. This effect, as follows 
from Figure 4b, appears only near the short-wave 
boun-dary, i. e. around 584 nm.

The experimentally measured Lm (λ ) depen-
dences, shown in Figure 4 as solid lines, were de-
termined using the spectral sensitivities of spectro-
photometers SL (λi ,Tl ), which were obtained from 
the radiation of tungsten strip with brightness tem-
perature Tl = 2000 ºC. The dependences of the spec-
tral brightness density Lm (λ ), which were measured 
with a spectrophotometer based on C11708MA, 
turn out to be close to the calculated dependen-
ces. Small deviations of Lm (λ ) values in the long-
wave part of the spectral range are caused by an 
error in determining the spectral transmit-tance of 
the attenuating neutral filter τNF (λi ) in the infrared 
range. The influence of the effect noted above on 
the spectrum, which is formed at λ < 480 nm, we 
found it even in a high-quality fiber-optic spectrom-
eter AvaSpec 2048WL (Holland) [13]. This disad-
vantage of spectrometers based on concave diffrac-
tion gratings and photodetector arrays must neces-
sarily be taken into account when analyzing diffuse 
reflectance spectra in the short-wave region of the 
visible spectrum.

а b
Figure 4 – The calculated spectral brightness L (λ) of the tungsten ribbon strip radiation at different brightness  
temperatures Tl (dashed lines) and spectral dependences measured with the C12880MA (a) and C11708MA (b)  
spectrophotometers (solid lines)

Figure 5a shows the spectral brightness den-
sity of the diffuse reflection of a white sheet il-
luminated by the Sun. The Earthʼs atmosphere 
has a noticeable influence on the spectrum  

of the illuminating radiation, for example, the 
absorption bands of O2 with a maximum at 
λ = 760 nm and water vapor around 933–960 nm 
are clearly visible.
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The normed diffuse reflectance spectra of the 
Gehr-Pom-C matte white plastic, which were ob-
tained using a C11708MA-based spectrophoto- 
meter, are shown in Figure 5b. The normalization 
was carried out by dividing the spectra Vm (λi , ρk ) 
by the spectrum Vm (λi , ρ1 ), which was obtained at a 
minimum distance of ρ1 = 5 mm between the point 
of radiation input into the plastic and the point of re-
gistration. The halogen lamp emission spectrum and 
spectrometer characteristics do not affect the ratio 
Vm (λi , ρk ) /Vm (λi , ρ1 ) with this normalization. The 
obtained normalized spectral dependences coincide 
with similar dependences that were obtained using 
a spectrophotometer based on the AvaSpec 2048WL 
spectrometer. It can be clearly seen that the white 
matte Gehr-Pom-C plastic has radiation absorption 
bands, which appear stronger with increasing dis-
tance ρ between the radiation input point and the 
registration point.

Conclusion

Progress made in the production of miniature 
spectrometers and microprocessors opens up the 
possibility of using the C12880MA and C11708MA 

in inexpensive spectral techniques, which are de-
signed to control the diffuse reflectance spectra 
of various materials and media in the visible and 
near-infrared spectrum ranges. Studies of the cha-
racteristics of portable spectrophotometers based 
on Hamamatsu mini-spectrometers and STM32 mi-
croprocessors indicate the prospects for their use in 
controlling difuse scattering spectra of condensed 
finely dispersed mediums. 

The described graduation method allows you to 
identify the range of the spectrum, in which its dis-
tortion due to the scattering of radiation into the zero 
order of diffraction of the concave diffraction gra-
ting, can not be taken into account. 

The conducted studies point to the promi- 
sing development of inexpensive computerized por-
table diffuse reflectance spectroscopy techniques 
with spatial resolution, which can be widely used in  
various sectors of science and industry.
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Abstract 
Peak emergency discharges of harmful substances to the industrial companies waste waters that normally 

form coagulates over time present a serious environmental problem. These coagulates can enter natural water 
bodies during the wastewater discharge. Thus, detecting these coagulates in real-time is a relevant problem. 

To solve this problem, the authors suggest building an automated system that shall record and identify 
the emergency harmful substances discharges to the industrial companies waste waters caused by accidents. 
This system features a laser probing module which scans waste water at several wavelengths simultaneously 
and in real time.

Emergency discharge identification is performed based on the substance transmission spectra analysis 
using the original description of the recorded substance spectra digital signals. The relative description on the 
components of the lattice function of the spectrum of emergency discharges is used, constructed using the 
order ratio between the components of the lattice function. 

The emergency discharge identification can be implemented by comparing the relative description of the 
emergency discharge spectrum with the reference spectra for the harmful substances that can be present at 
the given industrial facility, and the standards of the spectra of these substances are presented in the form of 
a relative description using the ratio “more”–“less”.

The authors provide a flow chart for the emergency discharge elimination system, describe its operation 
and the functions fulfilled by its elements. The system features an emergency coagulate identification device, 
a processing device for the spectrum recorded that can also store the reference spectra of harmful substances, 
and a valve-control device for the waste water system. Due to installation of laser radiation sources along 
the perimeter of the pipe along which the liquid moves, simultaneous laser action on the emergency clot of 
harmful substances passing through the pipe is ensured. The analysis of the clot passing through the sewer 
pipe allows opening the valves for each of the predicted emergency clots when receiving a command from 
the control device and diverting the clot that has appeared to the appropriate sump.

Keywords: emergency discharge, laser probing, lattice function, spectrum.
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Серьёзной экологической проблемой являются залповые аварийные сбросы вредных веществ  
в сточные воды предприятий, которые, как правило, представляют сгустки определённой длитель-
ности. Образованные сгустки могут попасть в естественные водоёмы при сбросе сточных вод. 
Поэтому актуальна задача обнаружения указанных сгустков в реальном масштабе времени. 

Для решения данной задачи предлагается вариант построения автоматизированной системы 
фиксации и идентификации аварийных сбросов вредных веществ в сточные воды промышленного 
предприятия при запроектных авариях. Отличие системы заключается в использовании лазерного 
зондирования сточных вод одновременно на нескольких длинах волн излучения в реальном масштабе 
времени.

Идентификация аварийных сбросов производится на основании анализа спектров пропускания 
веществ с использованием оригинального описания цифровых сигналов регистрируемых спектров 
веществ. Используется относительное описание на составляющих решетчатой функции спектра 
аварийных сбросов, построенное с использованием отношения порядка между составляющими 
решетчатой функции. Идентификация аварийного сброса осуществляется путём сравнения 
относительного описания спектра аварийного сброса с эталонами спектров возможных вредных 
веществ для данного предприятия, причём эталоны спектров этих веществ представлены в виде 
относительного описания с использованием отношения «больше»–«меньше».

Приведена структурная схема системы устранения аварийных сбросов, описана её работа и 
назначение отдельных элементов системы. Система содержит устройство идентификации аварийных 
сгустков, устройство обработки регистрируемых спектров и хранения эталонов спектров вредных 
веществ и устройство управления задвижками в системе сточных вод. За счёт установки источников 
лазерного излучения по периметру трубы, по которой движется жидкость, обеспечивается 
одновременное лазерное воздействие на проходящий по трубе аварийный сгусток вредных веществ. 
Анализ проходящего по сточной трубе сгустка позволяет проводить открытие задвижек для каждого 
из прогнозируемых аварийных сгустков при получении команды от устройства управления и отвести 
появившийся сгусток в соответствующий отстойник. 

Ключевые слова: аварийный сброс, лазерное зондирование, решетчатая функция, спектр.
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Introduction

Many modern companies use water from natu-
ral water bodies in their production processes and 
dump the treated waste water in those same water 
bodies. If any emergencies classified as non-pro-
ject [1, 2] occur at such companies, harmful sub-
stances, including hydrocarbons (oils, alcohols, 
etc.) may enter the water bodies [3]. The number 
of such accidents is increasing due to the large 
amounts of substances stored at the companies’ 
specialized warehouses and unused in the main pro-
duction processes.

Accidents are mostly attributed to leaks from 
storage containers, pipelines, loaded vehicles on the 
move, etc. These accidents are limited in time (peak 
discharge), meaning that emergencies have to be 
monitored in real time. Such accidents may also take 
place at facilities located at sea and on rivers (off-
shore platforms, moving objects, etc.).

Peak harmful substance discharge instances ap-
pear as coagulates of specific length and various den-
sities. The coagulates may disrupt the operation of 
company treatment systems and enter natural water 
bodies during waste water discharge. Thus, it is cru-
cial to detect these coagulates in real time and redi-
rect them to harmful substance cesspools [4, 5].

Devices and systems for determining many 
parameters of aqueous media are known. Optical  
methods have great diagnostic capabilities for deter-
mining harmful substances in an aqueous environ-
ment.

In [6], the results of optical measurements of 
attenuation of light intensity at four different wave-
lengths (red, green, blue and near infrared) are pre-
sented to analyze the turbidity of test liquids in the 
food industry. For the experiments, the Mettler To-
ledo Inpro8300RAMS unit was used, which is ca-
pable of measuring the intensity of transmitted and 
backscattered light using radiation from eight LEDs.  
The experiments were carried out only on static li-
quids when registering the results for a few seconds. 
The research is aimed at further use of the method for 
moni-toring the characteristics of factory wastewater 
flows in real time.

Article [7] discusses the in situ online optical 
monitoring system for the concentration of suspen-
ded solids in wastewater using digital image analy-
sis. The results of online optical monitoring can be 
used in predicting the quality of biologically treated 
wastewater. 

In the article [8] the project of an optical sys-
tem for multiparameter assessment of drinking water 
quality is considered. The system uses modern lasers 
operating in the mid-IR range and highly sensitive 
photodetectors.

A UV-LED spectroscopy system designed to 
control organic carbon in water is described in [9].  
In the optical system, a UV LED with a wavelength 
of 280 nm was used as a highly efficient light source. 
The results obtained can significantly expand the 
scope of studies of the total organic carbon content 
both in the laboratory and in the field, including the 
possibility of continuous in situ monitoring.

The article [10] presents an automation system 
for the elimination of emergency discharge, which 
contains a liquid analyzer, that continuously moni-
tors the optical density of the aqueous medium. As 
long as the concentration of controlled substances 
is within acceptable limits, water enters the filter for 
further purification. In the case of a salvo discharge 
of a controlled substance, when its concentration ex-
ceeds the specified limit, the liquid analyzer sends 
a signal to the control computer, which directs the 
contaminated water into the sump through the dis-
charge valve, and the contamination, instead of pas-
sing through the filter and significantly disrupting its 
operation, goes into the sump for further disposal.

The considered technical solutions do not allow 
to promptly identify and eliminate an emergency 
clot, consisting of previously known contaminants. 
In the event of an emergency discharge in the form of 
a clot, consisting of several pollutants, the problem 
arises of identifying the clot to direct it to the filter 
allocated for it. At the same time, the concentration 
of the components of the clot may change over time, 
and the composition of the clot, that is, the ratio 
between its components, remains unchanged. The 
use of optical sensors with several wavelengths of 
radiation in the proposed system makes it possible 
to more accurately determine the composition of the 
clot by the ratio of the spectral components of the 
output signals and promptly select the appropriate 
purification filter.

Research Essentials

Coagulate identification may take place under 
the following conditions:

– the coagulate consists of one substance;
– the coagulate contains harmful substances of 

several types;
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– the coagulate consists of several separate co-
agulates occurring at different times.

Each of the coagulates features specific spectral 
transmission or absorption parameters in a specific 
wavelength range from λmin to λmax [11–15].

The majority of spectrum analyzers work with 
the consecutive analysis of spectra from λmin to λmax , 
which requires some time and eliminates the possi-
bility of real-time spectrum analysis. 

The parallel spectrum scanning requires a lot of 
detectors for various wavelengths, which may prove 
impracticable depending on the spectral parameter 
error. 

If the list of emergency substances is limited, we 
can analyze the spectra of these substances and iden-
tify the typical features for specific wavelengths that 
will become the key spectrum analysis points during 
the parallel spectrum analysis.

We can review several solution methods for this 
problem.

1. The lattice function (LF) of the spectrum 
components can be represented as follows:

{λ11 → S11 , λ12 → S12 , λ13 → S13 , …, λ1n → S1n };
{λ21 → S21 , λ22 → S22 , λ23 → S23 , …, λ2n → S2n };
{λ31 → S31 , λ32 → S32 , λ33 → S33 , …, λ3n → S3n };
……………………………………………….
{λk1 → Sk1 , λk2 → Sk2 , λk3 → Sk3 , …, λkn → Skn },

where Sij are the LF components located in the typi-
cal points on the spectrum curve (dips, swells, etc.); 
i is the number of spectra (substances) from 1 to k;  
j is the number of spectrum components from 1 to n.

For each of the substances, specific points are 
selected on the spectra that characterize the spectrum 
shape (maximum and minimum extremes). When 
there are only a few substances (up to 5), a specific 
spectrum containing up to 3‒5 wavelengths are se-
lected for each of them.

2. The lattice function produced has a set incre-
ment Δλ across the spectrum wavelength:

{λ11 → S11 , λ11+Δλ → S12 , λ11+2Δλ → S13 , …, λ11+(n‒1)Δλ → S1n }, 

where n is the number of components.
References are constructed for the entire sub-

stance (spectrum) list. A specific spectrum length in-
crement is selected (up to 10 in practice), after which 
spectral parameters of each of the substances at the 
selected wavelengths are determined.

3. The lattice function using all of the selected 
wavelengths in the typical points from the list of all 
spectra:

{λ1 → S11 , λ2 → S12 , λ3 → S13 , …, λn → S1n };
{λ1 → S21 , λ2 → S22 , λ3 → S23 , …, λn → S2n };
{λ1 → S31 , λ2 → S32 , λ3 → S33 , …, λn → S3n };
………………………………………….
{λ1 → Sk1 , λ2 → Sk2 , λ3 → Sk3 , …, λn → Skn },

where k is the number of substances (spectra); n is 
the total number of the wavelength for the typical 
points of all the spectra.

Typical points are selected in the spectra for 
each of the substances (3–5 points), after which an 
aggregate substance spectrum is constructed contai-
ning n∙(3–5) points where n is the number of identi-
fied substances.

The obtained substance spectra are normally 
expressed in relative units, however the clean sub-
stance spectrum and the substance spectrum obtained 
through the measurements taken in the waste water 
may differ due to the different substance concentra-
tion and the presence of interfering inclusions from 
the waste water, as well as the spectrum analyzer 
error. For relatively clean coagulates, such coagu-
lates may reach 5–10 % of the measured substance 
concentration.

To identify the substance, it is necessary to pro-
duce references, i. e. substance “profiles”. Creating 
references can be represented as a set of stages:

1. From the known list of substances, we ana-
lyze the substance spectra, identify their specific 
features (spectrum curve extremes), and record 
wavelengths for the identified points. It is sufficient 
to identify from 3 to 5 points for each of the sub-
stances.

2. We compare the spectrum components at the 
identified points with other substance spectra. We 
also determine the wavelengths for the spectrum cor-
responding to the set error and compare those with 
other spectra (up to 3 correlations for a list of 10 sub-
stances). As a result, there is a set of wavelengths 
that determines the reference spectra.

3. The lattice function are constructed for each 
of the substances in the obtained set of wavelengths. 
The reference substance spectrum profile is repre-
sented as a relative description based on a set of LF 
amplitudes (components) using the more/less rela-
tion [16–18]. The relative description of the refe-
rence must be different for each of the substances.

To determine the changes in the spectrum due to 
the inclusion of waste water fractions, we can con-
duct laboratory experiments to adjust the developed 
references and improve the detection probability of 
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the substances included in the list of non-project 
emergency discharges.

Thus, the reference profile is a set of selected 
components of spectrum S for specific wavelengths.

A reference profile for one of the substances:

{λ1 → S11 , λ1 → S21 , λ3 → S31 , …, λn → Sn1 };
{λ1 → S12 , λ2 → S22, λ3 → S32 , …, λn → Sn2 };
{λ1 → S13, λ2 → S23 , λ3 → S33 , …, λn → Sn3 };
………………………………………….
{λ1 → S1n , λ2 → S2n , λ3 → S3n , …, λn → Snk },

where n is the number of components in the profile 
LF corresponding to the number of probing trans-
ducers; k is the number of substances in the list of 
emergency discharges.

Figure 1 shows an example of a profile rep-
resented as a LF. The LF curve features a tubular 
neighborhood of permissible oscillations for compo-
nents ΔS , where S0 is the average permissible spec-
trum oscillations value.

Figure 1 – A profile of a substance spectrum component 
reference represented as a lattice function

When wastewater fractions enter the coagulate, 
the spectra may be distorted, which can result in the 
overrunning of the permissible oscillation tube. In 
this case, spectrum references should be set as in-
variable depending on the stretching or contracting 
of spectrum component amplitudes.

Such properties are typical of a relative descrip-
tion based on the LF components using the ordering 
relation.

Assume {S1 , S2 , S3 , …, Sn } are the components of 
the LF spectrum. The relative description can be based 
on the correlations between the adjacent components 

{S1R12S2 , S2R23S3 , S3R34S4 , …, S(n‒1)R(n‒1)n Sn } 

or the correlations occurring after the next compo-
nent: 

{S1R13S3 , S2R24S4 , S3R35S5 , …, S(n–2)R(n–2)n Sn }, 

where R is the ordering relation between the com-
ponents.

For the majority of the problems, it is sufficient 
to determine the relations between the adjacent com-
ponents.

We confirmed the invariability of such descrip-
tions to the linear stretching and contraction of spec-
trum component amplitudes. The qualitative para- 
meters in spectrum descriptions are also invariable, 
including the alternation of extremes, dips, and 
swells. The more correlations between the LF com-
ponents are used in the reference, the more complete 
is the resulting LF description. Its accuracy may 
reach the size of the lattice within which the LF is 
determined.

Generally, this description can be represented as 
an ordering relations matrix based on the LF com-
ponents:

The emergency discharge elimination system 
features an emergency coagulate identification de-
vice, a valve control device for the waste water sys-
tem, and a device that processes the obtained spec-
trum measurements and stores reference spectra of 
harmful substances.

The system diagram is shown in Figure 2. 

Figure 2 – The flow chart for the emergency discharge 
elimination system: 1 – the emergency coagulate identi-
fication device; 2 – the emergency coagulate front identi-
fication elements; 3 – the valves directing the emergency 
coagulate to the cesspools; 4 – measurement processing, 
valve control, and reference storage device; I, II, III, …, 
N – coagulate cesspools

Review the flow chart operation. The emer-
gency coagulate is identified by device 1 featuring 
n probing transducers with wavelengths λ1… λn and 
photoelectric receivers making a circle on the inner 
side of the pipe, which helps identify the coagulate  
in real time at all of the selected wavelengths simu-
ltaneously.
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The passing of the coagulate through the pipe 
is detected by elements 2, which allows for the ope-
ning of the valves for each of the forecast emergency 
coagulates (substances) upon receiving a command 
from the control device 4. At the same time, we can 
calculate the speed at which the coagulates covers 
distance l in the pipe. After the coagulate is dumped 
in the cesspool, the valve gets closed.

To protect the photodetectors from the flares 
caused by adjacent transducers, two design options 
can be used:

1 – installing optical filters on the photodetec-
tors;

2 – the probing transducers have modulated-
frequency optical emission, and demodulators are 
installed after the photodetectors.

Conclusion

We analyzed various options for the measure-
ment of the spectral parameters of emergency dis-
charges during the parallel spectrum analysis and  
the simultaneous measurement of the spectrum com-
ponents at the selected laser emission wavelengths. 

The analysis showed that the identification of 
the specific features of each of the spectra from the 
substance list is the most efficient solution for the 
problem of information in the aggregate reference 
substance spectrum. To facilitate the reference de-
scription invariability for the substance spectrum 
component contraction and stretching, we used the 
relative description represented by the more/ less re-
lation based on the set of the substance spectrum lat-
tice function components.

The reviewed emergency discharge elimination 
system for non-project accidents at various produc-
tion facilities differs from the well-known alterna-
tives because it features emergency discharge detec-
tion and identification in real time. Another distinc-
tion is the use of relative descriptions for substance 
spectra obtained through the setting of an ordering 
relation for the substance spectrum lattice function 
components. 

The suggested solution is crucial for indus-
trial facilities located near natural water bodies and 
dumping waste water in them.
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Abstract 
Study of dimensional parametersʼ influence on shielding properties of cylindrical shields will allow to 

optimise the fusion process, as well as to reduce production costs by reducing the material used. The purpose 
of this work was to compare results of theoretical calculation of shielding effectiveness of an infinite cylindri-
cal shield with the data obtained in real conditions. 

A cylindrical Ni-Fe shield was synthesised by electrochemical deposition with length of 32 cm, diameter 
of 4.5 cm and shielding thickness of ≈ 100 µm. The cylinder length was then reduced from 32 cm to 6 cm in 
4 cm increments and for each cylinder length shielding effectiveness was measured using three-coordinate 
Helmholtz field-forming system.

The measurement results show that the calculation of shielding effectiveness of infinite cylindrical 
shield is valid for cylinder lengths l ≥ 18–20 cm. Shielding effectiveness is markedly reduced at values  
of l ˂ 15 cm.

Analysis of data obtained allowed to conclude that it is necessary to determine the correction  
factor when calculating a cylindrical screen shielding efficiency.

Keywords: shielding, magnetostatic fields, cylindrical shields.
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Изучение влияния габаритных параметров на экранирующие свойства цилиндрических 
экранов позволит оптимизировать процесс синтеза, а также снизить затраты на производство,  
за счёт уменьшения используемого материала. Целью данной работы было сравнение результатов 
теоретического расчёта эффективности экранирования бесконечного цилиндрического экрана и 
данных, полученных в реальных условиях. 

Методом электрохимического осаждения был синтезирован цилиндрический экран Ni-Fe,  
длина которого составила 32 см, диаметр 4,5 см, толщина экранирующего покрытия составила 
≈ 100 мкм. Затем длина цилиндра уменьшалась от 30 до 6 см с шагом в 4 см, для каждой длины 
цилиндра была измерена эффективность экранирования с помощью полеобразующей системы 
трёхкоординатных катушек Гельмгольца.

Результаты измерений показали, что расчёт эффективности экранирования бесконечного 
цилиндрического экрана справедлив при длине цилиндра l ≥ 18–20 см. При значениях l ˂ 15 см 
эффективность экранирования заметно снижается.

Анализ полученных данных позволил сделать вывод о необходимости определения поправоч-
ного коэффициента при расчётах эффективности экранирования цилиндрического экрана.

Ключевые слова: экранирование, магнитостатические поля, цилиндрические экраны.
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Introduction

Global electrification along with the undeniable 
benefits poses many threats, of which electromag-
netic radiation is the most significant. One of the par-
ticularly difficult cases of protection from the impact  
of external electromagnetic fields is shielding of sta-
tic magnetic fields. 

This type of magnetic fields can have a nega-
tive impact on the human body, disable devices and 
their elements and is also widely used in the mili-
tary industry [1, 2]. To minimize the effects of mag-
netostatic fields magnetically soft materials (steel, 
permalloy, amorphous metal alloys are usually 
used). Study of magnetostatic shielding is based on 
the principle of magnetic field shunting by a ferro-
magnetic material [3, 4]. The basis of this principle 
is the closure of the field lines through the material 
with low resistance to magnetic flux which means 
that the shielding efficiency is directly proportio- 
nal to the value of magnetic permeability ( μ ) of the 
shielding material and inversely proportional to the 
area of its cross section. However we have previous-
ly shown [5, 6] that a number of experimental results 
on the magnetostatic shielding does not agree with 
the provisions of the shunt principle.

Thus the purpose of this work was to investi-
gate the shielding effectiveness of the cylindrical 
shield and to find out the effect of the cylinder length 
changing on shielding effectiveness. This will reduce 
the error in theoretical calculations which in turn will 
have a positive impact on the quality of development 
of highly effective protection of devices and equip-
ment for a wide range of applications.

Measurement technique

An aluminum cylinder with a single layer Ni 
shielding coating Ni80 Fe20 with a copper underlayer 
was made as the test sample with the following pa-
rameters: 32 cm long, diameter is 4.5 cm. The ave-
rage thickness of the coating was 132 µm.

The aluminum surface preparation process was 
carried out in several stages such as trichloroethy-
lene treatment degreasing with Vienna lime, chemi-
cal etching, chemical galvanizing and copper under-
coating was then applied to increase of adhesion.

The shielding coating was synthesised by electro-
chemical deposition using nickel anodes at 35–40 °C. 
The current density was 25 mA/cm2. The composi-
tion of the electrolyte solution is shown in Table.  

Table 

The composition of the electrolyte solution

№ Reactive Content, g/l
1 NiSO4·6H2O 210
2 NiCl2·6H2O 20
3 FeSO4·7H2O 15
4 KNaC4H4O6·4H2O 30
5 MgSO4 60
6 H3BO3 30
7 Saccharine 2
8 Ascorbic acid 2

The thickness of the resulting shielding coating 
was ≈ 100 µm.

From the resulting cylinder with the shielding 
coating, 4 cm were cut off (Figure 1), then at each 
length, the shielding effectiveness was measured.

Figure 1 – Schematic representation of the test sample

The efficiency of the shielding was measured  
by means of a three-coordinate Helmholtz field-
forming system.

Results and discussion

The most complex case of shielding against  
external sources of electromagnetic radiation is that 
of static magnetic fields [5]. Usually when conside-
ring magnetostatic shielding the principle of the mag-
netic field shunting with a ferromagnetic material is 
used. The basic essence of this principle is to short 
circuit the field lines through a material with low re-
sistance to magnetic flux. According to this approach 
the effectiveness of the shielding is constant and di-
rectly proportional to the magnetic permeability of 
the shield material and inversely proportional to its 
cross-sectional area [7, 8]. For an infinite cylindrical 
shield, the calculation of the shielding effectiveness 
is carried out according to the formula: 

Oecyl. = 0.57μd/r,

where μ is the magnetic constant, d is shield thick-
ness [mm]; r is outer radius [mm].
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As we know [9], in theoretical calculations of 
shielding efficiency usually use ideal geometric 
shapes of samples (infinite plane and infinite cylinder, 
sphere). In real conditions the situation is much more 
complicated – bodies, blocks to be shielded have finite 
dimensions, irregular shape and may contain holes 
and apertures. Therefore, for practical purposes, it is 
important to know how the screen size affects such 
characteristics as the maximum screening efficiency 
Oeмах and the magnetic field strength correspon- 
ding to the maximum screening efficiency HOeмах .

To check the validity of the above formula, the 
shielding effectiveness was measured at cylinder 
lengths l = 6–30 cm, in 4 cm increments. Figure 2 
shows the obtained results of shielding efficiency 
depending on the length of the cylinder. It can be 
seen that reducing the cylinder length to 14 cm does 
not result in a significant change in shielding effec-
tiveness. When the cylinder length is further reduced 
from 14 cm to 6 cm, there is a sharp decrease in 
shielding effectiveness.

Figure 2 – Shielding efficiency depending on the 
length of the cylinder

Figure 3 shows the dependencies of Oeмах and 
HOeмах on the length of the cylindrical shield.

Figure 3 – Changing the position of the maximum shiel-
ding efficiency depending on the length of the cylinder

It can be seen, the parameters Oeмах and HOeмах 
become very stable at values of l ≥ 18–20 cm. At 
values of l ˂ 15 cm, the shielding efficiency de-
creases markedly. For example, the Oeмах values of 
a 6 cm long sample are 2 times lower than those 
of a 26–30 cm long sample. At the same time, the 
HOeмах shifts to a lower field region from 44 to 
26 Oe.

Conclusion

Studies have been carried out on the shielding 
effectiveness of an aluminum cylinder with Ni-Fe 
shielding.

It is found that the theoretical calculations of 
shielding efficiency differ from the data obtained 
under real conditions. Parameters as the maximum 
screening efficiency Oeмах and the magnetic field 
strength corresponding to the maximum screening 
efficiency HOeмах are stable at values l ≥ 18–20 cm, 
so maximum shielding efficiency of the obtained 
sample holds within 45–50 times. Reducing the 
length of the cylinder to a value of l ˂ 15 cm leads 
to a significant decrease in the maximum shielding 
efficiency from 42 to 25 times. At the same time the 
HOeмах shifts to a lower field region.

This result is due to the effect of the magnetic 
field flowing into the open sample of finite size. Thus 
in order to reduce the influence of the dimensional 
effect of cylindrical and close-shaped shields the l/r 
ratio must be ≥ 8–9. 

Further it is planned to extend the research 
range to obtain a correction factor to calculate the 
shielding effectiveness of real cylindrical shields.

The findings are to be used in the manufacture 
of shields to protect sensitive components of various 
kinds of devices.
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Abstract 
The basic structural elements of the magnetized granular medium (effectively used, in particular, in 

apparatus of thin magnetic separation) are granule chains (according to channel-by-channel model), in con-
nection with which there is a need to detail the features of their magnetization. The purpose of the work is to 
develop and implement an approach to measuring magnetic (micro)flows along the cores of different radius r 
in the chain of granules  using a specially developed (by printed circuit board technology) sensor, with high 
radius R (15 and 20 mm) spheres available for such measurements. 

From the data of measuring magnetic (micro)flows data of average induction in each of the quasi-con-
tinuous cores of the spheres chain are obtained, as well as data of magnetic permeability and susceptibility of 
these cores, their magnetization  for different values of the intensity of the magnetizing field. It is shown that 
dependences of mentioned magnetic parameters from number n spheres in a chain are generalized on r /R for 
different R. 

These relationships, increasing as n increases due to a decrease in the demagnetizing factor N of any of 
the cores and the chain as a whole, demonstrate the achievement of individually limiting values of magnetic 
parameters and corresponding auto-model regions where N→0. At the same time, the transition to each of 
these regions, manifesting almost independently of  r /R and intensity, falls on the value of n = 10–12 = [n]. 
Thus, in fact, such a criterion value [n] distinguishes chains by sufficiently “long” – when n ≥ [n] and “short” – 
when 2 ≤ n ˂ [n]. Data of demagnetizing factor for different cores of “short” chains of spheres are obtained 
and phenomenologically described. 

Keywords: chain of granules, sensor contour on a printed circuit board, magnetic permeability, susceptibi-
lity, demagnetizing factor. 
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Подход к контролю магнитных параметров сердцевин 
цепочки шаров. Диагностика разных по длине цепочки  
и радиусу сердцевин
А.А. Сандуляк, Д.А. Сандуляк, Ю.О. Горпиненко, А.В. Сандуляк, В.А. Ершова 

МИРЭА – Российский технологический университет, 
ул. Стромынка, 20, г. Москва 107996, Россия

Поступила 26.02.2022
Принята к печати 01.06.2022

Базовыми структурными элементами намагничиваемой гранулированной среды (эффективно 
используемой, в частности, в устройствах для тонкой магнитной сепарации) являются цепочки гранул 
(согласно поканальной модели), в связи с чем возникает необходимость в детализации особенностей 
их намагничивания. Цель работы – разработка и реализация подхода к измерениям магнитных (микро)
потоков по сердцевинам разного радиуса r в цепочке гранул при помощи специально разработанного 
(по технологии печатных плат) датчика, используя доступные для таких измерений шары повышенного 
радиуса R (15 и 20 мм). 

По данным измерений магнитных (микро)потоков получены данные средней индукции 
в каждой из квазисплошных сердцевин цепочки шаров, а также данные магнитной проницаемости 
и восприимчивости этих сердцевин, их намагниченности для разных значений напряжённости 
намагничивающего поля. Показано, что зависимости указанных магнитных параметров от числа 
шаров n в цепочке обобщаются по r /R для разных R. 

Эти зависимости, возрастая по мере увеличения n вследствие уменьшения размагничивающего 
фактора N любой из сердцевин и цепочки в целом, демонстрируют достижение индивидуально 
предельных значений магнитных параметров и соответствующих автомодельных областей, где N→0. 
При этом переход к каждой из этих областей, проявляющийся практически независимо от r /R и 
напряжённости, приходится на значение n = 10–12 = [n]. Тем самым такое, по сути критериальное, 
значение [n] разграничивает цепочки на достаточно «длинные» – когда n ≥ [n] и «короткие» – когда  
2 ≤ n ˂ [n]. Получены и феноменологически описаны данные размагничивающего фактора для разных 
сердцевин «коротких» цепочек шаров. 

Ключевые слова: цепочка гранул, датчик-контур на печатной плате, магнитная проницаемость,  
восприимчивость, размагничивающий фактор.
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Introduction

The concept of the so-called effective medium is 
traditional in studies of any type of inhomogeneous 
magnets [1–8]. These magnets are used in various 
physical and applied problems. Effective medium is 
medium as a formally quasi-continuous volume of a 
magnet with its inherent magnetic parameters.

We used the concept of a quasi-continuous 
magnet for such types of inhomogeneous magnets 
as granular media (in particular, which are the key 
working bodies of fine magnetic separation devices). 
Concept could be efficient only to a chain of granules 
(and not the environment as a whole). This concept 
helped to study magnetic parameters. The model of 
channel-by-channel magnetization of a granular me-
dium [9, 10] provided an information that a chain of 
granules was the basic structural element of this me-
dium and a carrier of information about its magnetic 
parameters. At the same time, the chains of granules 
performed the function of a “bundle” of conductors-
channels similar to each other for the generated 
magnetic flux. The example of comparing the corre-
sponding magnetization curves proved the similarity 
of the magnetic parameters of the chain of granules 
and the granular medium as a whole [10].

The following must be said about the nature of 
the magnetization of such a quasi-continuous magnet 
as a chain of granules (for example, spheres). There 
was a pronounced redistribution of the magnetic flux 
over the cross section in contrast to the variant of 
magnetization of a solid (continuous) bar magnet. 
The flux density decreased as you moved away from 
the axis of the chain. Hence there was also a decrease 
in this density in one or another of its conditional 
core with an increase its radius r. This was due to an 
increase in the magnetic resistance of the “thicken-
ing” core of such a specific magnet due to decreasing 
volumes of metal in the core and increasing volumes 
of gaps between the surfaces of adjacent granules.

Direct measurements of magnetic fluxes proved 
that. We measured magnetic fluxes (with a micro-
webermeter) Ф through concentric loops of thin wire 
with different radii r ≤ R, located in a hollow vo- 
lume between the spheres in the chain, surrounding 
the contact point of the spheres with a radius R [9]. 
Thus, we obtained Ф in the corresponding in radi-
us r cores of the chain of spheres. It became pos-
sible to obtain Ф values in the cores of even a small 
relative radius r /R by deeping the sensor loops into  
the inter-ball space. Use of chains with spheres of 
increased radius and loops of very thin wire was  

advisable here. The wire was so much thin as to 
place them as deep as possible in the thinning (when 
approaching the contact point of the spheres) volume 
between the surfaces of the spheres.

Then we had to develop ideas about the nature 
and features of the magnetization of chains of gra- 
nules. It became necessary to expand the volume of 
this kind of labor-intensive research. Therefore, the 
issue of justified simplification in the manufacture 
and fixation of magnetic flux sensors (with the rejec-
tion of the traditional use for such purposes of a thin 
wire, which is not so practical here), became rele-
vant. For example, by creating appropriate sensors. 
Printed-circuit technique could be sufficient to create 
appropriate sensors for such tasks [11–13].

Circular circuit on a thin printed board with 
a mounting hole like a magnetic flux sensor 
in the core of the chain of spheres 

To measure the magnetic flux in one or another 
core of a magnetizable chain of spheres, we adhered to 
the classical principle. This was the principle of using 
a conductive sensor with a circular shape. A sensor 
in the form of a thin printed board with a conductive 
circular circuit or a block of concentric circuits made 
on it was preferable [11]. At the same time, each of 
the circuits had to have a small gap for the wire con-
nection of its free ends with the microwebermeter.

With this approach to the implementation of the 
above magnetic measurements, which increases the 
reliability and quality of control, it is easy to ensure 
the required strict shape of the sensor circuit and / or 
each of the sensor circuits in the block (as geometri-
cally ideal circles on a flat surface) and the concen-
tricity of the sensor circuits with respect to the point 
of contact of the spheres and to each other.

It was also easy to ensure the correct positio- 
ning (Figure 1) of this working printed board 1 in the 
plane of symmetry of the volume between the con-
tacting sphere 2 with radius R. The mounting hole 
ensured the correct positioning. The hole was made 
in the middle part of the working board concentric to 
the circuit-sensor or the block of circuits-sensors. The 
diameter d0 corresponded to the recommendation:  
d0 = [δ(4R–δ)]0.5 [11], where δ was the board thick-
ness. The edges of the board, formed around the cir-
cumference of the hole, fit snugly against the surfaces of 
the opposing spheres (without preventing their mutual 
contact). They fixed the working board in the required 
symmetry plane of the volume between the spheres.
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Magnetic induction data in different cores  
of the chain of spheres, corresponding 
data on their magnetic permeability, 
susceptibility and magnetization 

The board described above contained measuring 
circuits-sensors with a relative radius from r /R = 0.2 
to r /R = 0.9, its positioning was in the middle of the 
studied chains of spheres (Figure 1). The board made 
it possible to obtain the necessary experimental data 
on the magnetic fluxes Ф in the cores of the chains of 
spheres corresponding in r /R. In this experiment, we 
used chains of different lengths, i. e. with a different 
(even) number n of spheres in one or another chain, 
namely from n = 2 to n = 14.

Figure 1 – The location of printed circuit board 1 with a 
sensor contour (sensor contours) of the magnetic flux va-
lues in the volume between the middle spheres 2 of the 
magnetized (in the solenoid) chain with even number n of 
contacting spheres

There were two identical series of experiments. 
In one of them, the chains consisted of spheres 
with a radius R = 15 mm, the other one contained 
spheres with a radius R = 20 mm (for subsequent  
comparison of the results of experiments on such a di-
mensionless parameter, which claims to be universal, 
as r /R). The spheres had an increased radius due to 
the need to place a sufficient number of measuring 
sensors as deep as possible in the volume between 
the surfaces of adjacent spheres. This volume thinned 
as it approached the contact point of the spheres, i. e. 
with the smallest possible relative radius r /R of the 
measuring circuit-sensor. The magnetization of the 

chains took place in a sufficiently long solenoid by a 
field strength from H = 4.8 kA/m to H = 54.5 kA/m.

According to the experimental data of the mag-
netic flux Ф, one could judge its density:

i. e. about the data of the average induction B in each 
of the studied quasi-continuous cores of the chain of 
spheres. These data, obtained on the basis of formu-
la (1), were shown in Figure 2 in the form of com-
bined (for both series of experiments) families of 
dependencies B on the number of spheres n in chains 
at different values of r /R and H.

The resulting families of dependences B on 
n (Figure 2) were very informative for the qualitative 
and quantitative characteristics of the cores of chains 
of spheres as quasi-continuous magnets. This helped 
to visually illustrate the following notable features.

Firstly, the data of induction B in the cores of 
chains of spheres with a radius R = 15 mm corre-
sponded to the data of induction B in the cores of 
chains similar in relative radius r /R with the same 
number n of spheres, but with a radius R = 20 mm. 
This can be seen in Figure 2 by the coincidence of 
the compared data B (points • and ○). This, quite 
expected (based on the principle of similarity), fact 
testified to the possibility of applying the obtained 
induction data (Figure 2) to the corresponding chains 
of spheres of a different identical radius.

Secondly, the larger the relative radius r /R of 
the core of the chain of spheres, the lower the values 
of induction B in the core were (Figure 2) due to a 
decrease in the proportion of ferromagnetic metal in 
the core and vice versa.

Thirdly, all dependences of the induction B (in 
the cores of the chain of spheres with different r /R) 
on the number n of spheres in the chain increased 
with increasing n due to a decrease in the demag-
netizing factor N of each of the cores and the chain 
as a whole. Then they demonstrated the onset a 
characteristic self-similar region (Figure 2) with an  
individually limiting value B. This indicated the 
disappearance of the demagnetizing factor. The be-
ginning of this region manifested itself almost inde-
pendently of the relative radius r /R of the core and 
the intensity H of the magnetizing field, fell on the 
value n = 10–12 (starting from which N → 0). Thus, 
such a transitional, but essentially criterial, value 
n = 10–12 = [n] delimited both chains of spheres 
and their cores along the length (multiple of n) of the 
chain itself. They divided into quite “long” – when 
n ≥ [n] = 10–12 and “short” – when n ˂ [n] = 10–12.
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Figure 2 – Magnetic flux density in quasi-continuous cores of a chain of spheres, different in relative radius r /R, depending on 
the number n of spheres; a – r /R = 0.2; b – r /R = 0.3; c – r /R = 0.4; d – r /R = 0.5; e – r /R = 0.6; f – r /R = 0.7; g – r/R = 0.8; 
h – r/R = 0.9; 1 – magnetic field strength H = 4.8 kA/m; 2 – 10 kA/m; 3 – 20 kA/m; 4 – 29.7 kA/m; 5 – 39.5 kA/m; 
6 – 48.7 kA/m; 7 – 54.5 kA/m; designations • and ○ are spheres with radius R = 15 mm and R = 20 mm, respectively
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Mentioned specifics, including the fact of the 
manifestation of self-similar regions, which are fun-
damental here, were also valid with respect to other 
key magnetic parameters: magnetic permeability µ 
of the cores of chains of spheres (Figure 3), the mag-
netic susceptibility χ (Figure 4) and their magnetiza-
tion M (Figure 5). The following relations were used 
to determine the values of µ, χ and M: 

where μ0 = 4π∙10–7 H/m is magnetic constant; µ N → 0 
and χ  N → 0 are attainable limit individual values (in 

the corresponding self-similar region – according to 
Figures 3 and 4: at n ≥ [n] = 10–12) magnetic per-
meability and susceptibility. Regarding the relation-
ship (3), that is nonspecific and rarely appears in 
the literature, it was valid precisely with respect to 
“short” magnets (including the cores of chains stu-
died here as quasi-continuous magnets). This was so 
because the parameters of susceptibility and perme-
ability of the “short” and “long” magnets were, as is 
known, in the ratio χ/χ  N → 0 = μ/μ N → 0. The use of the 
well-known classical relation χ = μ – 1 was valid for 
a magnet devoid of a demagnetizing factor, for ex-
ample, a classic toroidal or “long” cylindrical, but for 
a “short” magnet, this was not correct. Ignoring this 
circumstance, as, for example, in [14], turned out to 
be an unjustified simplification and led to the appea-
rance of an error in the corresponding results.

µ
µ

=
B
H0

; (2)

χ
µ

µ
µ= −( )

→
→

N
N

0
0 1 ; (3)

M H= χ , (4)
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Figure 4 – Magnetic susceptibility χ of different (by relative radius r /R) quasi-continuous cores of a chain of spheres, 
depending on the number n of spheres; designations – according to Figure 2; calculations – according to (3)

g h
Figure 3 – Magnetic permeability µ of different (by relative radius r /R) quasi-continuous cores of a chain of spheres, 
depending on the number n of spheres; designations – according to Figure 2 (on e, f, g, h the designations Δ are genera-
lized data for R = 15 mm and R = 20 mm); calculations – according to (2)
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Data of the demagnetizing factor of 
different cores of “short” chains of spheres. 
Functional approximation of these data

Figure 4 showed the values of the magnetic sus-
ceptibility χ of the cores of “short” chains of spheres 
with different relative radius r /R. These chains con-
sisted of n ˂ [n] = 10–12 spheres: n = 2, n = 4, n = 6, 
and n = 8. The individual limit values of the magne-
tic susceptibility χ  N→0 for the cores of a “long” chain 

of spheres are also given. These chains consisted  
of n ≥ [n] = 10–12 spheres. Therefore, it was pos-
sible to obtain data on the demagnetizing factor N 
of the cores of “short” chains, in particular, by the 
expression:

depending on the number n of spheres in the chain, 
as in Figure 6a. 

N
N

= −
→

1 1

0χ χ
, (5)

Figure 5 – The magnetization M of different (by relative radius r /R) quasi-continuous cores of a chain of spheres, de-
pending on the number n of spheres; designations – according to Figure 2; calculations – according to (4)
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Each of the N values here is averaged 
for the entire studied range of field intensity  
H = 4.8–54.5 kA/m due to the fact that the influ-
ence of H (in this range) on the values of N was very 
weak. Here, in Figure 6a, it is shown that as the chain 
lengthened from n = 2 to n = 8, the demagnetizing 
factor N of its cores decreased. The decline was very 
significant – more than an order of magnitude.

Figure 6 – Data of the demagnetizing factor of diffe-
rent (by relative radius r /R) quasi-continuous cores of a 
chain of spheres, depending on the number n of spheres: 
in ordinary (a) and semi-logarithmic (b) coordinates;  
1 – r /R = 0.2; 2 – 0.3; 3 – 0.4; 4 – 0.5; 5 – 0.6; 6 – 0.7; 
7 – 0.8; 8 – 0.9

The data N established according to (5) (Fi-
gure 6a) for the cores of “short” (n < [n]) chains of 
spheres succumbed to generalization by a functio-
nal (phenomenological) dependence. These data were 
presented in semi-logarithmic coordinates, as in Fi- 
gure 6b. The fact of their quasi-linearization pre-
cisely in such coordinates testified to the exponential 
relationship between N and n:

moreover, with a practically constant phenomeno-
logical parameter k = 0.54. At the same time, the 
phenomenological parameter A in (6) is quasi-li-
nearized in logarithmic coordinates (Figure 7).

Figure 7 – On the power-law relationship (7) – due to 
the fact of quasi-linearization of the values of the pheno- 
menological parameter A, which, in accordance with Fi-
gure 6b, depends on the relative radius r /R of the quasi-
solid cores of the chain of spheres, in logarithmic coor-
dinates

The parameter values were individual for one or 
another core (relative radius r /R ). The fact of quasi-
linearization of A parameter indicated a power-law 
relationship A = a(r /R )1.7 with the value of the phe-
nomenological parameter a = 0.37. 

Then, taking into account this connection, ex-
pression (6) for the demagnetizing factor N of the 
cores of “short” (n < [n]) chains of spheres took the 
expanded form:

representing the product of power and exponential 
functions for the values of the phenomenological 
parameters k = 0.54 and a = 0.37 aforementioned. 
Expression (7) made it possible to determine the de-
magnetizing factor of any (by the relative radius r /R ) 
“short” core of a chain, i. e. consisting of 2 ≤ n ≤ 8 
spheres.

Conclusion

The relevance of direct control of the mag-
netic parameters of the cores of a chain of granules 

а

b

N a r R kn= ( ) −( )/ exp ,.1 7 (7)

N A kn= −( )exp , (6)
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is noted as one of the basic structural elements of 
a granular medium (according to the model of its 
channel-by-channel magnetization). It contained in-
formation about the magnetic parameters of a granu-
lar medium that was the main working body of fine 
magnetic separation devices, particularly. For such 
control, a magnetic (micro) flux sensor Ф was pre-
ferable. It consisted of a circular circuit (a block of 
concentric circuits) on a thin printed circuit board 
that made it possible to carry out measurements 
in narrow slotted gaps between contacting gra-
nules-spheres. A clear fixation (positioning) of the 
board between the spheres was provided due to the  
presence in the board of a mounting hole of a certain 
diameter, depending on the radius of the spheres 
and the thickness of the board. In the experiments 
chains of spheres of different lengths were used, 
i. e. with a different number n of identical spheres 
in a chain (moreover, with spheres with a radius of 
R = 15 mm or R = 20 mm). Based on the results of 
measuring Ф in one or another core with a radius 
r < R, data on the average induction B in each of 
the quasi-continuous cores of the chain were ob-
tained as well as data on the magnetic permeability 
µ and susceptibility χ of these cores, their magne-
tization M.

The resulting informative families of depen-
dencies made it possible to establish the following. 
First, the data of the parameters B, µ, χ and M for the 
cores of chains of spheres with a radius R = 15 mm 
corresponded to the data of these parameters for the 
cores of chains similar in relative radius r /R with 
the same n, but with a radius R = 20 mm. This testi-
fied to the possibility of applying the obtained data 
to similar chains of spheres of a different radius, 
i. e. about their versatility. Second, the larger was 
the relative radius r /R of the core of the chain of 
spheres, the smaller the values of B, µ, χ and M 
were for it. This was due to a decrease in the pro-
portion of ferromagnetic metal in the core and vice 
versa. Thirdly, all dependences of B, µ, χ and M 
(for different cores of the chain of spheres) on n 
initially increased as n increased due to a decrease 
in the demagnetizing factor N of each of the cores 
and the chain as a whole. Subsequently, they de-
monstrated the achievement of individually limi-
ting values of these magnetic parameters and the 
corresponding self-similar regions (where N → 0). 
In this case, the beginning of each of these regions, 
which manifested themselves almost independently 
of r /R and the field intensity H, fell on the value  

n = 10–12 (starting from which N → 0). Thus, 
such an established, in fact, criterial, value 
n = 10–12 = [n] made it possible to distinguish both 
chains of spheres and their cores. The groups were 
as follows: sufficiently “long” – when n ≥ [n] and 
“short” – when 2 ≤ n ˂ [n]. N data were obtained 
for different cores of “short” chains of spheres and 
described by a phenomenological expression. This 
expression was a product of a power (in r /R) and 
exponential (in n) functions.
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Abstract 
Solving the problems of spectral processing of single and quasi-periodic signals in measurement and  

diagnostic systems is directly related to their isolation against the background of external interference or 
noise. The purpose of this work was to study single and quasi-periodic signals, i. e. signals limited in time, 
presented as separate components; development of a mathematical apparatus that connects the individual 
components of the original, time-limited signal, with the spectral characteristics of the periodic signal, which 
is obtained from the original by its periodization.

The paper analyzes the spectrum of a quasi-periodic signal, which is presented from spectral density 
regions separated by spectral components with zero amplitude. The process of signal periodization is con-
sidered on the example of unipolar rectangular pulses. The representation of the analyzed complex single 
signal in the form of a linear combination of given functions, limited in time by the duration of the consi-
dered signal, was chosen, and it was determined that it is most logical and efficient to use radio-frequency 
pulses. The spectral density of the signal under consideration is presented as the sum of the spectral densities  
of radio-frequency pulses of the same width with a varying carrier frequency. The original signal is presented 
as the sum of the constituent components (radio-frequency pulses), which form a time-limited frequency 
spectrum – a quastr. As a result, the correlation of the considered quasi-periodic signal with the parameters 
of the periodic signal (amplitude, period, and initial phase) is shown.

A format for representing time-limited signals in the form of components related to the spectral  
characteristics of a periodic signal, obtained from the original signal by periodization, has been developed. 
The formed mathematical apparatus allows simplifying the algorithmic support of measuring systems by 
eliminating the correlation signal processing.

Keywords: quasi-periodic measuring signals, spectrum harmonics, spectral density, decomposition basis.
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Решение задач по спектральной обработке одиночных и квазипериодических сигналов в систе-
мах измерения и диагностики непосредственно связанно с их выделением на фоне внешних помех 
или шумов. Целью работы являлось исследование одиночных и квазипериодических сигналов, т. е. 
сигналов, ограниченных во времени, представленных в виде отдельных компонент; разработка 
математического аппарата, связывающего отдельные компоненты исходного, ограниченного  
во времени сигнала, со спектральными характеристиками периодического, который получен  
из исходного путём его периодизации.

В работе проведён анализ спектра квазипериодического сигнала, который представлен 
из участков спектральной плотности, разделённых спектральными составляющими с нулевой 
амплитудой. Рассмотрен процесс периодизации сигнала на примере однополярных прямоугольных 
импульсов. Выбрано представление анализируемого сложного одиночного сигнала в виде линейной 
комбинации заданных функций, ограниченных по времени длительностью рассматриваемого сигнала. 
Определено, что наиболее логично и эффективно в качестве линейной комбинации заданных функ-
ций использовать радиоимпульсы. Представлена спектральная плотность исследуемого сигнала  
в виде суммы спектральных плотностей радиоимпульсов той же длительности с изменяющейся 
несущей частотой. Исходный сигнал представлен как сумма составляющих компонент (радиоим-
пульсов), которые формируют ограниченный во времени частотный спектр – квастр. В результате 
показана корреляция рассматриваемого квазипериодического сигнала с параметрами периоди-
ческого сигнала (амплитудой, периодом и начальной фазой). 

Разработан формат представления ограниченных во времени сигналов в виде компонент, 
связанных со спектральными характеристиками периодического сигнала, который получен  
из исходного путём его периодизации. Сформированный математический аппарат позволяет 
упростить алгоритмическое обеспечение измерительных систем за счёт исключения корреляцион-
ной обработки сигнала.

Ключевые слова: квазипериодический измерительный сигнал, гармонические составляющие  
спектра, спектральная плотность, базис разложения.
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Introduction

Measuring signals are the main physical quan-
tities parameters information carriers in measuring 
systems. In case of this signal being random, the ag-
gregate of individual instantaneous values of its main 
parameter is considered to be information. Pulse 
measuring systems most often use the frequency-
domain parameters of the signal. However, the spec-
tral method is used to analyze the measuring signals 
most often in both cases.

According to the Fourier transform theory, the 
representation of any signal in the frequency domain 
is valid only when it meets the Dirichlet conditions, 
i. e. the signal must start at infinity and end at infin-
ity, and, therefore, it must be stable over the entire 
time interval in which its spectral characteristic will 
not be a function of time [1]. This condition is not 
feasible for the analysis of real quasi-periodic pro-
cesses and signals. Usually in this case window Fou-
rier transforms [2] or wavelet transforms [3, 4] are 
used. However, the wavelet transform theory also 
contains a number of simplifications that use ortho-
gonal basis systems, which, in turn, are mathematical 
abstractions.

Distortion in the operation of individual ele-
ments of various measuring and diagnostic systems 
leads to the formation of additional non-normalized 
quasi-periodic signal structures [5]. Therefore, when 
developing algorithms to automatically remove in-
terference from a useful signal, the main condition 
is to establish an accurate dependence between local 
signal disturbances and changes in the values of in-
dividual components of its spectrum. It was shown 
in [6] that changes in the values of signal parameters 
lead to a significant violation of the initial distribu-
tion of spectral components, some of the latter under- 
going more significant changes than others. There-
fore, to increase measurement accuracy one can re-
place the low-sensitivity registration of the signal 
temporal parameters changes with the registration 
of the characteristic spectral components parameters 
changes, the latter being more sensitive to deviations 
of the measured parameter and less sensitive to de-
viations that are due to the instability of the elements 
in the measuring systems.

Having taken recent development of modern 
computing base into account, using a hardware-
mathematical approach to study of quasi-perio-
dic signals is most efficient, since by control-
ling individual parameters of the signal under  

study (amplitude, pulse-repetition interval, pulse 
duration, and other time parameters), it is pos-
sible to indirectly control the parameters of its 
spectrum. One also can distinguish useful signal 
from interference using the numbers of the neces-
sary spectral components. In this case to select the 
numbers of spectral components with minimum 
measuring signal parameters instability sensitivity 
one must study the dynamic features of measuring 
signal spectrum.

The purpose of this work was to develop a  
mathematical apparatus that allows one to represent 
single and quasi-periodic time-limited signals as a 
set of spectral components, the basis of which are 
impulses, parameters of said impulses being deter-
mined by conditional periodization, to provide a uni-
fied approach to describing the spectra of these sig-
nals over finite time intervals.

Main part

Quasi-periodic signals, which occupy an in-
termediate position between periodic and non-pe-
riodic signals, are among the most common signals 
used in measurement and diagnostic systems, said 
signals reflect the process of transforming spectral 
density into a discrete spectrum. Their main feature 
is that they are time-limited [7, 8]. Therefore, given 
the different approach to describing the spectra of 
periodic and non-periodic signals, this creates diffi-
culties when considering quasi-periodic signals. At 
the same time, modeling the discrete spectrum for-
mation process from the spectral density provides a 
general description for both types of spectra. This 
problem can be solved in two ways. The first one 
considers the process of a discrete spectrum forma-
tion from the spectral density during signal peri-
odization. However, a spectrum-limited signal is a 
signal that is infinite in time. Consequently, when 
sampling such a signal, an infinite number of sam-
ples will be obtained. Then, to restore the original 
signal (including obtaining its discrete spectrum), 
it is necessary to take into account all the rea- 
dings, which is impossible due to its unlimited du-
ration [7]. 

The second method involves obtaining a peri-
odic sequence of signals, which is the sum of in-
dividual signals delayed relative to each other in 
time [1]. However, such treatment of a real signal 
as a periodic one leads to an error due to the finite 
duration of the measurement process. And in this 
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case, it is necessary to determine the influence of 
the discrete spectrum formation error that depends 
on the number of repetitions in the periodization 
process. Thus, with an increase in the number of 
pulses more and more zeros appear in the spec-
tral density of the signal during periodization [1]. 
Taking into account that each zero of the spectral 
density is at a strictly defined frequency and has 
a strictly defined and measurable zero amplitude 
at the same time, it can be assumed that it is the 
spectral component of the discrete spectrum, which 
was formed as a result of full periodization, and 
it is a part of a continuous spectrum at the same 
time. This representation is the main connecting 
component. Therefore, the spectrum of the quasi-
periodic signal itself can be considered combined, 
i. e. consisting of spectral density regions sepa-
rated by spectral components with zero amplitude. 
For example, consider the process of periodization 
of a signal represented as unipolar rectangular pul- 
ses (Figure 1).

Figure 1 – Periodization of rectangular pulses

Letʼs set the following conditions:

ti11 = ti12 = ti21 = ti22 = tiхх = ti .

Then, according to [9], the complex spectral 
density of such a sequence is defined as the spectral 
densities sum of the pulses, that are presented in the 
sequence. The equation for the first pulse in the se-
quence can be written as:

where E is pulse amplitude; ti is pulse duration;  
ω is current frequency of the rectangular pulse se-
quence.

Accordingly, the equation for the second pulse 
is: 

where tw1 is delay between two pulses.
The expression for the sequence of these two 

pulses is: 

According to the displacement theorem [9], for 
the second same pair of pulses with numbers 3 and 4, 
the equation will look like:

where tw2 is delay between double pulses.
Then the complex spectral density of the sum of 

two identical double pulses has the form:

Transforming this expression, we will have:

Repeating the resulting impulse combination 
after a delay time tw3 and taking into account the dis-
placement theorem, we obtain an expression for its 
complex amplitude:
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Therefore, the general expression for the spec-
tral densities modulus of the constructed impulse ar-
rays can be written as:

where E is pulse amplitude; tzL is delay between 
sets of impulse combinations; ti is pulse duration; 
ω is current spectral density frequency; K is num-
ber of consecutive rectangular pulses combina-
tions.

Accordingly, the spectral density modulus enve-
lope zeros are determined from the expressions:

Therefore,

where N = 1, 2, 3... etc. is zero number.
From expressions (10), it can be concluded 

that with an increase in the number of zeros the 
distance between them decreases and the spectral 
density increases in the region of frequencies that 
are multiples of the periodization frequency, and, 
therefore, the components of the expected discrete 
spectrum are formed. This suggests that with such 
a periodization, due to an increase in the number 
of zeros, the process of transformation of the spec-
tral density into a discrete spectrum occurs. Ho-
wever, with such a signal analysis, it is impossible 
to determine a discrete spectrum formation end 
time, since with each new periodization step and 
regardless of the number of steps, the amplitudes 
of the spectral components change to indicate that 
in order to obtain high accuracy, it is necessary 
to obtain an amplitude-frequency spectrum corre-
sponding to the maximum number of repetitions, 
and this leads to an increase in the analysis time. 

An increase in the analysis time in turn leads to the 
additional error appearance, the latter associated 
with the signal under study repetition parameters 
instability.

To analyze a single signal, let’s represent it as 
a linear combination of given functions, which are 
limited in time by the duration of the consi-dered 
signal. According to the signal Fourier series ex-
pansion theory, only signals of infinite duration 
have physical meaning, which does not reflect 
real processes [2]. Thus such a method cannot 
be used to expand a time-limited quasi-periodic 
signal. Therefore, when choosing the expansion 
basis, it is most expedient to represent it as a set of 
harmonic signals, taking into account the limita-
tions imposed by practice. A solution that satis-
fies the requirements is the use of various time-
limited and often encountered in real life signals 
as a basis. Various types of sequences can serve 
as such signals, the most optimal of them being 
various damped oscillations with fast Fourier se-
ries convergence. For example, sinusoidal pulses 
with exponentially decaying amplitude, or a limi-
ted spectrum signal of the form sin(ωt )/ωt, the ge- 
neral form and spectral density of which are shown 
in Figure 2.

However, the construction and circuit imple-
mentation of complex pulse sequences are asso-
ciated with the introduction of additional errors 
associated with the limited stability of such cir-
cuits. In addition, on the signal duration limiting 
the amplitude-frequency spectrum for a signal in 
the form sin(ωt ) /ωt , ideally having a finite spec-
trum, is strongly distorted, up to the loss of the ad-
vantage in limiting the spectrum. Therefore, when 
analyzing quasi-periodic sequences, it is most op-
timal to use radio pulses, as presented in [10, 11], 
but it has to be taken into account that generally 
the initial phase is not equal to zero inside each 
radio pulse.
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Then the general expression for the complex spectral density of the resulting pulse train will be as fol-
lows:
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Thus, the signal will be decomposed into radio 
pulses with different multiple carrier frequencies [12], 
the initial phases and amplitudes being obtained as a 
result of the Fourier expansion of the generated peri-
odic signal, and the carrier frequency of an individual 
radio pulse will then correspond to the frequency of a 

separate spectral component of the periodized signal. 
Consequently, the analyzed signal spectral density 
will consist of the sum of its constituent radio pulses 
spectral densities. Figure 3 shows the decomposition 
of a sequence of bipolar rectangular pulses into time-
limited spectrum components – radio pulses.

а

b

c

Figure 2 – General view and spectral density of signals limited in time: a – sinusoidal signal with exponentially  
decaying amplitude; b – signal of the form sin(ωt )/ωt ; c – radio pulse

Therefore, a time-limited quasi-periodic signal 
S (t1 , t2 ) (i. e., a signal existing in the time interval 
[t1 , t2] ) can be represented as the sum of time-limited 
spectral densities φk (t1 , t2 ) , which are a set of non-
periodic signals (radio pulses) described in the fre-
quency domain by the spectral density [13]:

where Сk is expansion coefficients that determine the 
spectrum of a quasi-periodic signal.

S t t C t tk k
k

K

1 2 1 2
0

, , ,( ) = ( )
=
∑ φ (13)
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The result of such an expansion is the total spec-
tral density of the studied pulse sequence shown in 
Figure 4. For convenience, it was proposed to name 
this kind of expansion a quastr.

At the same time, it should be noted that a 
separate component of the quastr has a physical 
meaning, since it is essentially a radio pulse with 
quite simply measurable parameters. This distin-

guishes it from the representation of the investi-
gated pulse only in the form of spectral density, the 
latter having frequency components with infinitely 
small amplitudes and continuous frequency com-
ponents. At the same time, the quastr reflects the 
real process and corresponds to practice [8, 12]. 
The components of the quastr (radio pulses) being 
not periodic functions, they are described in the 

а

b

c

d

Figure 3 – An example of the spectral density of a quasi-periodic signal and its components: a – a limited pulse  
sequence and its spectral density; b, c, d – constituent radio pulses and their spectral densities
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frequency domain by the spectral density, which 
links the quasi-periodic signal to its representation 
in the form of a spectral density. In this case, the 
spectral density of each component of the quastr, 
as well as the spectral density of the other com-
ponents, is distributed over the entire frequency 
range, and the value of the spectral signal density 
sum of all radio pulses at a certain frequency can 
be calculated. Thus, the gain in the transition from 
the spectrum to the quastr is associated with the 
emerging opportunity to calculate and to measure 

the components of a non-periodic signal, and hence 
the opportunity to localize errors due to measu- 
ring systems individual elements functional pe-
culiarities. This will make it possible to establish 
an unambiguous relationship between local signal 
variations and changes in its quastr components, 
which will allow the development of algorithms for 
automatic noise suppression in measuring systems, 
express diagnostics of malfunctions in electrical 
machines and other electrical equipment using one 
or more signals, and so on. 

Figure 4 – Volumetric representation of a quasi-periodic signal in the form of a quastr

Let us obtain an expression for the spec-
tral density, presented as the sum of the spectral 
densities of its constituent radio pulses. The use 
of coherent radio pulses as frequency compo-
nents, as it is shown in [8, 12], does not allow 
one to accurately and fully relate the processes 
and parameters of the quastr and spectral den-
sity components, i. e. the absence of phase shift 
in radio pulses is a special case, and the ge- 
neral view of a radio pulses sequence with an arbi-
trary phase delay is shown in Figure 5.

Letʼs represent the signal under consideration as 
a sum of four separate pulse components: 

1. θ is incomplete pulse period associated with 
the phase shift θ; 

2. 1, 2, ... , m is full periods of the harmonic sig-
nal delayed in time by Tc relative to each other to-
gether with the delay time tθ ; 

3. P+ is completed half-cycle of the last pulse; 
4. P– is incomplete part of the half-cycle of the 

last pulse.
Figure 5 – Representation of a phase-delayed signal of a 
sequence of radio pulses
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Or, using the displacement theorem [9]:
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Thus, taking into account the phase shift by time 
tϴ , the presented harmonic signal spectral density 
will be determined by the expression:

where Sθ (ω) is spectral density of a part of the sig is 
number of complete periods of the harmonic signal;   
Sip+ (ω) is spectral density of the completed part of 
the last signal period; Sip– (ω) is the spectral density 
of the last incomplete pulse.

According to [1], the spectral density of a sinu-
soidal pulse is determined by the formula:

where t1 and t2 is start and finish times of the impulse 
under consideration; Tc is full period of the signal 
under study; ω is current frequency.

Taking into account expression (15), expres-
sion (14) will be of the form:

After a series of transformations and calculations, equation (18) has the following form:
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Let us form an expression for each part of the expression (17).
1. The solution of equation for Sθ (ω) will look like: 

2. Let us write the spectral density of the full pe-
riod of the impulse under consideration as the sum 
of two identical pulses, opposite in sign and shifted 
relative to each other by a time tw1 = Tc /2 , i. e.:

Si (ω) = Si+ (ω)+ Si –(ω).

Then the spectral density of the first positive 
pulse will have the form:

After integration, expression (20) has the form:

or
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Then, according to displacement theorem, the 
spectral density of the negative half-wave of the first 
pulse, delayed by time tw1 = Tc /2 , is determined by 
the expression:

Then the expression for the spectral density 
of a single period of the radio pulse will have the 
form:

The total spectral density of the full periods of 
the considered harmonic signal has the form:

3. Similarly to the previous calculations, let us 
define the spectral densities of the considered signal 
remaining components. The expression for the spec-
tral density of the completed half-cycle of the last 
pulse has the form:

and for the incomplete one:
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Then the general expression for the spectral density of the considered signal can be represented as:

It follows from expression (26) that the signal 
spectral density is directly related to the periodic 
signal through its main parameters – amplitude 
(Em ), period (Tc ) and initial phase ( tθ ), and, there-
fore, to study single and quasi-periodic signals, in-
stead of the spectral density, one can use the quastr, 
which represents the time-limited amplitude-fre-
quency spectrum of the signal. Such a representa-
tion will simplify the algorithmic support of mea-
suring systems by eliminating the correlation signal 
processing, which requires large computational re-
sources [13].

Conclusion

A format has been developed to represent single 
and quasi-periodic, time-limited signals in the form 
of components that are associated with the spectral 
characteristics of a periodic signal obtained by pe-
riodization and the development of a mathematical 
apparatus for performing these procedures.

The presented approach to the analysis of qua-
si-periodic signals makes it possible to simplify the 
algorithmic support of measuring systems by elimi-
nating the correlation processing of the signal, which 
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requires large computational resources. The practi-
cal implementation of the proposed technique will 
reduce the measurement time and design parameters 
of the measuring systems elements.
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Abstract 
When measuring low-power optical signals, it is necessary to ensure the highest reliability of the re-

ceived data, which is especially important for single-photon communication channels. This determines the 
expediency of using photon counters as receiving modules for such channels. They are highly sensitive, but 
are characterized by data recording errors. Therefore, the purpose of this work was to investigate the influence 
of the intensity of the registered optical radiation J0 during the transmission of binary symbols “0” on the 
probability of registering symbols “1” at the output of the communication channel in the presence of symbols 
“0” at its input P(1/0).

The statistical distributions of the mixture of the number of dark and signal pulses at the output of the 
photon counter during the registration of binary symbols “0” Pst0 (N ) were determined. To do this, a tech-
nique was used to reduce information loss. As a result, the minimum probability P(1/0) was reached.

The probabilities P(1/0) were calculated for a communication channel containing a photon counter as a 
receiving module. This calculation was carried out at different values of the supply voltage of the avalanche 
photodetector U and the intensity of the optical signal used to transmit the binary symbols “0” J0 .

The experimental results showed that with increasing optical signal intensity J0 , the dependences P(1/0) 
on J0 initially remain almost unchanged and retain a constant value. However, with a further increase in J0 , 
there is a linearly increasing character of the dependences P(1/0) on J0 . Moreover, with other equal reception 
parameters, such a character of the dependences P(1/0) on J0 begins to manifest itself at higher intensities of 
the optical signal J0 with an increase in the supply voltage of the avalanche photodetector.

Keywords: photon counter, single photon communication channel, probability of erroneous registration  
of binary symbols.
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Вероятность ошибочной регистрации данных  
в однофотонном канале связи стирающего типа  
с приёмником на основе счётчика фотонов
А.М. Тимофеев 

Белорусский государственный университет информатики и радиоэлектроники, 
ул. П. Бровки, 6, г. Минск 220013, Беларусь

Поступила 20.04.2022
Принята к печати 25.05.2022

При измерении маломощных оптических сигналов, передаваемых в каналах однофотонной связи, 
приёмные модули должны обеспечивать наибольшую достоверность принятых данных. 

В этой связи целесообразно использовать счётчики фотонов, которые являются высокочувстви-
тельными, однако характеризуются ошибками регистрации данных. Поэтому цель работы – исследовать 
влияние интенсивности регистрируемого оптического излучения J0 при передаче двоичных символов 
«0» на вероятность регистрации на выходе канала связи символов «1» при наличии символов «0»  
на его входе P(1/0).

На основе методики уменьшения потерь информации определены статистические распределе-
ния смеси числа темновых и сигнальных импульсов на выходе счётчика фотонов при регистрации 
двоичных символов «0» Pst0 (N ), при которых вероятность P(1/0) минимальная.

Определены вероятности P(1/0) для канала связи, содержащего в качестве приёмного модуля 
счётчик фотонов при различных значениях напряжения питания лавинного фотоприёмника Uпит и 
интенсивности оптического сигнала, используемого для передачи двоичных символов «0» J0 .

Экспериментальные результаты показали, что с увеличением интенсивности оптического сигнала 
J0 зависимости P(1/0) от J0 вначале практически не изменяются и сохраняют постоянную величину. 
Однако при дальнейшем увеличении J0 имеет место линейно возрастающий характер зависимостей 
P(1/0) от J0 . Причём при прочих равных параметрах приёма такой характер зависимостей P(1/0) 
от J0 начинает проявляться при бо́льших интенсивностях оптического сигнала J0 с увеличением 
напряжения питания лавинного фотоприёмника.

Ключевые слова: счётчик фотонов, канал однофотонной связи, вероятность ошибочной регистрации 
двоичных символов.
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Introduction

When building modern infocommunication sys-
tems, it is necessary to ensure sufficiently high relia-
bility of the technical means used for this [1–7]. This 
is especially important for systems that solve certain 
problems in the field of information security, for 
example, by organizing single photon communica-
tion channels [8–21]. In such communication chan-
nels, each binary bit (symbol) is transmitted using 
extremely weak optical radiation with an average 
number of photons no more than several tens. As a 
result, it becomes possible to ensure absolute secre-
cy and confidentiality of the transmitted information 
through the use of a quantum mechanical resource 
when encoding the transmitted data.

When implementing single-photon communica-
tion channels, a number of rather complex technical 
problems arise, in particular, the problem of registe-
ring such a weak optical radiation. In this regard, it is 
advisable to use photon counters in such communi-
cation channels, which have a sufficiently high sen-
sitivity [22–25]. It should be noted that, due to the 
imperfection of their characteristics, photon counters 
can lead to errors in data registration, the causes of 
which are, in particular, non-zero dead time, quantum 
registration efficiency different from unity, etc. [24].

Quantum detection efficiency is the ratio of the 
number of optical radiation photons registered by 
the photon counter to the total number of photons 
received [24].

The dead time of the photon counter is the time 
during which the photon counter is not sensitive to 
the optical radiation incident on it [24].

Known methods for estimating the probabili-
ties of erroneous data recording for single photon 
communication channels [5, 7] are not applicable 
to single photon communication channels with era-
sure. Such communication channels do not require 
additional communication lines for transmitting and 
receiving clock pulses, which distinguishes them fa-
vorably from other communication channels. At the 
same time, they are characterized by the presence of 
errors of two types, one of which is the registration 
of characters with different names. A mathematical 
model for the specified communication channel was 
built in [25], and in [26], theoretical studies were 
carried out to estimate the probability of erroneous 
data recording. However, in the literature there is no 
assessment of the influence of the intensity of the 
detected optical radiation during the transmission of 

information in a single photon communication chan-
nel with erasure, which contains a photon counter as 
a receiving module, on the probability of registering 
unlike symbols.

The object of study was an asynchronous bi-
nary asymmetric homogeneous fiber-optic commu-
nication channel without memory and with erasure, 
containing as a receiving module a photon counter 
based on an avalanche photodetector FD-115L, con-
nected according to the scheme of passive avalanche 
suppression. The choice of such a communication 
channel as the object of study is due to the fact 
that the fiber optic channel is characterized by the  
highest bandwidth compared to other data trans-
mission media, for example, metal wires, open 
space, etc. The passive damping scheme has a lower 
measurement error of the detected radiation due to 
the absence of forced avalanche breakdown quen-
ching, which distinguishes it favorably from other 
schemes – active quenching and pulsed p-n-junc-
tion bias (with gating). Avalanche photodetectors  
FD-115L are used to operate in the near-IR range 
and, due to the silicon semiconductor material used 
in their manufacture, they are characterized by lower 
noise associated with carrier multiplication and bet-
ter threshold sensitivity compared to germanium and 
gallium photodetectors. It should also be noted that 
silicon avalanche photodetectors make it possible to 
implement the photon counting mode at room tem-
peratures [24].

The subject of the study was to establish the 
influence of such parameters of an avalanche pho-
todetector as the intensity of the registered optical 
radiation and the supply voltage on the probability of 
registering the symbol “1” at the output of the com-
munication channel in the presence of the symbol 
“0” at the input of the communication channel.

The purpose of this work was to study the influ-
ence of the intensity of the detected optical radiation 
during the transmission of binary symbols “0” on 
the probability of registering opposite symbols in a 
single photon communication channel containing a 
photon counter as a receiving module.

Description of the procedure for conducting 
experimental studies

Further reasoning will be based on the fact that 
the communication channel is created on the basis 
of transceivers [27]. The mathematical model of this 
communication channel was built in [25].
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To estimate the probability of registering the 
symbol “1” at the output of the communication chan-
nel in the presence of the symbol “0” at its input, we 
use the formula [25]:

where N2 is the upper threshold level of registration, 
Pst0 (N ) is the statistical distribution of the mixture  
of the number of dark and signal pulses at the out-
put of the photon counter during the registration of 
binary symbols “0”.

The upper threshold level of registration is the 
largest number of pulses registered at the output 
of the photon counter, at which it is concluded 
that the symbol “0” has been transmitted. When 
the registered pulses exceed the number N2 , it is 
concluded that the symbol “1” has been transmit-
ted [25, 27].

Dark and signal pulses are pulses that appear 
at the output of the photon counter, respectively, 
in the absence of an optical signal and as a result 
of the action of photons of the detected radia-
tion [24].

Using the setup [27], I obtained the statistical 
distributions of the mixture of the number of dark 
and signal pulses at the output of the photon coun-
ter when registering binary symbols “0” Pst0 (N ). To 
achieve the least loss of information in the studied 
communication channel, the technique [27] was 
used, on the basis of which the lower and upper 
threshold levels of registration were chosen, as well 
as the statistical distributions of the mixture of the 
number of dark and signal pulses at the output of the 
photon counter when registering binary symbols “0” 
Pst0 (N ).

The lower threshold level of registration is the 
smallest number of pulses registered at the output of 
the photon counter, at which it is concluded that the 
symbol “0” has been transmitted. When registering 
pulses in an amount less than N1 , a decision is made 
that the symbol is absent [25, 27].

The parameter [27] was used as a criterion for 
the implementation of the applied technique:

where N1 is the lower threshold level of registration, 
Pst1 (N ) is the statistical distribution of the mixture  
of the number of dark and signal pulses at the output 
of the photon counter during the registration of bi-
nary symbols “1”.

It is also important to note that during the re-
search, both the symbols “0” and the symbols “1” 
were applied to the input of the experimental setup 
due to the following features of the studied com-
munication channel. The intensity of optical radia-
tion used to transmit a given binary symbol affects 
not only the probability of erroneous registration 
of the symbol of the same name, but also the prob-
ability of erroneous registration of another binary 
symbol [25]. Thus, the intensity J0 affects not only 
the probability of erro-neous registration of the 
symbol “0”, but also the probability of erroneous 
registration of the symbol “1”, and the intensity J1 
affects not only the probability of erroneous regis-
tration of the symbol “1”, but also the probability 
of erroneous registration of the symbol “0”. Given 
this, as well as the fact that for the considered 
communication channel, the information transfer 
rate is maximum with the equiprobable occurrence 
of binary symbols “0” and “1” at the input of the 
communication channel [25, 28], the number of 
binary symbols “0” supplied to the input of the ex-
perimental setup, it is advisable to choose equal 
to the number of binary characters “1”. Thus, the 
condition was fulfilled:

where Ps (0) and Ps (1) are the probabilities of occur-
rence of symbols “0” and “1”, respectively, at the 
input of the communication channel.

The calculation of the probability P(1/0) was 
performed for a communication channel containing 
a photon counter as a receiving module for various 
values of the supply voltage of the avalanche photo-
detector U and the intensity of the optical signal used 
to transmit binary symbols “0” J0 .

Experimental results and their discussion

Figure 1 shows the dependence of the probabil-
ity of registering the symbol “1” at the output of the 
communication channel in the presence of the sym-
bol “0” at the input of the communication channel on 
the intensity of the registered optical radiation used 
to transmit these symbols. 
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Figure – Dependence of the probability of registering  
the symbol “1” at the output of the communication  
channel in the presence of the symbol “0” at the input of 
the communication channel on the intensity of the opti-
cal signal used to transmit these symbols; supply voltage 
of the FD-115L avalanche photodetector: 1 – 52.48 V; 
2 – 52.54 V; 3 – 52.65 V

Note that to implement the photon counting 
mode, the supply voltages of the avalanche photode-
tector were chosen near the voltage of its avalanche 
breakdown, which was determined by the met-
hod [29] and amounted to 52.71 V. The intensities of 
optical radiation J0 used to transmit binary symbols 
“0” are normalized to the maximum value from the 
studied range. All studies were carried out at a tem-
perature of 293 K.

From the results presented in Figure, it can be 
seen that each of the dependences P(1/0) on J0 has 
similar trends for all studied supply voltages of the 
avalanche photodetector. As the intensity of the op-
tical signal J0 increases, the dependences P(1/0) on 
J0 initially remain virtually unchanged and remain  
constant. In this section, the probabilities P(1/0) are 
approximately equal to the lowest values obtained 
for the corresponding supply voltages of the ava-
lanche photodetector. With a further increase in J0 , 
a linearly increasing character of the dependences of 
P(1/0) on J0 is observed.

The indicated character of the change in the 
dependences P(1/0) on J0 with increasing J0 agrees 
quite well with the results of mathematical modeling 
of the considered communication channel, performed 
in [25] when studying the dependences P(1/0) on ns0 , 
where ns0 is the average counting rate signal pulses 
at the output of the photon counter when transmitting 
the symbols “0”.

Note that the count rate of signal pulses during 
the transmission of “0” symbols is defined as the 
number of pulses generated at the output of the re-
ceiving module per unit time when exposed to radia-
tion photons corresponding to the registered binary 
symbols “0” [21, 24]. To estimate the count rate of 
signal pulses during the transmission of symbols “0”, 
its average value ns0 is used [21, 24].

The presence of segments of dependences 
P(1/0) on J0 with constant values is explained as 
follows. At low optical signal intensities J0 , the 
average count rate of signal pulses at the output 
of the photon counter during the transmission of 
symbols “0” ns0 is small. Therefore, the probability 
of registration at the output of the counter of pho-
tons of pulses in an amount exceeding the upper 
threshold level of registration N2 is also small. As 
a result, the probabilities of registering the sym-
bol “1” at the output of the communication chan-
nel in the presence of the symbol “0” at the input 
of the communication channel P(1/0) are equal 
to the smallest values obtained for the correspon- 
ding supply voltages of the avalanche photodetec-
tor. With an increase in the intensity of the optical 
signal J0 , the probability of registering pulse pho-
tons at the output of the counter in the range from 
the lower threshold level of registration N1 to the 
upper threshold level of registration N2 increases. 
At the same time, the probability of registration at 
the output of the counter of photons of pulses in 
an amount exceeding the upper threshold level of 
registration N2 remains rather low. Thus, the pro-
babilities of registering the symbol “1” at the out-
put of the communication channel in the presence 
of the symbol “0” at the input of the communica-
tion channel P(1/0) are also equal to the smallest 
values obtained for the corresponding supply vol-
tages of the avalanche photodetector. Therefore, in 
these J0 ranges, the probabilities P(1/0) remain the 
least constant (see Figure).

A further increase in the intensity J0 with other 
equal reception parameters leads to an increase in the 
probability of registration at the output of the coun-
ter of photons of pulses in an amount exceeding the 
upper threshold level of registration N2 . Therefore, 
the probabilities P(1/0) increase (see Figure). More-
over, with other equal reception parameters, the lin-
early increasing nature of the dependences P(1/0) 
on J0 , which was determined by the 5 % excess of 
the probability P(1/0) from the smallest value of 
the corresponding dependences, begins to manifest 
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itself at higher intensities of the optical signal J0  
with increasing supply voltage of the avalanche 
photodetector:
at J0 ≥ 1.88 × 10–2 rel. units for U = 52.48 V;
at J0 ≥ 2.25 × 10–2 rel. units for U = 52.54 V;
at J0 ≥ 49.33 × 10–2 rel. units for U = 52.65 V.

This is explained as follows. With an increase 
in the supply voltage of the avalanche photodetec-
tor, the smallest value of the criterion KP , which was 
used in the research, is provided at higher values of 
the lower threshold level of registration N1 . There-
fore, with other receiving parameters being equal, 
the shift in the statistical distributions of the mixture 
of the number of dark and signal pulses during the 
transmission of symbols “0” Pst0 (N ), which results 
in an increase in the probability P(1/0) [25–27], oc-
curs at higher intensities of the optical signal J0 with 
an increase in the supply voltage of the avalanche 
photodetector.

It is also seen from the presented results that 
at sufficiently large values of U, the probability 
P(1/0), corresponding to the section of the depen-
dence of P(1/0) on J0 with constant values, turns 
out to be higher than at lower supply voltages 
of the avalanche photodetector (see Figure). For  
example, the probabilities P(1/0) corresponding to  
J0 = 21.23 × 10–2 rel. units, are respectively:

0.20 × 10–2 at U = 52.48 V and 20.89 × 10–2 at 
U = 52.65 V.

This is due to the fact that at low values of the 
supply voltage of the avalanche photodetector, the 
dark pulse count rate is low [24], so the probabi- 
lity P(1/0) does not reach large values and is close 
to zero.

It is important to note that the dark pulse count 
rate is defined as the number of pulses generated 
at the output of the receiving module per unit time 
when there is no detected optical radiation. The 
greater the number of dark pulses will be formed 
per unit time, the greater the probability that the 
symbol “0” and the symbol “1” will be received, re-
spectively, in the absence of the binary symbol “0” 
and its presence at the input of the communication 
channel [25–27].

As the supply voltage of the avalanche photo-
detector increases, the dark pulse count rate nt in-
creases [24]. This leads to the fact that even at the 
lowest of the studied optical signal intensities J0 ,  
the probability P(1/0) is very high (see Figure).

Conclusion

As applied to an asynchronous binary asymmet-
ric homogeneous fiber optic communication chan-
nel without memory and with erasure, containing 
as a receiving module a photon counter based on an 
avalanche photodetector FD-115L with switching 
on according to the passive avalanche suppression 
scheme. The probability of registering the symbol 
“1” at the output of the communication channel in 
the presence of the symbol “0” at its input P(1/0) 
is made.

Based on the information loss reduction tech-
nique, the statistical distributions of the mixture of 
the number of dark and signal pulses at the output of 
the photon counter during the registration of binary 
symbols “0” Pst 0 (N ) are determined, at which the 
probability P(1/0) is minimal.

The dependences of the probability P(1/0) on 
the intensity of the optical signal J0 used to transmit 
binary symbols “0” are established. It is found that, 
as the intensity of the optical signal J0 increases, the 
dependences P(1/0) on J0 initially remain almost un-
changed and retain a constant value. However, with 
a further increase in J0 , there is a linearly increasing 
character of the dependences P(1/0) on J0 . More-
over, with other equal reception parameters, such a 
character of the dependences P(1/0) on J0 begins to 
manifest itself at higher intensities of the optical sig-
nal J0 with an increase in the supply voltage of the 
avalanche photodetector.

The performed experimental results showed 
that in order to reduce the probability of registering 
the symbol “1” at the output of the communication 
channel in the presence of the symbol “0” at its input 
P(1/0), it is important to select not only the inten-
sity of the used optical radiation J0 , but also the sup-
ply voltage of the avalanche photodetector U. This 
makes it possible to achieve minimal information 
loss in the studied communication channel.

The results obtained in this work can be used 
to create quantum cryptographic asynchronous com-
munication systems containing photon counters with 
extended dead time as receiving modules and cha- 
racterized by high reliability of received data.

The author of this work considers research aimed 
at substantiating the choice of an avalanche photode-
tector used in the construction of a photon counter to 
be very topical. Such photodetectors can differ both 
in the structure of the semiconductor regions and in 
the area of the photosensitive surface. In this regard, 
in the course of further comprehensive studies, it is 
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planned to determine how these parameters affect the 
probability of erroneous registration of binary data in 
relation to an asynchronous binary asymmetric ho-
mogeneous single-photon communication channel 
without memory and with erasure.
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Для изготовления рессорных пружин подвижного состава (вагонов, локомотивов, автомобилей) 
применяют прутки из пружинных сталей. При высокотемпературной механической обработке 
при навивке пружин и их закалке возникает различие в скоростях охлаждения внутренней и 
наружной сторон витков пружины, что приводит к различию в структурном состоянии и сказывается  
на долговечности пружин. Цель работы – исследование влияния структурных изменений в наружной 
и внутренней поверхности витков пружин рессорной стали после операций навивки и высокотемпе-
ратурной механической обработки на измеряемые характеристики рэлеевских акустических волн. 

Исследованы скорости распространения рэлеевских волн в рессорно-пружинной стали 60С2А 
после операций навивки и высокотемпературной механической обработки. Для исследований 
использованы теневой метод и метод автоциркуляции с пьезоэлектрическими преобразователями 
ЦТС-19 частотой 5 МГц с конструкцией специального блока. Преобразователи обеспечивают ввод и 
приём рэлеевской волны по внутренней и наружной образующей поверхности пружины. Показано, 
что метод сравнения результатов измерения скорости рэлеевских волн на фиксированной базе 
по образующей витка на внутренней и внешней поверхностях пружины чувствителен к нарушениям 
в структуре материала и появлениям дефектов. Найдена однозначная связь структурных состояний 
на внешней и внутренней стороне пружины со скоростью рэлеевской волны. 

В результате проведённых измерений сделан вывод о значимой чувствительности рэлеевских 
волн к структурному состоянию исследуемой стали. Обнаружен рост скорости волны на внутренней 
поверхности витка в зоне контакта с оправкой относительно внешней стороны витка, сигнализирую-
щий о неполной закалке стали в этой зоне в процессе высокотемпературной механической обработки. 
Относительная разница скоростей в разных образцах пружин составляет приблизительно до 
1 % (≈ 30 м/c), что является значительной величиной для оценки качества высокотемпературной 
механической обработки.

Ключевые слова: скорость рэлеевских волн, теневой метод и метод автоциркуляции, рессорно-
пружинная сталь.
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Abstract 
For the manufacture of spring springs of rolling stock (wagons, locomotives, cars), bars made of spring 

steels are used. With high-temperature machining, when winding springs and quenching them, there is a dif-
ference in the cooling rates of the inner and outer sides of the spring coils, which leads to a difference in the 
structural state and affects the durability of the springs. The aim of the work is to study the effect of structural 
changes in the outer and inner surfaces of spring steel coils after winding and high–temperature machining 
operations on the measured characteristics of Rayleigh acoustic waves.

The propagation velocities of Rayleigh waves in spring-spring steel 60C2A after winding and high-
temperature machining operations are investigated. The shadow method and the autocirculation method 
with piezoelectric converters CTS-19 with a frequency of 5 MHz with a special block design were used 
for research. The converters provide input and reception of the Rayleigh wave along the inner and outer 
forming surface of the spring. It is shown that the method of comparing the results of measuring the velo-
city of Rayleigh waves on a fixed base by the coil generator on the inner and outer surfaces of the spring 
is sensitive to disturbances in the structure of the material and the appearance of defects. An unambiguous 
relationship of the structural states on the outer and inner sides of the spring with the velocity of the Ray-
leigh wave is found.

As a result of the measurements, a conclusion was made about the significant sensitivity of Rayleigh 
waves to the structural state of the steel under study. An increase in the wave velocity was detected on the 
inner surface of the coil in the contact zone with the mandrel relative to the outer side of the coil, signaling 
incomplete hardening of steel in this zone during high-temperature machining. The relative speed difference 
in different spring samples is approximately up to 1 % (≈ 30 m/s), which is a significant value for assessing 
the quality of high-temperature machining.

Keywords: Rayleigh wave velocity, through transmission method and auto-circulation method, spring steel.
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Введение

Рессорные элементы тележки грузовых и 
пассажирских вагонов в процессе эксплуатации 
подвержены воздействию нагрузок, отли-
чающихся значениями, уровнем, характером и 
методом действия. Наиболее опасным явлением 
в рессорных пружинах является усталость 
металла, особенно существенно проявляющаяся 
в местах концентрации напряжений, в ка-
честве которых могут быть структурные 
несовершенства [1–3]. Для изготовления рессор-
ных пружин подвижного состава (вагонов, 
локомотивов, автомобилей) применяют прут-
ки из пружинных сталей 60С2А, которые под-
вергаются таким воздействиям, как обработка 
металлов давлением, высокотемпературная ме-
ханическая обработка (ВТМО), термическая 
обработка. В процессе ВТМО при навивке пру- 
жин и их закалке возникает различие в скоростях 
охлаждения внутренней и наружной сторон 
витков пружины, что приводит к различию 
в структурном состоянии и сказывается на дол-
говечности пружин [4, 5]. 

Проблема поиска новых подходов к иссле-
дованию отклонений структурного состояния 
различных частей термически обрабатываемых 
металлоизделий и после различных внешних 
энергетических воздействий – одна из важ-
нейших в металловедении [6–8]. Получаемые 
структурные состояния и физико-механические 
свойства материалов выгодно оценивать 
ультразвуковыми методами [9–14]. Основным 
информативным параметром при выполнении 
акустической структуроскопии является скорость 
распространения волн. Большинство методик 
акустической структуроскопии базируется на ме- 
тодах с использованием контактных пьезо- 
электрических преобразователей, при этом 
предъявляются высокие требования к гео-
метрическим размерам, плоскопараллельности 
поверхности ввода и отражающей поверхности, 
чистоте обработки поверхности, качеству контак-
та и др. Недостаточно высокая точность методик, 
а также необходимость использования эталонных 
образцов ограничивает их применение. Поэтому 
исследование возможности оценки структурного 
состояния материала на криволинейной поверх-
ности пружин, основанное на измерении ско-
рости рэлеевских акустических волн, является 
актуальной задачей.

Используемые подходы.  
Методика эксперимента

Различие структурных состояний на внут-
ренней и внешней поверхностях витка пружи-
ны, возникающих при производстве пружин 
в процессе ВТМО, не выявляется штатными 
методами. Однако они существенно сокращают 
долговечность пружин. Из рисунка 1 видно, что 
в месте касания горячей заготовки пружины 
с оправкой, в связи с уменьшением скорости 
охлаждения при закалке ниже критической, 
возникает зона с недостаточным теплоотводом 
при взаимодействии с закалочной средой, кото- 
рая не проникает в эту зону. Вследствие 
чего, после операции закалки не реализуется 
высокопрочная структура и образуется зо- 
на неполной закалки, характеризующаяся про- 
дуктами немартенситного распада с нали-
чием зёрен феррита и перлита (рису- 
нок 2a) в отличие от полной закалки с мар-
тенситным превращением (рисунок 2b).

Рисунок 1 – Внешний вид пружины (a) и навивка её 
на оправку при высокотемпературной механической 
обработке (b): 1 – оправка; 2 – сечение витка; 3 – зона 
с пониженной температурой; 4 – линии контакта – 
зона неполной закалки

Figure 1 – Spring appearance (a) and its winding on the 
mandrel at high temperature mechanical machining (b): 
1 – mandrel; 2 – cross – section of the coil; 3 – zone with 
low temperature; 4 – contact lines – zone of incomplete 
hardening

Известно, что скорость распространения 
ультразвуковых волн в сплавах связана с их 
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структурой [15]. Наиболее выгодным вариан-
том для разработки методики структуро-
скопии является использование волн Рэлея, 
распространяющихся на строго фиксирован-
ной базе. С целью исследования структурно- 
го состояния пружин тележки железнодорож- 
ного вагона были сконструированы 4 блока  

рэлеевских преобразователей для пружин 
разного диаметра (рисунок 3), соответственно 
по два блока для установки на наружной и 
внутренней поверхностях витка пружины.  
В конструкции преобразователей использо-
вались пьезопластины ЦТС-19 частотой  
5 МГц.

150
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Рисунок 2 – Микроструктура вблизи внутренней (a) и внешней (b) частей витка пружины при увеличении 1000

Figure 2 – Microstructure near the inner (a) and outer parts (b) part of the spring coil at 1000 magnification

а b

Рисунок 3 – Рэлеевские преобразователи для контроля структурного состояния пружин радиусом 60,5 мм (a) и 
71,4 мм (b): 1 – корпус преобразователя из оргстекла; 2 – пьезоэлемент; 3 – пружина

Figure 3 – Rayleigh transducers for the control of the structural state of springs with a radius of 60.5 mm (a) and of 
71.4 mm (b): 1 – plexiglass transducer housing; 2 – piezoelectric element; 3 – spring

Преобразователи, показанные на рисун-
ке 3, обеспечивают ввод рэлеевской волны 
по внутренней и наружной образующей 
поверхности пружины. Для точности контроля 
крайне важно, чтобы расстояние, пройденное 
рэлеевской волной на внешней стороне витка 
пружины и на внутренней, было одинаково. 
Поэтому расстояние между точками ввода и 

выхода рассчитали теоретически и проверили 
экспериментально, что составило для внешнего  
и внутреннего преобразователей 20 и 36 мм 
соответственно.

Для исследования образцов пружин были 
использованы структуроскоп ИСП-12 (ультра-
звуковой индикатор структурных превраще- 
ний) и ультразвуковой дефектоскоп DIO 1000. 
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Схема контроля с помощью структуроскопа 
ИСП-12 представлена на рисунке 4.

Рисунок 4 – Схема установки блока преобразователей 
на витке пружины: 1 – структуроскоп ИСП-12; 2a – 
преобразователь для внешней части витка пружины; 
2b – преобразователь для внутренней части витка 
пружины; 3 и 4 – излучающие и приёмные пьезо-
элементы; 5 – путь рэлеевской волны; 6 – виток пружины

Figure 4 – Plant layout of the transducers unit on the 
spring coil: 1 – structuroscopy ISP-12; 2a – transducer for 
the exterior part of spring; 2b – transducer for the internal 
part of spring; 3 and 4 – radiating and receiving piezoelec-
tric elements; 5 – Rayleigh wave way; 6 – spring coil

В основе работы структуроскопа ИСП-12 
лежит метод автоциркуляции импульсов, суть 
которого заключается в том, что генератор 
импульсов, возбуждающий пьезоэлектричес- 
кий преобразователь, синхронизируется импуль-
сами, прошедшими через анализируемую среду. 
Прошедший по образцу ультразвуковой импульс, 
принимается приёмным пьезопреобразовате-
лем и преобразуется в электрический сигнал, 
формирующий следующий вводимый в образец 
импульс. При этом частота следования импуль-
сов зависит от времени пробега импульсом 
расстояния между пьезопреобразователями, 
следовательно (при неизменном расстоянии 
между пьезопреобразователями), от скорости 
распространения ультразвука в образце.

Измерения времени распространения 
рэлеевской волны с помощью дефектоскопа 
DIO 1000 проводились следующим образом: 
ультразвуковой импульс возбуждался и при-
нимался непосредственно дефектоскопом, затем 
по регистрируемым импульсам рассчитывался 
интервал времени между излучением и приёмом 
волны, проходящей по дуге окружности пружины 
от излучающего к приёмному преобразовате- 
лю (рисунок 5).

Рисунок 5 – Схема установки блока преобразователей 
на витке пружины: 1 – дефектоскоп DIO 1000; 2 – блок 
преобразователей; 3 и 5 – излучающие и приёмные 
пьезоэлементы; 4 – путь рэлеевской волны; 6 – виток 
пружины

Figure 5 – Plant layout of the transducers unit on the 
spring coil: 1 – flaw detector DIO 1000; 2 – transducers 
unit; 3 и 5 – radiating and receiving piezoelectric ele-
ments; 4 – Rayleigh wave way; 6 – spring coil

Результаты исследования

Исследования проводились на 4-х образцах-
вырезках пружин внешним диаметром 143 мм 
и на 3-х – диаметром 121 мм, изготовленных 
по технологии ВТМО в разное время из разных 
партий прутков. Пружины изготовлены из ста-
ли марки 65С2Г, поверхность которых имеет 
шероховатость Rz40. 

Химический анализ металла образцов 
пружины № 1 диаметром 121 мм, виток Ø 15 мм, 
№ 2 диаметром 143 мм, виток Ø 20 мм и № 3 
диаметром 121 мм, виток Ø 18 мм показал, что 
химические составы образцов соответствуют 
требованиям ГОСТ 14959-2016.

Отклонение по твёрдости на торце витка 
в разных точках по диаметру с шагом 1 мм 
от внутренней поверхности до наружной 
составило 1 HRC. Твёрдость измерялась  
на приборе ПМТ-3. Образец диаметром 143 мм: 
56–57 HRC; образцы диаметром 121 мм:  
46–47 HRC. 

Результаты исследования относительного 
изменения частоты автоциркуляции для образ- 
цов пружин диаметром 143 и 121 мм струк-
туроскопом ИСП-12 представлены в таб- 
лице. В образце № 1 пружины диаметром 
143 мм относительное изменение частоты 
существенно меньше, чем на образцах № 2–4, 
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что свидетельствует о менее значимых различиях 
в структуре на внутренней и внешней стороне 
витка. Для пружин диаметром 121 мм также 
наблюдаются различия по относительному 
изменению частоты в разных образцах. Следо-
вательно, можно заключить, что операции 
ВТМО, проводимые в разное время и на разных 
партиях, могут отличаться по качеству структур 
на внутренней стороне витка. 

Наблюдаемое различие относительного 
изменения частоты автоциркуляции от внут-
ренней до внешней стороны пружины во всех 
7 образцах свидетельствует о повышении ско-
рости распространения рэлеевской волны 
на внутренней части пружины, что означает 
разницу структурных состояний внешней и 
внутренней частей пружины. Согласно [12, 13], 
увеличение скорости соответствует увеличению 
равновесности структурного состояния, в отли-
чие от закалочных структур.

Регистрируемое дефектоскопом DIO 1000 
время прохождения сигнала по фиксированному 
пути, показывает снижение времени по внут-
ренней стороне пружины, что означает рост 
скорости волны относительно внешней стороны 
и сигнализирует о неполной закалке стали  
в процессе ВТМО либо о самоотпуске. Средняя 
погрешность измерения времени прохождения 
импульса составила 0,01 мкс. Максимальная 
погрешность составляет не более 0,03 мкс. 

Погрешность измерений частоты авто-
циркуляции колеблется для разных образцов  
от 1 до 5 Гц. Основными факторами, влияющими 
на погрешность, являются различия в шеро-
ховатости поверхности и отклонения установки 
преобразователя по образующей вследствие 
кривизны пружины, а также различия в условиях 
ввода и приёма волн для внешнего и внутреннего 
преобразователя. Относительная погрешность 
измерений составила 0,01 %, что соответствует 
исследованиям, изложенным в [16]. 

На основе результатов измерений частоты 
автоциркуляции структуроскопом ИСП-12 рас-
считана скорость рэлеевских волн. Значение 
частоты fa представляет собой величину, обрат- 
ную времени ta прохождения ультразвуковой 
волны от излучающей пьезопластины до приём- 
ной. Время ta складывается из двух времён: 
времени задержки ультразвуковой волны в приз-
ме преобразователя tp и времени распростране- 
ния рэлеевской волны в образце пружины tR : 

Таблица / Table
Относительные изменения частоты авто-
циркуляции (Δfa /fa ) и скорости (ΔCR /CR ) в 
исследованных образцах с использованием 
ИСП-12 и относительные изменения времени 
прохождения сигнала (Δt/t ) и скорости  
(ΔCR /CR ), зарегистрированных дефектоскопом 
DIO 1000

Relative changes in the frequency of autocircula-
tion (Δfa /fa ) and velocity (ΔCR /CR ) in the studied 
samples using ISP-12 and relative changes in the 
signal transit time (Δt/t ) and velocity (ΔCR /CR ) re-
corded by the DIO 1000 flaw detector

№ D, mm
ISP-12 DIO 1000

Δfa  / fa ΔCR  /CR Δt /t  ΔCR  /CR

1

143

0.0032 0.0055 0.0018 0.0041

2 0.0041 0.0092 0.0030 0.0066

3 0.0043 0.0095 0.0033 0.0049

4 0.0038 0.0089 0.0030 0.0074

5
121

0.0046 0.0103 0.0033 0.0090

6 0.0044 0.0096 0.0025 0.0090

Скорость продольной волны в призме 
преобразователя, изготовленного из оргстекла, 
Cp = 2670 м/с. Расстояние, проходимое волной  
в призме lp = 0,02 м. Расстояние, проходимое  
волной в образце пружины, равное базе 
преобразователя, ls = 0,036 м. Относительное 
изменение скорости рэлеевских волн по ре-
зультатам измерения частоты автоциркуляции 
структуроскопом ИСП-12 по внутренней и 
внешней стороне пружин отражены в таблице, 
также в таблице представлены относительные 
изменения скорости рэлеевских волн, рас-
считанных по результатам измерений времени 
прохождения импульса с помощью DIO 1000. 

Из результатов видно, что наблюдает-
ся уменьшение скорости рэлеевской волны  
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в наружной части витка пружины относительно 
внутренней. По результатам исследований 
можно отметить, что метод измерения скорос-
ти ультразвука чувствителен к нарушениям  
в структуре материала и появлениям дефектов. 

Заключение

Показано, что метод сравнения результатов 
измерения скорости рэлеевских волн на фик-
сированной базе по образующей витка на внут-
ренней и внешней поверхностях пружины 
чувствителен к нарушениям в структуре ма-
териала и появлениям дефектов. Различие 
скорости рэлеевских волн свидетельствует  
о различии структурного состояния металла. 

Обнаружен рост скорости волны на внут-
ренней поверхности витка в зоне контакта 
с оправкой относительно внешней стороны 
витка, сигнализирующий о неполной закал-
ке стали 65С2Г в этой зоне в процессе 
высокотемпературной механической обработки. 
Относительная разница скоростей в разных 
образцах пружин составляет до 1 % (≈ 30 м/c), 
что является значительной величиной для оцен-
ки качества высокотемпературной механичес-
кой обработки.
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